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Preface
We are pleased to have the opportunity to present in this book a 
representative sample of the known facts, evolving ideas, and fron-
tier discoveries in astronomy today.

Astronomy: A Beginner’s Guide to the Universe has been writ-
ten and designed for students who have taken no previous college 
science courses and who will likely not major in physics or as-
tronomy. We present a broad view of astronomy, straightforwardly 
descriptive and without complex mathematics. The absence of so-
phisticated mathematics, however, in no way prevents discussion 
of important concepts. Rather, we rely on qualitative reasoning as 
well as analogies with objects and phenomena familiar to the stu-
dent to explain the complexities of the subject without oversimpli-
fication. We have tried to communicate the excitement that we feel 
about astronomy and to awaken students to the marvelous uni-
verse around us.

We are very gratified that the first seven editions of this text 
have been so well received by many in the astronomy education 
community. In using those earlier texts, many of you—teachers 
and students alike—have given us helpful feedback and construc-
tive criticisms. From these, we have learned to communicate bet-
ter both the fundamentals and the excitement of astronomy. Many 
improvements inspired by your comments have been incorporated 
into this edition.

organization and Approach
As in previous editions, our organization follows the popular and 
effective “Earth out” progression. We have found that most stu-
dents, especially those with little scientific background, are much 
more comfortable studying the relatively familiar solar system be-
fore tackling stars and galaxies. With Earth and Moon as our initial 
planetary models, we move through the solar system. Integral to 
our coverage of the solar system is a discussion of its formation. 
This line of investigation leads directly into a study of the Sun.

With the Sun as our model star, we broaden the scope of our 
discussion to include stars in general—their properties, their evo-
lutionary histories, and their varied fates. This journey naturally 
leads us to coverage of the Milky Way Galaxy, which in turn serves 
as an introduction to our treatment of other galaxies. Finally, we 
reach cosmology and the large-scale structure and dynamics of 
the universe as a whole. Throughout, we strive to emphasize the 
dynamic nature of the cosmos—virtually every major topic, from 
planets to quasars, includes a discussion of how those objects 
formed and how they evolve.

We place much of the needed physics in the early chapters—
an approach derived from years of experience teaching thousands 
of students. Additional physical principles are developed as needed 
later, both in the text narrative and in the Discovery and More Pre-
cisely boxes (described on p. xiv). We have made the treatment of 

physics, as well as the more quantitative discussions, as modular as 
possible, so that these topics can be deferred if desired. Instructors 
presenting this material in a one-quarter course, who wish to (or 
have time to) cover only the essentials of the solar system before 
proceeding on to the study of stars and the rest of the universe, 
may want to teach only Chapter 4 (the solar system) and then move 
directly to Chapter 9 (the Sun).

What’s new in this Edition
Astronomy is a rapidly evolving field, and almost every chapter in 
the eighth edition has been updated with new and late-breaking 
information. Several chapters have also seen significant internal 
reorganization in order to streamline the overall presentation, 
strengthen our focus on the process of science, and reflect new un-
derstanding and emphases in contemporary astronomy. Among the 
many improvements are the following:

 New chapter-opening images reflecting the latest astronomi-
cal discoveries.

 Updated astronomical imagery throughout.
 Streamlined art program providing more direct and accu-

rate representations of astronomical objects.
 Increased use of annotations to clarify figure content.
 Updates in Chapter 3 on the Hubble Space Telescope and its suc-

cessor, the James Webb Space Telescope; new material on new 
very large ground-based telescopes now under construction.

 New imagery throughout from the recently completed 
ALMA interferometric array.

 Updated coverage in Chapter 4 of the Dawn mission to 
asteroids Vesta and Ceres and the Rosetta mission to comet 
67 P/Churyumov–Gerasimenko.

 Updates in Chapter 4 on exoplanet properties, with a new 
focus on Earths and super-Earths; revised discussion of hab-
itable zones and Earth-like worlds.

 Updates on global CO2 levels and global warming in  
Chapter 5.

 Updated data in Chapter 5 on lunar interior structure fol-
lowing the LCROSS and GRAIL missions; new Lunar Recon-
naissance Orbiter imagery of lunar surface features.

 Updated discussion in Chapter 6 of Mercury’s surface and 
internal structure in light of the findings of the Messenger 
probe.

 Updated discussion of Mars in Chapter 6, including results 
from the Curiosity mission.

 Updates in Chapter 7 on storm systems on the outer planets, 
Jupiter’s shrinking Great Red Spot, and Saturn’s polar 
vortices.

 New Discovery feature in Chapter 7 on solar system 
exploration.
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 Updated discussion in Chapter 8 of Ganymede’s magnetism, 
subsurface water, and aurora; updated material on Encela-
dus and its internal ocean.

 New material and rewritten discussion in Chapter 8 of the 
Pluto system following the New Horizons flyby; updated dis-
cussion of trans-Neptunian objects.

 New higher-resolution Solar Dynamics Observatory imagery 
in Chapter 9 of the corona, sunspots, and coronal mass 
ejections.

 Improved diagrams and updated discussion of the sunspot 
cycle in Chapter 9.

 Updated text and ALMA imagery on star-forming regions in 
Chapter 11.

 New supernova imagery and discussion in Chapter 12.
 Updated discussion in Chapter 13 of gamma-ray bursts and 

hypernovae.
 Added new art to the discussion of Special Relativity in More 

Precisely 13-1.
 Updated discussion in Chapter 14 of Milky Way formation.
 Updated discussion in Chapter 14 of stellar orbits around 

the central supermassive black hole.
 New discussion in Chapter 14 of energetic outflows from the 

Galactic center.
 Updated discussion in Chapter 16 of hot gas in galaxy 

clusters.
 New discussion in Chapter 16 of the star formation history 

of the universe.
 Updated discussion in Chapter 16 of galactic cannibalism.
 Integrated treatment in Chapter 16 of tidal streams in the 

Milky Way.
 Updated discussion in Chapter 17 of the cosmic microwave 

background; new discussion of acoustic oscillations and 
their relevance to cosmology.

 Expanded discussion of extremophilic life in Chapter 18.

the illustration Program
Visualization plays an important role in both the teaching and the 
practice of astronomy, and we continue to place strong emphasis on 
this aspect of our book. We have tried to combine aesthetic beauty 
with scientific accuracy in the artist’s conceptions that enrich the 
text, and we have sought to present the best and latest imagery of a 
wide range of cosmic objects. Each illustration has been carefully 
crafted to enhance student learning; each is pedagogically sound 
and tightly tied to nearby discussion of important scientific facts 
and ideas.

Full-Spectrum Coverage and Spectrum icons

R I V U X G
Increasingly, astronomers are 
exploiting the full range of the 

electromagnetic spectrum to gather information about the 
cosmos. Throughout this book, images taken at radio, infrared, 
ultraviolet, X-ray, or gamma-ray wavelengths are used to 
supplement visible-light images. As it is sometimes difficult  
(even for a professional) to tell at a glance which images are 
visible-light photographs and which are false-color images created 
with other wavelengths, each photo in the text is accompanied by 
an icon that identifies the wavelength of electromagnetic radiation 
used to capture the image.

other Pedagogical Features
As with many other parts of our text, instructors have helped guide 
us toward what is most helpful for effective student learning.

Learning outcomes Studies indicate that beginning students of-
ten have trouble prioritizing textual material. For this reason, a few 
(typically five or six) well-defined learning outcomes are provided 
at the start of each chapter. These help students determine what 
mastery they should be able to demonstrate after reading the chap-
ter and then structure their reading accordingly. The outcomes are 
numbered and keyed to the items in the Chapter Summary and the 
Review and Discussion section, which in turn refer back to pas-
sages in the text. This highlights the most important aspects of the 
chapter, helping students prioritize information and aiding their 
review of the material. The outcomes are organized and phrased in 
such a way as to make them objectively testable, affording students 
a means of gauging their own progress.

the Big Picture and the Big Question Each chapter begins 
with a Big Picture overview of not only the content of the chapter, 
but also the critical issues facing the topic covered in the chapter; 
its purpose is to help students see how chapter content is connect-
ed to a broad understanding of the universe.

The Big Picture is bookended with a similar feature called 
The Big Question at the end of each chapter; the Big Question 
poses a cosmic, open-ended question about the chapter’s topic 
area that is intended to ignite students’ curiosity about the still-
unanswered questions at the forefront of astronomical knowledge 
and research.

 419

Normal and Active 
Galaxies
Building Blocks of the Universe

15
Studying this chapter will 
enable you to:

LO1 List the basic properties and 
main types of normal 
galaxies.

LO2 Explain the distance-
measurement techniques that 
enable astronomers to map 
the universe beyond the 
Milky Way.

LO3 Describe how galaxies are 
observed to clump into 
clusters.

LO4 State Hubble’s law, and 
explain how it is used to 
determine distances to the 
most remote objects in the 
observable universe.

LO5 Specify how active galaxies 
differ from normal galaxies, 
and describe some of their 
basic features.

LO6 Describe some types of active 
galaxies.

LO7 Explain what drives the 
central engine thought to 
power all active galaxies.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Light collected tonight from the most distant galaxies was emitted by those objects long 
before Earth even formed. Racing for billions of years across the darkened realms of the 
cosmos, a minute fraction of their radiation is now intercepted by our telescopes and 
spacecraft. Captured in the many images of this book, that radiation tells us not only 
about the properties of faraway galaxies, but also about the history of our Galaxy and 
the universe in which we live.

The BiG PicTure

 The giant elliptical galaxy M87 lies some 17 
megaparsecs from Earth, at the center of the Virgo 
galaxy cluster. Its full diameter is about 30 kpc—not 
much different from the Milky Way—although only 
the innermost 5 kpc is shown here. However, with 
several trillion stars, more than 10,000 globular 
clusters, and a 4 billion-solar-mass black hole at its 

center, M87 dwarfs our Galaxy in all other respects. 
Accretion of stars onto the central supermassive black 
hole has created a high-speed jet of matter leaving 
the galaxy’s central nucleus at nearly the speed of 
light. The jet, nucleus, and surrounding galaxy can all 
be seen in this visible-light Hubble Space Telescope 
image. (NASA/ESA)

L e a r n i n g 
O U tcO m e s

As our field of view expands to truly cosmic scales, the focus of our studies shifts 

dramatically. Planets become inconsequential, stars themselves mere points of hydrogen 

consumption. Now entire galaxies become the “atoms” from which the universe is built—

distant realms completely unknown to scientists just a century ago. We know of literally 

millions of galaxies beyond our own. Most are smaller than the Milky Way, some 

comparable in size, a few much larger. Many are sites of explosive events far more 

energetic than anything ever witnessed in our own Galaxy. All are vast, gravitationally 

bound assemblages of stars, gas, dust, dark matter, and radiation separated from us by 

almost incomprehensibly large distances. The light we receive tonight from the most 

distant galaxies was emitted long before Earth existed. By studying the properties of 

galaxies and the violence that ensues when they collide, we gain insight into the history 

of our Galaxy and the universe in which we live.
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data Points Data Points sidebars in each chapter, based on data 
captured from thousands of students, alert students to the statis-
tically most common mistakes made when working problems on 
related topics in MasteringAstronomy.

 Concept Links The connection between the astronomical ma-
terial and the physical principles set forth early in the text is cru-
cial. It is important that students, when they encounter, say, Hub-
ble’s law in Chapter 15, recall what they learned about spectral 
lines and the Doppler shift in Chapter 2. Similarly, the discussions 
of the masses of binary star components (Chapter 10) and of galac-
tic rotation (Chapter 14) both depend on the discussion of Kepler’s 
and Newton’s laws in Chapter 1. Throughout, discussions of new 
astronomical objects and concepts rely heavily on comparison with 
topics introduced earlier in the text.

It is important to remind students of these links so that they 
can recall the principles on which later discussions rest and, if nec-
essary, review them. To this end, we have inserted “Concept Links” 
throughout the text—symbols that mark key intellectual bridges 
between material in different chapters. The links, denoted by the 
symbol , signal students that the topic under discussion is re-
lated in some significant way to ideas developed earlier and direct 
them to material that they might wish to review before proceeding.

interactive Figures and Photos Icons throughout the 
text direct students to dynamic versions of art and photos on 

MasteringAstronomyTM. Using online applets, students can manip-
ulate factors such as time, wavelength, scale, and perspective to 
increase their understanding of these figures.

Key terms Like all subjects, astronomy has its own specialized 
vocabulary. To aid student learning, the most important astronomi-
cal terms are boldfaced at their first appearance in the text. Bold-
faced key terms in the Chapter Summary are linked with the page 
number where the term was defined. In addition, a full alphabeti-
cal glossary, defining each key term and locating its first use in the 
text, appears at the end of the book.

 chapter review 443

The BiG QueSTiON

Galactic research lags stellar research by about 50 years. That’s because 
galaxies were discovered only in the 20th century, and we are still learning 
about them. How did they form, and how do they evolve? Those are the 
biggest questions regarding galaxies, and they will not be answered until 
more and better data accumulate, especially regarding the most distant 
systems. Will the much larger galaxy surveys now on the horizon help 
solve these important issues?

LO1 The Hubble classification scheme  
(p. 420) divides galaxies into several 
classes, depending on their appearance. 
Spiral galaxies (p. 421) have flattened 
disks, central bulges, and spiral arms. Their 
halos consist of old stars, whereas the gas-rich disks are the 
sites of ongoing star formation. Barred-spiral galaxies  
(p. 422) contain an extended “bar” of material projecting 
beyond the central bulge. Elliptical galaxies (p. 422) have 
no disk and contain little or no cool gas or dust, although 
very hot interstellar gas is observed. In most cases, they 
consist entirely of old stars. They range in size from dwarf 
ellipticals, which are much less massive than the Milky Way 
Galaxy, to giant ellipticals, which may contain trillions of 
stars. S0 and SB0 galaxies (p. 423) are intermediate in 
their properties between ellipticals and spirals. Irregular 
galaxies (p. 424) are galaxies that do not fit into either of 
the other categories. Some may be the result of galaxy 
collisions or close encounters. Many irregulars are rich in 
gas and dust and are the sites of vigorous star formation.

LO2 Astronomers often use standard candles 
(p. 426) as distance-measuring tools. 
These are objects that are easily identifiable 
and whose luminosities lie in some 
reasonably well-defined range. Comparing 
luminosity and apparent brightness, 
astronomers determine the distance using 
the inverse-square law. An alternative 
approach is the Tully–Fisher relation (p. 427), an empirical 
correlation between rotational velocity and luminosity in 
spiral galaxies.

LO3 The Milky Way, Andromeda, and 
several other smaller galaxies form 
the Local Group (p. 428), a small 
galaxy cluster (p. 429). Galaxy 
clusters consist of a collection of 
galaxies orbiting one another, bound 
together by their own gravity. The nearest large galaxy cluster 
to the Local Group is the Virgo Cluster.

LO4 Distant galaxies are observed to be 
receding from the Milky Way at speeds 
proportional to their distances from us. 
This relationship is called Hubble’s law  
(p. 430). The constant of proportionality 
in the law is Hubble’s constant (p. 431). 
Its value is approximately 70 km/s/Mpc. 
Astronomers use Hubble’s law to determine distances to the 
most remote objects in the universe simply by measuring 
their redshifts and converting the corresponding speed 
directly to a distance. The redshift associated with the Hubble 
expansion is called the cosmological redshift (p. 431).

LO5 Active galaxies (p. 432) are much more 
luminous than normal galaxies and have 
nonstellar spectra, emitting most of their 
energy outside the visible part of the 
electromagnetic spectrum. Often the 
nonstellar activity suggests rapid internal 
motion and is associated with a bright 
central active galactic nucleus (p. 433). Many active 
galaxies have high-speed, narrow jets of matter shooting out 
from their central nuclei. Often the jets transport energy from 
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runaway explosion called the helium flash. For a few hours, the helium burns 
ferociously, like an uncontrolled bomb. Eventually, the star’s structure “catches 
up” with the flood of energy dumped into it by helium burning. The core expands, 
its density drops, and equilibrium is restored as the inward pull of gravity and the 
outward push of gas pressure come back into balance. The core, now stable, be-
gins to burn helium into carbon at temperatures well above 108 K.

The helium flash terminates the star’s ascent of the red giant branch of the 
H–R diagram. Yet despite the explosive detonation of helium in the core, the flash 
does not increase the star’s luminosity. Rather, the helium flash produces an ex-
pansion and cooling of the core that ultimately results in a reduction in the energy 
output as the star jumps from stage 9 to stage 10. As indicated in Figure 12.5, the 
surface temperature is now higher than it was on the red giant branch, although 
the luminosity is less than at the helium flash. This adjustment in the star’s prop-
erties occurs quite quickly—in about 100,000 years.

At stage 10 our star is now stably burning helium in its inner core and fusing 
hydrogen in a shell surrounding that core. It resides in a well-defined region of 
the H–R diagram known as the horizontal branch, where core helium-burning 
stars remain for a time before resuming their journey around the H–R diagram. 
The star’s specific position within this region is determined mostly by its mass—
not its original mass, but whatever mass remains after the red giant phase. The 
two masses differ because strong stellar winds can eject large amounts of 
matter—as much as 20–30 percent of the initial mass—from a red giant’s surface. 
The more massive stars have thicker envelopes and lower surface temperatures at 
this stage, but all stars have roughly the same luminosity after the helium flash. 
As a result, stage-10 stars tend to lie along a horizontal line on the H–R diagram, 
with more massive stars to the right and less massive ones to the left.

Stage 11—A red giant Again
Nuclear reactions in stars proceed at rates that increase very rapidly with tem-
perature. At the extremely high temperatures found in the core of a horizontal-
branch star, the helium fuel doesn’t last long—no more than a few tens of millions 
of years after the initial flash.

As helium fuses to carbon, a new carbon-rich inner core begins to form and 
phenomena similar to the earlier buildup of helium occur. Helium becomes de-
pleted at the center, and eventually fusion ceases there. The nonburning carbon 
core shrinks in size—even as its mass increases due to helium fusion—and heats 
up as gravity pulls it inward, causing the hydrogen- and helium-burning rates in 
the overlying layers to increase. The star now contains a contracting carbon-ash 
inner core surrounded by a helium-burning shell, which is in turn surrounded by 
a hydrogen-burning shell (Figure 12.6). The outer envelope of the star expands, 
much as it did earlier in the first red giant stage. By the time it reaches stage 11 in 
Figure 12.7, the star has become a swollen red giant for a second time.

The burning rates in the shells surrounding the inner core are much fiercer 
during the star’s second trip into the red giant region, and the radius and lumi-
nosity increase to values even greater than those reached during the first visit 
(stage 9). Its carbon core continues to shrink, driving the hydrogen- and helium-
burning shells to higher and higher temperatures and luminosities. To distinguish 
this second visit to the red giant region from the first, the star’s evolutionary track 
during this stage is often referred to as the asymptotic giant branch.1
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 FigurE 12.5 horizontal Branch  A large increase in 
luminosity occurs as a star ascends the red giant branch, 
ending in the helium flash. The star then settles down into 
another equilibrium state at stage 10, on the horizontal branch.

ConCept CheCk

Why does a star get brighter as it runs out of fuel 
in its core?

Nonburning
envelope

Hydrogen-burning
shell

Helium-burning
shell

Carbon ash

 FigurE 12.6 helium Shell Burning  Within a few million 
years after the onset of helium burning (stage 9), carbon ash 
accumulates in the star’s inner core (not to scale). Above this 
core, hydrogen and helium are still burning in concentric shells.

1The term is borrowed from mathematics. An asymptote to a curve is a second curve that approaches ever 
closer to the first as the two are extended to infinity. Theoretically, if the star remained intact, the asymptotic-
giant branch would approach the red giant branch from the left as the luminosity increased and would ef-
fectively merge with the red giant branch near the top of Figure 12.10. However, a Sun-like star will not live 
long enough for that to occur.
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12.7  The cycle of Stellar Evolution
The theory of stellar evolution outlined in this chapter can naturally account 
for the observed differences in the abundances of heavy elements between 
the old globular-cluster stars and stars now forming in our Galaxy. Even 
though an evolved star continuously creates new heavy elements in its 
interior, changes in the star’s composition are confined largely to the core, 
and the star’s spectrum may give little indication of the events within. Only at 
the end of the star’s life are its newly created elements released and scattered 
into space.

Thus the spectra of the youngest stars show the most heavy elements because 
each new generation of stars increases the concentration of these elements in the 
interstellar clouds from which the next generation forms. Accordingly, the photo-
sphere of a recently formed star contains a much greater abundance of heavy ele-
ments than that of a star formed long ago. Knowledge of stellar evolution allows 
astronomers to estimate the ages of stars from purely spectroscopic studies, even 
when the stars are isolated and are not members of any cluster.

We have now seen all the ingredients that make up the complete cycle of star 
formation and evolution. Let us now briefly summarize that process, which is il-
lustrated in Figure 12.30.

 1. Stars form when part of an interstellar cloud is compressed beyond the point 
at which it can support itself against its own gravity. The cloud collapses and 
fragments, forming a cluster of stars. The hottest stars heat and ionize the 
surrounding gas, sending shock waves through the surrounding cloud, modi-
fying the formation of lower-mass stars, and possibly triggering new rounds 
of star formation.  (Secs. 11.2, 11.3)

 2. Within the cluster, stars evolve. The most massive stars evolve fastest, creat-
ing heavy elements in their cores and spewing them forth into the interstellar 
medium in supernova explosions. Low-mass stars evolve more slowly, but 
they too create heavy elements and contribute significantly to the “seeding” 
of interstellar space when they shed their envelopes as planetary nebulae. 
Roughly speaking, low-mass stars created most of the carbon, nitrogen, and 
oxygen that make life on Earth possible. High-mass stars produced the iron 
and silicon that make up Earth itself, as well as the heavier elements on 
which much of our technology is based.

 3. The creation and explosive dispersal of new heavy elements are accompanied 
by further shock waves. The passage of these shock waves through the inter-
stellar medium simultaneously enriches the medium and compresses it into 
further star formation. Each generation of stars increases the concentration 
of heavy elements in the interstellar clouds from which the next generation 
forms. As a result, recently formed stars contain a much greater abundance 
of heavy elements than stars that formed long ago.

In this way, although some material is used up in each cycle—turned into 
energy or locked up in stars less massive than the Sun (most of which have not 
yet left the main sequence)—the Galaxy continuously recycles its matter. Each 
new round of formation creates stars containing more heavy elements than the 
preceding generation had. From the old globular clusters, which are observed to 
be deficient in heavy elements relative to the Sun, to the young open clusters, 
which contain much larger amounts of these elements, we observe this enrich-
ment process in action. Our Sun is the product of many such cycles. We ourselves 
are another. Without the heavy elements synthesized in the hearts of stars, life on 
Earth would not exist.

proCess of sCienCe CheCk 

Why are observations of star clusters so important 
to the theory of stellar evolution?
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Process of Science Checks Similar to Concept Checks, Pro-
cess of Science Checks are aimed specifically at clarifying how 
science is done and how scientists reach the conclusions they do. 
Answers to these in-chapter questions are also provided at the 
back of the book.

Visual Analogies Revised for clarity, visual analogies link art and 
analogy, explaining complex astronomical concepts with referenc-
es to everyday experience.

Concept Checks We incorporate into each chapter a number of 
Concept Checks—key questions that require the reader to recon-
sider some of the material just presented or attempt to place it into 
a broader context. Answers to these in-chapter questions are pro-
vided at the back of the book.
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 Compound Art It is rare that a single image, be it a photograph 
or an artist’s conception, can capture all aspects of a complex sub-
ject. Wherever possible, multiple-part figures are used in an attempt 
to convey the greatest amount of information in the most vivid way:

 Visible images are often presented along with their counter-
parts captured at other wavelengths.

 Interpretive line drawings are often superimposed on or jux-
taposed with real astronomical photographs, helping stu-
dents to really “see” what the photographs reveal.

 Breakouts—often multiple ones—are used to zoom in from 
wide-field shots to close-ups, so that detailed images can be 
understood in their larger context.

Here the pulsar cannot be seen c

cand here it is visible (arrow)

0.1 pc

(c)

Jet

Pulsar

Disk

Jet

(b)

(a)

R I U X GVR I V U X G

R I V U X G

Figure Annotations The eighth edition incorporates the 
research-proven technique of strategically placing annotations 
(which always appear in blue type) within key pieces of art, 
fostering students’ ability to read and interpret complex figures, 
focus on the most relevant information, and integrate verbal and 
visual knowledge.

This possible hypernova remnant
may contain the youngest known
black hole in our Galaxy.

5 pc

h–R diagrams All of the book’s H–R diagrams are drawn in a uni-
form format, using real data. H–R diagrams help us organize our 
information about the stars and track their evolutionary histories.

 FigURE 13.4 Crab Pulsar  In the core of 
the Crab Nebula (a), the Crab pulsar (c) blinks 
on and off about 30 times each second. In 
the top frame, the pulsar is off; in the bottom 
frame, it is on (arrow). (b) This Chandra X-ray 
image of the Crab, superimposed on a Hubble 
optical image, shows the central pulsar, as 
well as rings of hot X-ray-emitting gas in the 
equatorial plane, driven outward by the pulsar 
wind. Also visible in the image is a jet of hot 
gas escaping perpendicular to the equatorial 
plane. (ESO; NASA; UC/Lick Observatory)

A01_CHAI7702_08_SE_FM.indd   13 18/11/15   12:01 PM



xiv PREFACE

 MoRE PRECiSELY Boxes These boxes provide 
more quantitative treatments of subjects discussed 
qualitatively in the text. Removing these more chal-
lenging topics from the main flow of the narrative and 
placing them within a separate modular element of the 
chapter design allow instructors greater flexibility in 
setting the level of their coverage.

 diSCoVERY Boxes Exploring a wide 
variety of interesting topics, Discovery 
boxes provide the reader with insight into 
how scientific knowledge evolves and 
emphasizes the process of science.

404 chAPTer 14   the milky Way galaxy

In the late 1960s, American astrophysicists C. C. Lin and Frank 
Shu proposed a way in which spiral arms in the Galaxy could per-
sist for many Galactic rotations. They argued that the arms them-
selves contain no “permanent” matter. They should not be viewed 
as assemblages of stars, gas, and dust moving intact through the 
disk because such structures would quickly be destroyed by dif-
ferential rotation. Instead, as described in the text, a spiral arm 
should be envisaged as a density wave—a wave of alternating com-
pression and expansion sweeping through the Galaxy.

A wave in water builds up material temporarily in some 
places (crests) and lets it down in others (troughs). Similarly, as 
Galactic matter encounters a spiral density wave, the matter is 
compressed to form a region of higher than normal density. The 
matter enters the wave, is temporarily slowed down (by gravity) 
and compressed as it passes through, then continues on its way. 
This compression triggers the formation of new stars and nebu-
lae. In this way, the spiral arms are formed and reformed repeat-
edly, without wrapping up.

The accompanying figure illustrates the formation of a den-
sity wave in a more familiar context—a traffic jam triggered by 
the presence of a repair crew moving slowly down the road. Cars 
slow down temporarily as they approach the crew, then speed up 
again as they pass the worksite and continue on their way. The 
result observed by a traffic helicopter flying overhead is a region 
of high traffic density concentrated around the work crew and 

moving with it. An observer on the side of the road, however, 
sees that the jam never contains the same cars for very long. 
Cars constantly catch up to the bottleneck, move slowly through 
it, then speed up again, only to be replaced by more cars arriving 
from behind.

The traffic jam is analogous to the region of high stellar den-
sity in a Galactic spiral arm. Just as the traffic density wave is not 
tied to any particular group of cars, the spiral arms are not at-
tached to any particular piece of disk material. Stars and gas 
enter a spiral arm, slow down for a while, then exit the arm and 
continue on their way around the Galactic center. The result is a 
moving region of high stellar and gas density, involving different 
parts of the disk at different times. Notice also that, just as in our 
Galaxy, the traffic jam wave moves more slowly than, and inde-
pendently of, the overall traffic flow.

We can extend our traffic analogy a little further. Most drivers 
are well aware that the effects of such a tie-up can persist long 
after the road crew has stopped work and gone home for the 
night. Similarly, spiral density waves can continue to move 
through the disk even after the disturbance that originally pro-
duced them has long since subsided. According to spiral density 
wave theory, this is precisely what has happened in the Milky Way 
Galaxy. Some disturbance in the past—an encounter with a satel-
lite galaxy, perhaps, or the effect of the central bar—produced a 
wave that has been moving through the Galactic disk ever since.

Density Waves

14.2 D i s C o v e r y

Traffic
density

Density
wave

Location

Traffic speed

An important question, but one not answered by either of the two theories 
just described, is, Where do these spirals come from? What was responsible for 
generating the density wave in the first place or for creating the line of newborn 
stars whose evolution drives the advancing spiral arm? Scientists speculate that 
(1) instabilities in the gas near the galactic bulge, (2) the gravitational effects of 
nearby galaxies, or (3) the elongated shape of the bulge itself may have had a big 
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Tests of general relativity

13.2  M o r e  p r e C i s e ly

Special relativity is the most thoroughly tested and most accu-
rately verified theory in the history of science. General relativity, 
however, is on somewhat less firm experimental ground. The 
problem with verifying general relativity is that its effects on 
Earth and in the solar system—the places where we can most 
easily perform tests—are very small. Just as special relativity pro-
duces major departures from Newtonian mechanics only when 
speeds approach the speed of light, general relativity predicts 
large departures from Newtonian gravity only when extremely 
strong gravitational fields are involved.

Here we consider just two “classical” tests of the theory—
solar system experiments that helped ensure acceptance of Ein-
stein’s theory. Bear in mind, however, that there are no known 
tests of general relativity in the “strong-field” regime—that part 
of the theory that predicts black holes, for example—so the full 
theory has never been experimentally tested.

At the heart of general relativity is the premise that 
everything, including light, is affected by gravity because of the 
curvature of spacetime. Shortly after he published his theory in 
1915, Einstein noted that light from a star should be deflected by 
a measurable amount as it passes the Sun. The closer to the Sun 
the light comes, the more it is deflected. Thus, the maximum 
deflection should occur for a ray that just grazes the solar surface. 
Einstein calculated that the deflection angle should be 1.75, a 
small but detectable amount.

Of course, it is normally impossible to see stars so close to 
the Sun. During a solar eclipse, however, when the Moon blocks 
the Sun’s light, the observation does become possible, as illus-
trated in the figure at lower left. In 1919 a team of observers led 
by British astronomer Sir Arthur Eddington succeeded in meas-

uring the deflection of starlight during an eclipse. 
The results were in excellent agreement with the 
prediction of general relativity.

Another prediction of general relativity is that 
planetary orbits should deviate slightly from the 
perfect ellipses of Kepler’s laws. Again, the effect is 
greatest where gravity is strongest—that is, closest 
to the Sun. Thus, the largest relativistic effects are 
found in the orbit of Mercury. Relativity predicts 
that Mercury’s orbit is not exactly a closed ellipse. 
Instead, its orbit should rotate slowly, as shown in 
the second (highly exaggerated) diagram above. 
The amount of rotation is very small—only per 
century—but Mercury’s orbit is so well charted 
that even this tiny effect is measurable.

430/century

Sun

Mercury

Earth

Sun

Apparent
position
of star

Actual
position
of star

1.750

matter how fast they are rolled. They cannot make it past the “lip” of the bubble in 
Figure 13.19(d). This analogy (very) roughly depicts how a black hole warps space 
completely around on itself, isolating its interior from the rest of the universe.

The essential ideas—the slowing down and eventual cessation of outward-going 
signals and the one-way nature of the event horizon once it forms—all have paral-
lels in the case of stellar black holes. In Einsteinian terms, a black hole is a region of 
space where the gravitational field becomes overwhelming and the curvature of 
space extreme. At the event horizon itself, the curvature is so great that space “folds 
over” on itself, causing objects within to become trapped and disappear.

proCess of sCienCe CheCk

How do newton’s and einstein’s theories differ in 
their descriptions of gravity? Why were scientists 
initially resistant to einstein’s theories of relativity?
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 Chapter Summaries Key terms intro-
duced in each chapter are listed again, in con-
text and in boldface, along with key figures and 
page references to the text discussion. Summa-
ry items are keyed to the Learning Outcomes 
presented at the start of the chapter.

 chapter review 385

LO1 A core-collapse supernova may leave behind 
an ultracompressed ball of material called a 
neutron star (p. 362). This is the remnant 
of the inner core that rebounded and blew 
the rest of the star apart. Neutron stars are 
extremely dense and, at formation, are 
predicted to be extremely hot, strongly magnetized, and 
rapidly rotating. They cool down, lose much of their 
magnetism, and slow down as they age.

LO2 According to the lighthouse model  
(p. 364), neutron stars, because they are 
magnetized and rotating, send regular 
bursts of electromagnetic energy into 
space. The beams are produced by 
charged particles confined by the strong 
magnetic fields. When we can see the beams from Earth, we 
call the source neutron star a pulsar (p. 362). The pulse 
period is the rotation period of the neutron star.

LO3 A neutron star that is a member of a 
binary system can draw matter from its 
companion, forming an accretion disk, 
which is usually a strong source of 
X-rays. As gas builds up on the star’s 
surface, it eventually becomes hot 
enough to fuse hydrogen. When 
hydrogen burning starts on a neutron 
star, it does so explosively, and an X-ray 
burster (p. 366) results. The rapid 
rotation of the inner part of the accretion disk causes the neutron 
star to spin faster as new gas arrives on its surface. The eventual 
result is a very rapidly rotating neutron star—a millisecond 
pulsar (p. 366). Many millisecond pulsars are found in the 
hearts of old globular clusters. They cannot have formed 
recently, and must have been spun up by interactions with other 
stars. Careful analysis of the radiation received has shown that 
some millisecond pulsars are orbited by planet-sized objects.

LO4 Gamma-ray bursts (p. 368) are very 
energetic flashes of gamma rays that occur 
about once a day and are distributed 
uniformly over the entire sky. In some 
cases, their distances have been measured, 
placing them at very large distances and 
implying that they are extremely luminous. 
The leading theoretical models for these 

explosions involve the violent merger of neutron stars in a 
distant binary system, or the recollapse and subsequent 
violent explosion following a “failed” supernova in a very 
massive star.

LO5 Einstein’s special theory of relativity 
deals with the behavior of particles 
moving at speeds comparable to the 
speed of light. It agrees with Newton’s 
theory at low velocities, but makes 
many very different predictions for 
high-speed motion. All of its predictions 
have been repeatedly verified by experiment. The modern 
replacement for Newtonian gravity is Einstein’s general theory 
of relativity (p. 373), which describes gravity in terms of the 
warping, or bending, of space by the presence of mass. The more 
mass, the greater the warping. All particles—including photons—
respond to that warping by moving along curved paths.

LO6 The upper limit on the mass of a neutron 
star is about three solar masses. Beyond 
that mass, the star can no longer support 
itself against its own gravity, and it 
collapses to form a black hole (p. 373), 
a region of space from which nothing can 
escape. The most massive stars, after 
exploding in a supernova, form black holes rather than 
neutron stars. Conditions in and near black holes can only be 
described by general relativity. The radius at which the escape 
speed from a collapsing star equals the speed of light is called 
the Schwarzschild radius (p. 374). The surface of an 
imaginary sphere centered on the collapsing star and having  
a radius equal to the star’s Schwarzschild radius is called the 
event horizon (p. 374).

LO7 To a distant observer, light leaving a spaceship that is falling 
into a black hole would be subject to 
gravitational redshift (p. 381) as the 
light climbed out of the hole’s intense 
gravitational field. At the same time, a 
clock on the spaceship would show 
time dilation (p. 381)—the clock 
would appear to slow down as the ship 
approached the event horizon. The 
observer would never see the ship reach 
the surface of the hole. Once within the event horizon, no 
known force can prevent a collapsing star from contracting all 
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End-of-Chapter Questions and Problems Many elements of 
the end-of-chapter material have seen substantial reorganization:

 Each chapter has 15 Review and Discussion questions, 
which may be used for in-class review or for assignment. 
The material needed to answer Review and Discussion ques-
tions can be found within the chapter. The Review and Dis-
cussion questions explore particular topics more deeply, 
often asking for opinions, not just facts. As with all discus-
sions, these questions usually have no single “correct” 
answer. A few (2–4) questions per chapter are marked as 
directly relevant to the Process of Science theme of the book, 
and each Learning Outcome is reflected in one of the Review 
and Discussion questions.

 Each chapter incorporates 15 Self-Test questions, roughly 
divided between true/false and multiple choice formats, 
designed to allow students to assess their understanding 
of the chapter material. As with the Review and Discus-
sion questions, the Self-Test questions can be answered 
based on material presented in the chapter. Two of the 
multiple choice questions in each chapter are tied 
directly to a specific figure or diagram in the text to test 
students’ comprehension of the visual material presented 
there. Answers to all these questions appear at the end of 
the book.

 The end-of-chapter material also includes 10 Problems 
based on the chapter contents and requiring some numeri-
cal calculation. In many cases, the Problems are tied directly 
to quantitative statements made (but not worked out in 
detail) in the text. The solutions to the Problems are not con-
tained verbatim within the chapter, but the information nec-
essary to solve them has been presented in the text. Answers 
appear at the end of the book.

 The end-of-chapter material now includes a number of 
astronomical Activities relevant to the material presented in 
the text. Activities include both group and individual pro-
jects, ranging from basic naked-eye and telescopic observing 
exercises, to opinion polls, surveys and group discussion, 
and astronomical research on the Web.

instructor Resources
MasteringAstronomy™
www.masteringastronomy.com
MasteringAstronomy is the most widely used and most advanced 
astronomy tutorial and assessment system in the world. By capturing 
the step-by-step work of students nationally, MasteringAstronomy 
has established an unparalleled database of learning challenges 
and patterns. Using this student data, a team of astronomy 
education researchers has refined every activity and problem. The 
result is a library of activities of unique educational effectiveness 
and assessment accuracy. MasteringAstronomy provides students 
with two learning systems in one: a dynamic self-study area and the 
ability to participate in online assignments.

MasteringAstronomy, now easier to use than ever, provides 
instructors with a fast and effective way to assign uncompromis-
ing, wide-ranging online homework assignments of just the right 
difficulty and duration. The tutorials coach 90 percent of students 
to the correct answer with specific wrong-answer feedback. The 
powerful post-diagnostics allow instructors to assess the progress 
of their class as a whole or to quickly identify individual student’s 
areas of difficulty. Tutorials built around text content and all the 
end-of-chapter problems from the text are also available.

MasteringAstronomy has been revised in this edition with 
extensive new interactive opportunities in the item library for as-
signment and in the media-rich study area for open-ended student 
exploration, which students can use whether the instructor assigns 
homework or not.

instructor Resource Manual   Updated for the eighth edition, 
this manual provides sample syllabi and course schedules, an over-
view of each chapter, pedagogical tips, useful analogies, sugges-
tions for classroom demonstrations, writing questions, answers to 
the end-of-chapter Review and Discussion questions, Conceptual 
Self-Test, and Problems, selected readings, and additional refer-
ences and resources. The Instructor Resource Manual is avail-
able for download on the Pearson Instructor Resource Center  
(www.pearsonhighered.com/educator) and in the Mastering- 
Astronomy Instructor Resource Area.

test Bank    This extensive file of approximately 2500 multiple-
choice, true/false, fill-in-the-blank, short-answer and essay ques-
tions is newly updated and revised for the eighth edition. The 
questions are organized and referenced by chapter section and 
by question type. The Test Bank is available within TestGen® as 
well as electronically on the Pearson Instructor Resource Center  
(www.pearsonhighered.com/educator) and in MasteringAstronomy.

instructor Resource dVd   This DVD provides virtually every 
electronic asset you’ll need in and out of the classroom. The DVD 
is organized by chapter and contains all text illustrations, tables, 
and photos in jpeg and PowerPoint® formats, as well as anima-
tions, videos, and self-guided tutorials from the self-study section 
of MasteringAstronomy.
ISBN 0-134-24163-0

Learner-Centered Astronomy teaching: Strategies for 
AStRo 101
Timothy F. Slater, University of Wyoming; Jeffrey P. Adams, 
Millersville University
Strategies for ASTRO 101 is a guide for instructors of the intro-
ductory astronomy course for nonscience majors. Written by two 
leaders in astronomy education research, this book details various 
techniques instructors can use to increase students’ understanding 
and retention of astronomy topics, with an emphasis on making 
the lecture a forum for active student participation. Drawing from 
the large body of recent research to discover how students learn, 
this guide describes the application of multiple classroom-tested 
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techniques to the task of teaching astronomy to predominantly 
nonscience students.
ISBN 0-13-046630-1

Peer instruction for Astronomy
Paul Green, Harvard Smithsonian Center for Astrophysics
Peer instruction is a simple yet effective method for teaching sci-
ence. Techniques of peer instruction for introductory physics were 
developed primarily at Harvard and have aroused interest and 
excitement in the physics education community. This approach 
involves students in the teaching process, making science more 
accessible to them. Peer instruction is a new trend in astronomy 
that is finding strong interest and is ideally suited to introductory 
astronomy classes. This book is an important vehicle for provid-
ing a large number of thought-provoking, conceptual short-answer 
questions aimed at a variety of class levels. While significant num-
bers of such questions have been published for use in physics, Peer 
Instruction for Astronomy provides the first such compilation for 
astronomy.
ISBN 0-13-026310-9

Student Resources
MasteringAstronomy™
www.masteringastronomy.com  
This homework, tutorial, and assessment system is uniquely able 
to tutor each student individually by providing students with in-
stantaneous feedback specific to their wrong answers, simpler sub-
problems upon request when they get stuck, and partial credit for 
their method(s) used. Students also have access to a self-study area 
that contains practice quizzes, self-guided tutorials, animations, 
videos, and more.

Pearson etext 2.0    is available through MasteringAstronomy, 
either automatically when MasteringAstronomy is packaged with 
new books, or available as a purchased upgrade online. Allowing 
the students to access the text wherever they have access to the 
Internet, Pearson eText comprises the full text, including figures 
that can be enlarged for better viewing. Within Pearson eText 2.0, 
students are also able to pop up definitions and terms to help with 
vocabulary and reading. Students also can take notes in Pearson 
eText using the annotation feature.

Starry night® College Student Access Code Card  (Simu-
lation Curriculum) This access kit provides a one-time download of 
Starry Night College, the best-selling planetarium software that lets 
you escape the Milky Way and travel across 700 million light-years 
of space. Hailed for its breathtaking realism, powerful features, and 
intuitive interface, Starry Night College is available to be packaged 
(for a minimal charge) with new copies of introductory astronomy 
textbooks. This access kit also enables users to download Starry 
Night College Activities & Observation and Research Projects by Erin 
O’Connor and Steve McMillan.
ISBN 0-321-71295-1

Starry night® College Activities & observation and 
Research Projects    This online booklet contains over 35 
activities and 70 observation and research projects written by Erin 
O’Connor and Steve McMillan and is based on Starry Night College 
planetarium software.
ISBN 0-321-75307-0

Skygazer 5.0 Student Access Code Card  (Carina Software) 
This access kit provides a one-time download of SkyGazer 5.0 that 
combines exceptional planetarium software with informative pre-
packaged tutorials. Based on the popular Voyager software, this 
access kit is available to be packaged at no additional charge with 
new copies of introductory astronomy textbooks. This access kit 
also enables users to download the Astronomy Media Workbook by 
Michael LoPresto.
ISBN 0-321-76518-4

Astronomy Media Workbook, 7th Edition  Astronomy Me-
dia Workbook by Michael LoPresto includes a wide selection of 
in-depth activities based on Voyager: SkyGazer 5.0 planetarium 
software, and the Interactive FiguresTM and RSS Feeds in Master-
ingAstronomy. These thought-provoking projects are suitable for 
labs or homework assignments. It is downloadable with a SkyGaz-
er access code.
ISBN 0-321-74124-2

Observation Exercises in Astronomy    This workbook by 
Lauren Jones contains a series of astronomy exercises that integrate 
technology from planetarium software such as Stellarium, Starry 
Night College, WorldWide Telescope, and SkyGazer. Using these 
online products adds an interactive dimension to students’ learning.
ISBN: 0-321-63812-3

Edmund Scientific Star and Planet Locator    The famous 
rotating roadmap of the heavens shows the location of the stars, 
constellations, and planets relative to the horizon for the exact 
hour and date you determine. This 8-inch square star chart was 
plotted by the late astronomer and cartographer George Lovi. 
The reverse side of the locator is packed with additional data on 
the planets, meteor showers, and bright stars. Included with each 
star chart is a 16-page, fully-illustrated, pocket-size instruction 
booklet.

Norton’s Star Atlas and Reference Handbook, 20th 
edition   Now in a superbly redesigned, two-color landmark 20th 
edition, this combination star atlas and reference work by Ian 
Ridpath has no match in the field. First published in 1910, Norton’s 
owes much of its legendary success to its unique maps, arranged 
in slices known as gores, each covering approximately one-fifth 
of the sky. Every star visible to the naked eye under the clearest 
skies—down to magnitude 6.5—is charted, along with star clusters, 
nebulae, and galaxies. Extensive tables of data on interesting 
objects for observation accompany each of the precision-drawn 
maps. Preceding the maps is the unique and authoritative reference 
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handbook covering timekeeping and positional measurements on the 
celestial sphere; the Sun, Moon, and other bodies of the solar system; 
telescopes and other equipment for observing and imaging the sky; 
and stars, nebulae, and galaxies. Throughout, succinct fundamental 
principles and practical tips guide the reader into the night sky. The 
appendices Units and Notation, Astronomical Constants, Symbols 
and Abbreviations, and Useful Addresses complete what has long 
been the only essential reference for the stargazer.
ISBN 0-13-145164-2

Lecture-Tutorials for Introductory Astronomy, 3rd 
Edition  Edward E. Prather, University of Arizona; Timothy F. Slater, 
University of Wyoming; Jeffrey P. Adams, Millersville University; 
Gina Brissenden, University of Arizona

Funded by the National Science Foundation, Lecture-Tutorials 
for Introductory Astronomy is designed to help instructors bring 
interactive teaching strategies into general education astronomy 
courses of all sizes. The third edition features new lecture-tutorials 
entitled the Greenhouse Effect; Dark Matter; Making Sense of the 
Universe and Expansion; Hubble’s Law; Expansion, Lookback 
Times, and Distances; and Big Bang. Each of the 44 lecture-
tutorials is presented in a classroom-ready format, asks students 
to collaborate in groups of two to three, takes approximately 15 
minutes, challenges students with a series of carefully designed 
questions that spark student discussions, engages students in 
critical reasoning, and requires no equipment.
ISBN 0-321-82046-0

Sky and telescope This supplement, edited by Evan Skillman, 
contains nine articles that originally appeared in the popular ama-
teur astronomy magazine, plus a summary and four question sets 
focusing on the issues professors most want to address: general 
review, process of science, scale of the universe, and our place in 
the universe.
ISBN 0-321-70620-X
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P a r t1

stronomy is the study of the universe—the 
totality of all space, time, matter, and 

energy. It is a subject like no other, for it requires 
us to profoundly change our perspective and to 
consider sizes, scales, and times unfamiliar to us 
from everyday experience. To appreciate 
astronomy, we must broaden our view and expand 
our minds. We must think big!

Part 1 presents the basic methods used by 
astronomers to chart the space around us. We 
describe the progress of scientific knowledge, from 
stories of chariots and gods to today’s well-tested 
ideas of planetary motion and quantum physics. We 
also delve into the microscopic realm of atoms and 
molecules, whose properties hold keys to 
understanding the universe on macroscopic scales.

The images here illustrate the range of scales 
encountered in Part 1, from atoms to humans to 
Earth itself.

A
Foundations
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Earth is neither central nor special;  
we inhabit no unique place in the universe.
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 5

L E a r n i n g 
O u tcO m E s

Studying this introductory 
chapter will enable you to:

LO1  Arrange the basic levels of 
structure in the universe in 
order of increasing size.

LO2 Describe the celestial sphere, 
and explain how astronomers 
use constellations and 
angular measurement to 
locate objects in the sky.

LO3 Account for the apparent 
motions of the Sun and the 
stars in terms of Earth’s actual 
motion, and explain how the 
axial tilt of our planet causes 
the seasons.

LO4 Explain the changing 
appearance of the Moon, and 
describe how the relative 
motions of Earth, the Sun, 
and the Moon lead to 
eclipses.

LO5 Give an example of how 
simple geometric reasoning 
can be used to measure the 
distances and sizes of 
otherwise inaccessible 
objects.

LO6 Distinguish between scientific 
theories, hypotheses, and 
observations, and describe 
how scientists combine 
observation, theory, and 
testing to understand the 
universe.

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

the Sun, is one member. This image shows the 
awesome splendor of the Milky Way shining  
above some of the large telescopes of the 
European Southern Observatory, a major 
astronomical facility located high in the Chilean 
Andes. (ESO/Y. Beletsky)

 High overhead on a clear, dark night, we can  
see a rich band of stars known as the Milky Way— 
so called for its resemblance to a milky band of 
countless stars stretching across the sky. All these 
stars (and more) are part of a much larger system 
called the Milky Way Galaxy, of which our star,  

Charting the 
Heavens
the Foundations of astronomy

Nature offers no greater splendor than the starry sky on a clear, dark night. Silent and 

jeweled with the constellations of ancient myth and legend, the night sky has inspired 

wonder throughout the ages—a wonder that leads our imaginations far from the confines 

of Earth and out into the distant reaches of space and time. Astronomy, born in response 

to that wonder, is built on two basic traits of human nature: the need to explore and the 

need to understand. People have sought answers to questions about the universe since 

the earliest times. Astronomy is the oldest of all the sciences, yet never has it been more 

exciting than it is today.

0

THE BIg PICTurE

Although early astronomy was defined by just the few thousand stars visible to the 
unaided eye, stars exist everywhere throughout the universe. Roughly as many stars 
reside in the observable universe as there are grains of sand in all Earth’s beaches—about 
a hundred sextillion, or 1023.

M01_CHAI7702_08_SE_C00.indd   5 19/11/15   2:52 PM

http://www.masteringastronomy.com


6 CHAPTEr 0   charting the Heavens

0.1 The “Obvious” View

Our Place in Space
Of all the scientific insights achieved to date, one stands out boldly: Earth is nei-
ther central nor special. We inhabit no unique place in the universe. We live on an 
ordinary rocky planet called Earth, one of eight known planets orbiting an aver-
age star called the Sun, a middle-aged star near the edge of a huge collection of 
stars called the Milky Way Galaxy, one galaxy among countless billions of others 
spread throughout the observable universe. Figure 0.1 illustrates the enormous 
range of scales of these very different objects.

Today, our scientific understanding of the cosmos extends as far as we can 
see, spanning the vast reaches of intergalactic space. But the modern view of the 
universe depicted here is in many ways the “punch line” of the story presented in 
this text. It is the culmination of countless scientific discoveries, large and small—
the work of generations of astronomers. How have astronomers achieved the per-
spective sketched in Figure 0.1? Our study of the universe, the science of 
astronomy, begins by examining the sky.

Constellations in the Sky
Between sunset and sunrise on a clear night, we can see some 3000 points of 
light. Include the view from the opposite side of Earth, and nearly 6000 stars are 
visible to the unaided eye. A natural human tendency is to see patterns and rela-
tionships between objects even when no true connection exists, and people long 
ago connected the brightest stars into configurations called constellations. In 
the Northern Hemisphere, most constellations were named after mythological 
heroes and animals. Figure 0.2 shows a constellation especially prominent in the 
northern night sky from October through March: the hunter Orion, named for a 
mythical Greek hero famed, among other things, for his amorous pursuit of the 

 FIgurE 0.1 Size and Scale in the universe The bottom right of this figure shows 
humans on Earth, a view that widens progressively in the other four scenes from bottom  
to top—Earth, the solar system, a galaxy, and truly deep space. The numbers within the 
dashed zooms indicate approximately the increase in scale between successive images: 
Earth is 10 million times larger than humans, our solar system in turn is some million times 
larger than Earth, and so on. (See the Preface for an explanation of the icon at the bottom, 
which here indicates that these images were made in visible light.) (NASA; J. Lodrigus; 
NOAA)
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 SECTIOn 0.1   the “Obvious” View 7

Pleiades, the seven daughters of the giant Atlas. 
According to Greek mythology, the gods placed the 
Pleiades among the stars to protect them from 
Orion, who still stalks them nightly across the sky. 
Many other constellations have similarly fabulous 
connections with ancient cultures.

The stars making up a particular constellation 
are generally not close together in space. They 
merely are bright enough to observe with the naked 
eye and happen to lie in the same direction in the 
sky as seen from Earth. Figure 0.3 illustrates this 
point for Orion, showing the true relationships be-
tween that constellation’s brightest stars. Although constellation patterns have no 
real significance, the terminology is still used today. Constellations provide a con-
venient means for astronomers to specify large areas of the sky, much as geolo-
gists use continents or politicians use voting precincts to identify certain localities 
on Earth. In all, there are 88 constellations, most of them visible from North 
America at some time during the year.

The Celestial Sphere
Over the course of a night, the constellations appear to move across the sky from 
east to west. However, ancient sky-watchers noted that the relative positions of 
stars (to each other) remained unchanged as this nightly march took place. It 
was natural for early astronomers to conclude that the stars were attached to a 
celestial sphere surrounding Earth—a canopy of stars like an astronomical 
painting on a vast heavenly ceiling. Figure 0.4 shows how early astronomers pic-
tured the stars as moving with this celestial sphere as it turned around a fixed 
Earth. Figure 0.5 shows how stars appear to move in circles around a point in 
the sky very close to the star Polaris (better 
known as the Pole Star or the North Star). To 
early astronomers, this point represented the 
axis around which the celestial sphere turned.

From our modern standpoint, the appar-
ent motion of the stars is the result of the 
spin, or rotation, not of the celestial sphere, 
but of Earth. Even though we now know that 
a revolving celestial sphere is an incorrect 

 FIgurE 0.2  Constellation Orion interactive  (a) A 
photograph of the group of bright stars that make up the 
constellation Orion. (b) The stars connected to show the 
pattern visualized by the Greeks: the outline of a hunter. 
The Greek letters serve to identify some of the brighter 
stars in the constellation (see Figure 0.3). You can easily 
find Orion in the northern winter sky by identifying the line 
of three bright stars in the hunter’s “belt.” (P. Sanz/Alamy)

This is a real photo of the Orion constellation c cand this is a mapped interpretation, to exactly the same scale.
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 FIgurE 0.3 Orion in 3D The true three-
dimensional relationships among the most 
prominent stars in Orion. The distances in light-years 
were measured by the European Hipparcos satellite 
in the 1990s. (See Section 10.1.) 1000 light-years

What we see
projected on sky
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8 CHAPTEr 0   charting the Heavens

description of the heavens, astronomers still use the idea as a convenient fiction 
that helps us visualize the positions of stars in the sky. The point where Earth’s 
rotation axis (the line through the center around which the planet rotates) inter-
sects the celestial sphere in the Northern Hemisphere is known as the north  
celestial pole; it is directly above Earth’s North Pole. The star Polaris happens 
to lie close to the north celestial pole, which is why its direction indicates due 
north. In the Southern Hemisphere, the extension of Earth’s axis in the opposite 
direction defines the south celestial pole. (There are no bright stars conveni-
ently located near the south celestial pole and hence no “southern Pole Star.”) 
Midway between the north and south celestial poles lies the celestial equator, 
representing the intersection of Earth’s equatorial plane (the plane through 
Earth’s center, perpendicular to the rotation axis) with the celestial sphere.

Celestial Coordinates
The simplest method of locating stars in the sky is to specify their constellation and 
then rank the stars in that constellation in order of brightness. The brightest star is 
denoted by the Greek letter α (alpha), the second brightest by β (beta), and so on. 
For example, Betelgeuse and Rigel, the two brightest stars in the constellation 
Orion, are also known as α Orionis and β Orionis, respectively (see Figures 0.2  
and 0.3). (Precise observations show that Rigel is actually brighter than Betelgeuse, 
but the names are now permanent.) Because there are many more stars in any 
given constellation than there are letters in the Greek alphabet, this method is of 
limited use. However, for naked-eye astronomy, where only bright stars are in-
volved, it is quite satisfactory.

For more precise measurements, astronomers find it helpful to use a system 
of celestial coordinates on the sky. If we think of the stars as being attached to 
the celestial sphere centered on Earth, then the familiar system of angular meas-
urement on Earth’s surface—latitude and longitude (Figure 0.6a)—extends quite 
naturally to the sky. The celestial analogs of latitude and longitude are called  
declination and right ascension, respectively (Figure 0.6b). Just as latitude and 
longitude are tied to Earth, right ascension and declination are fixed on the celes-
tial sphere. Although the stars appear to move across the sky because of Earth’s 
rotation, their celestial coordinates remain constant over the course of a night.

Declination (dec) is measured in degrees (°) north or south of the celestial 
equator, just as latitude is measured in degrees north or south of Earth’s equator 
(see More Precisely 0-1). The celestial equator is at a declination of 0°, the north 
celestial pole is at +90°, and the south celestial pole is at -90° (the plus sign here 

just means “north of the celestial equator”; minus means 
“south”). Right ascension (RA) is measured in angular 
units called hours, minutes, and seconds, and it increases 
in the eastward direction. Like the choice of the Green-
wich Meridian as the zero-point of longitude on Earth, 
the choice of zero right ascension is quite arbitrary—it is 
conventionally taken to be the position of the Sun in the 
sky at the instant of the vernal equinox (to be discussed in 
the next section).

 FIgurE 0.4 The Celestial Sphere interactive  Planet 
Earth sits fixed at the hub of the celestial sphere. This is one 
of the simplest possible models of the universe, but it doesn’t 
agree with the facts that astronomers now know about the 
universe.

Imagine yourself at the center of this sphere, 
looking out at the whole sky around you. 

Apparent rotation
of the celestial

sphere

North celestial pole
Polaris

DIPPER

CASSIOPEIA

GEMINI

ORION

LYRA

VIRGO
North
Pole

Equator
Earth

PISCES

SAGITTARIUS
  Celestial equator 

SOUTHERN
CROSS

Celestial sphere

South celestial pole

 FIgurE 0.5 The northern Sky interactive 
Time-lapse photograph of the northern sky. 
Each trail traces the path of a single star across 
the night sky. The concentric circles are 
centered near the North Star, Polaris. (AURA)

The duration of this
exposure is about
5 hours, c

csince each star
traces out approximately
20 percent of a circle.

R I V U X G

Polaris

ConCePt CheCk

Earth isn’t really enclosed in a sphere with stars 
attached. Why then do astronomers find it 
convenient to retain the fiction of the celestial 
sphere? What vital piece of information about stars is 
lost when we talk about their positions “on” the sky?

M01_CHAI7702_08_SE_C00.indd   8 19/11/15   2:52 PM



 SECTIOn 0.2    Earth’s Orbital motion 9

0.2 Earth’s Orbital Motion

Day-to-Day Changes
We measure time by the Sun. The rhythm of day and night is central to our 
lives, so it is not surprising that the period of time from one sunrise (or noon, 
or sunset) to the next, the 24-hour solar day, is our basic social time unit. As 
we have just seen, this apparent daily progress of the Sun and other stars 
across the sky, known as diurnal motion is a consequence of Earth’s rotation. 
But the stars’ positions in the sky do not repeat themselves exactly from one 
night to the next. Each night, the whole celestial sphere appears shifted a little 
compared with the night before—you can confirm this for yourself by noting 
over the course of a week or two which stars are visible near the horizon just 
after sunset or just before dawn. Because of this shift, a day measured by the 
stars—called a sidereal day after the Latin word sidus, meaning “star”—differs 
in length from a solar day.

The reason for the difference in length between a solar day and a sidereal 
day is sketched in Figure 0.7. Earth moves in two ways simultaneously: it rotates 
on its central axis while at the same time revolving around the Sun. Each time 
Earth rotates once on its axis, it also moves a small distance along its orbit. 
Therefore, each day Earth has to rotate through slightly more than 360° in order 
for the Sun to return to the same apparent location in the sky. As a result, the 
interval of time between noon one day and noon the next (a solar day) is slightly 
greater than the true rotation period (one sidereal day). Our planet takes 365 
days to orbit the Sun, so the additional angle is 360°/365 = 0.986°. Because 
Earth takes about 3.9 minutes to rotate through this angle, the solar day is 3.9 
minutes longer than the sidereal day.

 FIgurE 0.6 right Ascension and Declination  
(a) Longitude and latitude allow us to locate a point on the 
surface of Earth by specifying its distance (as an angle) east  
or west of the Greenwich Meridian, and north or south of the 
equator. For example, to find Washington, D.C., on Earth, 
look 77° west of Greenwich and 39° north of the equator.  
(b) Similarly, right ascension and declination specify locations 
on the sky. To locate the star Betelgeuse on the celestial 
sphere; look 5h52m east of the vernal equinox (the line on the 
sky with a right ascension of zero) and 7°24′ north of the 
celestial equator.
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10 CHAPTEr 0   charting the Heavens

Seasonal Changes
Because Earth revolves around the Sun, our planet’s darkened hemisphere faces in a 
slightly different direction each night. The change is only about 1° per night (Figure 
0.7)—too small to be easily discerned with the naked eye from one evening to the 
next. However, the change is clearly noticeable over the course of weeks and months, 
as illustrated in Figure 0.8. In 6 months, Earth moves to the opposite side of its orbit, 
and we face an entirely different group of stars and constellations at night. Because 
of this motion, the Sun appears, to an observer on Earth, to move slowly (at a rate of 
1° per day) relative to the background stars over the course of a year. This apparent 
motion of the Sun on the sky traces out a path on the celestial sphere known as the 
ecliptic. The 12 constellations through which the Sun passes during the year as it 
moves along the ecliptic—that is, the constellations we would see looking in the di-
rection of the Sun if they weren’t overwhelmed by the Sun’s light—had special sig-
nificance for astrologers of old. They are collectively known as the zodiac.

As illustrated in Figure 0.9, the ecliptic forms a great circle on the celestial 
sphere, inclined at an angle of about 23.5° to the celestial equator. In reality, as 
shown in Figure 0.10, the plane defined by the ecliptic is the plane of Earth’s orbit 
around the Sun. Its tilt is a consequence of the inclination of our planet’s rotation 
axis to its orbital plane.

The point on the ecliptic where the Sun is at its northernmost point above the 
celestial equator (see Figure 0.9) is known as the summer solstice (from the Latin 
words sol, meaning “sun,” and stare, “to stand”). As indicated in Figure 0.10, it repre-
sents the point on Earth’s orbit where our planet’s North Pole is oriented closest to 
the Sun. This occurs on or near June 21—the exact date varies slightly from year to 
year because the actual length of a year is not a whole number of days. As Earth ro-
tates on that date, points north of the equator spend the greatest fraction of their time 
in sunlight, so the summer solstice corresponds to the longest day of the year (that is, 
the greatest number of daylight hours—Earth’s rotation period doesn’t change!) in 
Earth’s Northern Hemisphere and the shortest day in Earth’s Southern Hemisphere. 

 FIgurE 0.7 Solar and Sidereal Days A sidereal 
day is Earth’s true rotation period—the time taken 
for our planet to return to the same orientation in 
space relative to the distant stars. A solar day is the 
time from one noon to the next. The difference in 
duration between the two is easily explained 
because Earth revolves around the Sun at the same 
time it rotates on its axis. Frames (a) and (b) are one 
sidereal day apart, when Earth rotates exactly once 
on its axis and also moves a little in its solar orbit—
approximately 1°. Consequently, between noon at 
point A on one day and noon at the same point the 
next day, Earth actually rotates through about 361° 
(c), and the solar day exceeds the sidereal day by 
about 4 minutes. Note that the diagrams are not 
drawn to scale; the 1° angle is actually much smaller 
than that shown here.

(b)

After 1 sidereal day

Earth’s
motion

A

(a) initially

EarthSun

A

(c)

After 1 solar day

A

0.986°

 FIgurE 0.8 The Zodiac interactive  The night 
side of Earth faces a different set of constellations at 
different times of the year. The 12 constellations 
named here make up the astrological zodiac. The 
arrows indicate the most prominent zodiacal 
constellations in the night sky at various times of year. 
For example, in June, when the Sun is “in” Gemini, 
Sagittarius and Capricornus are visible at night.

From the dark side of Earth, our view of the
night sky changes as our planet moves 
in its orbit around the Sun.
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 SECTIOn 0.2    Earth’s Orbital motion 11

Six months later, the Sun is at its southernmost point below the celestial equator  
(Figure 0.9)—or, equivalently, Earth’s North Pole is oriented farthest from the Sun 
(Figure 0.10). We have reached the winter  solstice (December 21), the shortest day 
in Earth’s Northern Hemisphere and the longest in the Southern Hemisphere.

The tilt of Earth’s rotation axis relative to the ecliptic is responsible for the 
 seasons we experience—the marked difference in temperature between the hot sum-
mer and cold winter months. As illustrated in Figure 0.10, two factors combine to 
cause this variation. First, there are more hours of daylight during the summer than 
in winter. To see why this is, look at the yellow lines on the surfaces of the Earths in 
the figure. (For definiteness, they correspond to a latitude of 45° north—roughly that 
of the Great Lakes or the south of France.) A much larger fraction of the line is sunlit 
in the summertime, and more daylight means more solar heating. Second, as illus-
trated in the insets in Figure 0.10, when the Sun is high in the sky in summer, rays of 
sunlight striking Earth’s surface are more concentrated—spread out over a smaller 
area—than in winter. As a result, the Sun feels hotter. 
Therefore summer, when the Sun is highest above the hori-
zon and the days are longest, is generally much warmer 
than winter, when the Sun is low and the days are short.

A popular misconception is that the seasons have 
something to do with Earth’s distance from the Sun. Fig-
ure 0.11 illustrates why this is not the case. It shows 

AnIMATIOn/VIDEO

Winter solstice

 FIgurE 0.9 Ecliptic The seasons result from the changing height of the 
Sun above the celestial equator. At the summer solstice, the Sun is at its 
northernmost point on its path around the ecliptic. It is therefore highest in the 
sky, as seen from Earth’s Northern Hemisphere, and the days are longest. The 
reverse is true at the winter solstice. At the vernal and autumnal equinoxes, 
when the Sun crosses the celestial equator, day and night are of equal length.

AnIMATIOn/VIDEO

summer solstice
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 FIgurE 0.10 Seasons interactive  Earth’s seasons result 
from the inclination of our planet’s rotation axis with respect 
to its orbit plane. The summer solstice corresponds to the 
point on Earth’s orbit where our planet’s North Pole points 
most nearly toward the Sun. The opposite is true of the winter 
solstice. The vernal and autumnal equinoxes correspond to 
the points in Earth’s orbit where our planet’s axis is 
perpendicular to the line joining Earth and the Sun. The insets 
show how rays of sunlight striking the ground at an angle 
(during northern winter) are spread over a larger area than 
rays coming nearly straight down (e.g., during northern 
summer). As a result, the amount of solar heat delivered to a 
given area of Earth’s surface is greatest when the Sun is high 
in the sky.

Seasons are caused by
the tilt of our planet relative to the
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12 CHAPTEr 0   charting the Heavens

The size and scale of astronomical objects are often specified by 
measuring lengths and angles. The concept of length measure-
ment is fairly intuitive. The concept of angular measurement 
may be less familiar, but it too can become second nature if you 
remember a few simple facts:

 A full circle contains 360 arc degrees (or 360°). Therefore, 
the half circle that stretches from horizon to horizon, 
passing directly overhead and spanning the portion of the 
sky visible to one person at any one time, contains 180°.

 Each 1° increment can be further subdivided into frac-
tions of an arc degree, called arc minutes; there are 60 arc 
minutes (60′) in 1 arc degree. Both the Sun and the Moon 
project an angular size of 30 arc minutes on the sky. Your 
little finger, held at arm’s length, does about the same, 
covering about a 40-arc minute slice of the 180° horizon-
to-horizon arc.

 An arc minute can be divided into 60 arc seconds (60″). Put 
another way, an arc minute is 1/60 of an arc degree, and an 
arc second is 1/60 * 1/60 = 1/3600 of an arc degree. An arc 
second is an extremely small unit of angular measure—it is 
the angular size of a centimeter-size object (a dime, say) at 
a distance of about 2 kilometers (a little over a mile).

 Angular Measure

0.1 M o r e  P r e C i s e ly

Earth’s orbit face on, instead of almost edge-on, as in Figure 0.10. Notice that the 
orbit is almost perfectly circular, so the distance from Earth to the Sun varies very 
little (in fact, by only about 3 percent) over the course of a year—not nearly enough 
to explain the seasonal changes in temperature. What’s more, Earth is actually 
closest to the Sun in early January, the dead of winter in the Northern Hemisphere, 
so distance from the Sun cannot be the main factor controlling our climate.

The two points where the ecliptic intersects the celestial equator (Figure 0.9)—
that is, where Earth’s rotation axis is perpendicular to the line joining Earth to the 
Sun (Figure 0.10)—are known as equinoxes. On those dates, day and night are of 
equal duration. (The word  equinox derives from the Latin for “equal night.”) In the 
fall (in Earth’s Northern Hemisphere), as the Sun crosses from the northern into 
the southern celestial hemisphere, we have the autumnal equinox (on 
September 21). The vernal equinox occurs in spring, on or near March 21, as the 
Sun crosses the celestial equator  moving north. The vernal equinox plays an impor-
tant role in human timekeeping. The interval of time from one vernal equinox to 
the next—365.242 solar days—is known as one tropical year.

Long-Term Changes
The time required for Earth to complete exactly one orbit around the Sun, relative to 
the stars, is called a sidereal year. One sidereal year is 365.256 solar days long, about 
20 minutes longer than a tropical year. The reason for this slight difference is a 
phenomenon known as precession. Like a spinning top that rotates rapidly on its 
own axis while that axis slowly revolves about the vertical, Earth’s axis changes its 
direction over the course of time, although the angle between the axis and a line 

The above figure illustrates this subdivision of the circle into pro-
gressively smaller units.

1
arc
degree

1
arc
minute

1
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second

360 arc degrees
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1° =  60′

1′ =  60 ″

 FIgurE 0.11 Earth’s Orbit Seen face on, Earth’s orbit 
around the Sun is almost indistinguishable from a perfect 
circle. The distance from Earth to the Sun varies only slightly 
over the course of a year and is not the cause of the seasonal 
temperature variations we experience on our planet.
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AnIMATIOn/VIDEO

the Equinoxes
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 SECTIOn 0.3   the motion of the moon 13

perpendicular to the plane of the ecliptic always remains close to 23.5°. Figure 0.12 
illustrates Earth’s precession, which is caused by the combined gravitational pulls of 
the Moon and the Sun (see Chapter 1). During a complete cycle of precession, taking 
about 26,000 years, Earth’s axis traces out a cone. Because of this slow shift in the 
orientation of Earth’s rotation axis, the vernal equinox, which defines the tropical 
year, drifts slowly around the ecliptic over the course of the precession cycle. Notice in 
Figure 0.12(b) that most of the time there is no bright “Pole Star” marking due north.

The tropical year is the year our calendars measure. If our timekeeping were 
tied to the sidereal year, the seasons would slowly march around the calendar as 
Earth precessed—13,000 years from now, summer in the Northern Hemisphere 
would be at its height in mid-February! By using the tropical year instead, we en-
sure that July and August will always be (northern) summer months. However, in 
13,000 years’ time, Orion, now a prominent feature of the northern winter sky, 
will be a summer constellation.

0.3 The Motion of the Moon
Early astronomers had very practical reasons for studying the sky. Some stars 
(such as Polaris) served as navigational guides, while others served as primitive 
calendars to predict planting and harvesting seasons. By observing repeating 
patterns in the sky and associating them with events on Earth, astronomers 
began to establish concrete connections between celestial events and everyday 
life and took the first steps toward true scientific understanding of the heavens. 
In a real sense, then, human survival depended on astronomical knowledge. The 
ability to predict and even explain astronomical events was undoubtedly a highly 
prized, and perhaps jealously guarded, skill.

The Moon also played an important role in ancient astronomy. Calendars 
and religious observances were often tied to its phases and cycles, and even 
today the calendars of most of the world’s major religions are still based wholly 
or partly on the lunar orbit. The Moon’s regularly changing appearance (as well 
as its less regular, but much more spectacular, eclipses) was an integral part of 
the framework within which ancient astronomers sought to understand the uni-
verse. We will study the Moon’s physical properties in more detail in Chapter 5. 
Here we continue our inventory of the sky with a brief description of the motion 
of our nearest neighbor in space.

ConCePt CheCk

Earth is actually farthest from the sun during 
northern summer. Why, then, is it hottest in north 
america during this season?

 FIgurE 0.12 Precession  interactive (a) Earth’s axis 
currently points nearly toward the star Polaris. Some 12,000 
years from now, Earth’s axis will point toward a star called 
Vega, which will then be the “North Star.” Five thousand  
years ago, the North Star was a star named Thuban in the 
constellation Draco. (b) The yellow circle shows the 
precessional path of the north celestial pole among some 
prominent northern stars and depicts the direction toward 
which Earth’s pole points on the sky. Each tick mark represents 
1000 years.

Earth precesses like a top, only very, very slowly.
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14 CHAPTEr 0   charting the Heavens

Lunar Phases
Apart from the Sun, the Moon is by far the brightest object in the sky. Like the 
Sun, the Moon appears to move relative to the background stars. Unlike the Sun, 
however, the explanation for this motion is the obvious one—the Moon really 
does revolve around Earth.

The Moon’s appearance undergoes a regular cycle of changes, or phases, taking 
a little more than 29 days to complete. (The word month is derived from the word 
Moon.) Figure 0.13(a) illustrates the appearance of the Moon at different times in this 
monthly cycle. Starting from the new Moon, which is all but invisible in the sky, the 
Moon appears to wax (grow) a little each night and is visible as a growing crescent 
(frame 1 of Figure 0.13a). One week after new Moon, half of the lunar disk (the  
circular face we would see if the Moon were completely illuminated) can be seen 
(frame 2). This phase is known as a quarter Moon. During the next week, the Moon 
continues to wax, passing through the gibbous phase (more than half of the lunar 
disk visible, frame 3), until 2 weeks after new Moon the full Moon (frame 4) is visi-
ble. During the next 2 weeks, the Moon wanes (shrinks), passing in turn through the 
gibbous, quarter, and crescent phases (frames 5–7), eventually becoming new again.

The location of the Moon in the sky, as seen from Earth, depends on its phase. 
For example, the full Moon rises in the east as the Sun sets in the west, while the first 
quarter Moon actually rises at noon, but often only becomes visible late in the day as 
the Sun’s light fades. By this time the Moon is already high in the sky. These connec-
tions between lunar phase and rising/setting times are indicated on Figure 0.13(a).

Unlike the Sun and the other stars, the Moon emits no light of its own. Instead, it 
shines by reflected sunlight, giving rise to the phases we see. As indicated in Figure 
0.13(a), half of the Moon’s surface is illuminated by the Sun at any moment, but not 
all of the Moon’s sunlit face can be seen because of the Moon’s position with respect 
to Earth and the Sun. When the Moon is full, we see the entire “day lit” face because 
the Sun and the Moon are in opposite directions from Earth in the sky. The Sun’s 
light is not blocked by Earth at the full phase because, as shown in Figure 0.13(b), the 
Moon’s orbit is inclined at a small angle (5.2°) to the plane of the ecliptic, so the align-
ment of the three bodies is not perfect. (The sizes of Earth and the Moon are greatly 
exaggerated in these figures.) In the case of a new Moon, the Moon and the Sun are 
in nearly the same part of the sky, and the sunlit side of the Moon is oriented away 
from us—at new Moon the Sun is almost behind the Moon, from our perspective.

Notice, by the way, that the Moon always keeps the same face toward 
Earth—as indicated on the figure, it rotates on its axis in exactly the same time it 
takes to orbit Earth. This is called synchronous rotation.We will discuss the rea-
son for it in Chapter 5.

As it revolves around Earth, the Moon’s position in the sky changes with 
respect to the stars. In one sidereal month (27.3 days), the Moon completes 
one revolution and returns to its starting point on the celestial sphere, having 
traced out a great circle in the sky. The time required for the Moon to complete 
a full cycle of phases, one synodic month, is a little longer—about 29.5 days. 
The synodic month is a little longer than the sidereal month for the same basic 
reason that a solar day is slightly longer than a sidereal day (Figure 0.7): Be-
cause of Earth’s motion around the Sun, the Moon must complete slightly 
more than one full revolution to return to the same phase in its orbit.

Eclipses
From time to time—but only at new or full Moon—the Sun, Earth, and the 
Moon line up precisely, and we observe the spectacular phenomenon known as 
an eclipse. When the Sun and the Moon are in exactly opposite directions as 
seen from Earth, Earth’s shadow sweeps across the Moon, temporarily blocking 
the Sun’s light and darkening the Moon in a lunar eclipse, as illustrated in 

SELF-guIDED TuTOrIAL

Phases of the moon 

Lunar Phases

More than half of all students tested using 
Mastering had difficulty ordering the Moon’s 
phases as the Moon orbits Earth. Some points to 
remember:

 From night to night the Moon moves from west 
to east across the sky relative to the stars—
right to left, as viewed from the Northern 
Hemisphere.

 The sunlit part of the moon grows (waxes) from 
west to east between the new and full phases 
and shrinks (wanes) from west to east from full 
to new.

data Points
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 FIgurE 0.13 Lunar Phases (a) Because 
the Moon orbits Earth, this top-down view 
shows how the visible fraction of the lunar 
sunlit face varies from night to night, 
although the Moon always keeps the same 
face toward our planet. (Note the location of 
the small, straight arrows that mark the same 
point on the lunar surface at each phase 
shown.) The complete cycle of lunar phases 
takes about 29 days to complete. Rising and 
setting times for some phases are also 
indicated. (b) A side view shows how the 
Moon’s orbit is inclined at about 5° to the 
ecliptic, so not all orbital configurations 
produce an eclipse. (Insets: UC/Lick 
Observatory)

At new Moon,
none of the
 sunlit face
   is visible.

At first quarter,
half of the sunlit
face is visible.

At third quarter,
half of the sunlit
face is visible.

At full moon,
   the entire sunlit
     face can be
     seen.

(1 ) 4 days old

Rises at noon
sets at midnight

Rises at midnight
sets at noon

Rises at sunset
sets at sunrise

(2)  7 days old

(3)  10 days old

(4)  14 days old

(5) 18 days old

(6)  22 days old

(7)  26 days old

Light from Sun

Waxing
crescent

Waxing
gibbous

New Moon
(not visible)

Full
Moon

Waning
crescent

Waning
gibbous

Third
quarter

First
quarter

Earth’s
rotation

Noon Midnight

(a) Top-down view

(b) Side view

Earth

5.28

Moon’s shadow
Earth’s shadow

Full
Moon

New
Moon

At new Moon,
none of the
 sunlit face
   is visible.

At first quarter,
half of the sunlit
face is visible.

At third quarter,
half of the sunlit
face is visible.

At full moon,
   the entire sunlit
     face can be
     seen.

(1 ) 4 days old

Rises at noon
sets at midnight

Rises at midnight
sets at noon

Rises at sunset
sets at sunrise

(2)  7 days old

(3)  10 days old

(4)  14 days old

(5) 18 days old

(6)  22 days old

(7)  26 days old

Light from Sun

Waxing
crescent

Waxing
gibbous

New Moon
(not visible)

Full
Moon

Waning
crescent

Waning
gibbous

Third
quarter

First
quarter

Earth’s
rotation

Noon Midnight

(a) Top-down view

(b) Side view

Earth

5.28

Moon’s shadow
Earth’s shadow

Full
Moon

New
Moon

M01_CHAI7702_08_SE_C00.indd   15 19/11/15   2:53 PM



16 CHAPTEr 0   charting the Heavens

Figure 0.14. From Earth we see the curved edge of 
Earth’s shadow begin to cut across the face of the 
full Moon and slowly “eat” its way into the circular 
lunar disk.

Usually the alignment of the Sun, Earth, and 
the Moon is imperfect, so the shadow never 
 completely covers the Moon. Such an occurrence 
is known as a partial eclipse. Occasionally, how-
ever, the entire lunar surface is obscured in a 
total eclipse (such as that shown in the inset in 
Figure 0.14). Total lunar eclipses last only as long 
as is needed for the Moon to pass through Earth’s 
shadow—no more than about 100 minutes. Dur-
ing that time, the Moon often acquires an eerie, 
deep red coloration, the result of a small amount 
of sunlight being refracted (bent) by Earth’s at-
mosphere onto the lunar surface, preventing the 
shadow from being completely black.

When the Moon and the Sun are in exactly the 
same direction as seen from Earth, an even more 
awe-inspiring event  occurs. The Moon passes di-
rectly in front of the Sun, briefly turning day into 

night in a solar eclipse (Figure 0.15). In a total solar eclipse, when the alignment 
is perfect, planets and some stars become visible in the daytime as the Sun’s light 
is blocked. By pure chance the Sun and Moon have almost exactly the same an-
gular size as seen from Earth—the Sun is much bigger than the Moon, but it also 
lies much farther away (see More Precisely 0-1). Consequently, during a total 
solar eclipse, we can often see the Sun’s ghostly outer atmo sphere, or corona, its 
faint glow becoming temporarily visible when the rest of the Sun’s glare is ob-
scured. In a partial solar eclipse, the Moon’s path is slightly off center, and only a 
portion of the Sun’s face is covered.

Unlike a lunar eclipse, which is simultaneously visible from all locations on 
Earth’s night side, a total solar eclipse can be seen from only a small portion of 
the daytime side. The Moon’s shadow on Earth’s surface is about 7000 kilometers 
wide—roughly twice the diameter of the Moon. Outside that shadow, no eclipse is 
seen. However, only within the central region of the shadow, in the umbra, is the 
eclipse total. The umbra is the part of a shadow (in this case, the Moon’s) where 
all light from the source is blocked. Within the shadow but outside the umbra, in 
the penumbra, some but not all of the Sun’s light is blocked and the eclipse is 
partial, with less and less of the Sun being obscured the farther one travels from 
the shadow’s center.

The connections between the umbra, the penumbra, and the relative loca-
tions of Earth, Sun, and Moon are illustrated in Figure 0.16. The umbra is always 
very small—even under the most favorable circumstances, its diameter never ex-
ceeds 270 kilometers. Because the Moon’s shadow sweeps across Earth’s surface 
at a speed of more than 1700 kilometers per hour, the duration of a total solar 
eclipse at any given point can never exceed 7.5 minutes (270 km divided by 1700 
km/hour, times 60 minutes per hour).

The Moon’s orbit around Earth is not exactly circular. As a result, the Moon may 
be far enough from Earth at the moment of an eclipse that its disk fails to cover  
the disk of the Sun completely, even though their centers coincide. In that case, 
there is no region of totality—the umbra never reaches Earth at all, and a thin ring of 
sunlight can still be seen surrounding the Moon. Such an occurrence, called an 
annular eclipse (from the word annulus, meaning “ring”), is depicted at the bottom 
of Figure 0.16. Roughly half of all solar eclipses are annular.

AnIMATIOn/VIDEO

solar Eclipse in indiana

 FIgurE 0.14 Lunar Eclipse interactive  When the 
Moon passes through Earth’s shadow, we see a darkened, 
copper-colored Moon, as shown by the partial eclipse in the 
inset photograph. The red coloration is caused by sunlight 
deflected by Earth’s atmosphere onto the Moon’s surface. 
(Inset: G. Schneider)

This is an actual photo of the
eclipsed Moon, one of the great
light shows visible to the naked eye.

R I V U X G

Light from Sun

Earth Moon

 FIgurE 0.15 Solar Eclipse During a total solar eclipse, 
the Sun’s corona becomes visible as an irregularly shaped 
halo surrounding the blotted-out disk of the Sun. This was the 
August 1999 eclipse, as seen from the banks of the Danube 
River near Sofia, Bulgaria. (Bencho Angelov)

R I V U X G
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Because the Moon’s orbit is slightly inclined to the plane of the ecliptic  
(Fig ure 0.13b), we don’t see a lunar eclipse at every full Moon. The Moon is usually 
above or below the ecliptic when a full Moon occurs and, hence, is untouched by 
Earth’s shadow. Similarly, most new Moons do not result in solar eclipses. The chance 
that a new (or full) Moon will occur just as the Moon happens to cross the ecliptic 
plane (so Earth, Moon, and Sun are perfectly aligned, as illustrated in Figure 0.17)  
is quite low. As a result, eclipses are relatively infrequent events. On average, there 

 FIgurE 0.16 Solar Eclipse Types interactive   
(a) The Moon’s shadow consists of two parts: the 
umbra, where no sunlight is seen, and the penumbra, 
where a portion of the Sun is visible. (b) Situated in 
the umbra, we see a total eclipse; in the penumbra, 
we see a partial eclipse. (c) If the Moon is too far from 
Earth at the moment of the eclipse, the umbra does 
not reach Earth and there is no region of totality; 
instead, an annular eclipse is seen. (Note that these 
figures are not drawn to scale.) (Insets: NOAA; G. 
Schneider)
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 FIgurE 0.17 Eclipse geometry An eclipse 
occurs when Earth, Moon, and Sun are precisely 
aligned. If the Moon’s orbital plane lay in exactly the 
plane of the ecliptic, this alignment would occur once 
a month. However, the Moon’s orbit is inclined at 
about 5° to the ecliptic, so not all configurations are 
actually favorable for producing an eclipse. For an 
eclipse to occur, the line of intersection of the two 
planes must lie along the Earth–Sun line. For clarity, only 
the umbra of each shadow is shown (see Figure 0.16).
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ConCePt CheCk

if Earth’s distance from the sun were to 
double, would you still expect to see total 
solar eclipses? What if the distance 
became half its present value?
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 FIgurE 0.18 Eclipse Tracks Regions of Earth that saw or will see total solar eclipses between the years 2009 and 2030. Each 
track represents the path of the Moon’s umbra across Earth’s surface during an eclipse. High-latitude tracks are broader because 
sunlight strikes Earth’s surface at an oblique angle near the poles and because of the projection of the map.
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 FIgurE 0.19 Triangulation Surveyors often use simple 
geometry to estimate the distance to a faraway object by 
triangulation. By measuring the angles at A and B and the 
length of the baseline, the distance can be calculated without 
the need for direct measurement (or getting wet!).
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are 7 total lunar eclipses and 15 total or annular solar eclipses each decade. 
Because we know the orbits of Earth and the Moon to great accuracy, we can pre-
dict eclipses far into the future. Figure 0.18 shows the location and duration of all 
total and annular eclipses of the Sun between 2010 and 2030.

0.4 The Measurement of Distance
So far we have considered only the directions to the Sun, Moon, and stars, as 
seen from Earth. But knowing the direction to an object is only part of the 
information needed to locate it in space. Before we can make a systematic study 
of the heavens, we must find a way of measuring distances, too. One distance-
measurement method, called triangulation, is based on the principles of 
Euclidean geometry and is widely used today in both terrestrial and 
astronomical settings. Modern surveyors use this age-old geometrical idea to 
measure the distances to faraway objects. In astronomy, it forms the foundation 
of the family of distance-measurement techniques that together make up the 
cosmic distance scale.

Imagine trying to measure the distance to a tree on the other side of a river. 
The most direct method would be to lay a tape across the river, but that’s not al-
ways practical. A smart surveyor would make the measurement by visualizing an 
imaginary triangle (hence, the term triangulation), sighting the tree (measuring 
its direction) on the far side of the river from two positions on the near side, as 
illustrated in Figure 0.19. The simplest triangle is a right triangle, in which one 
of the angles is exactly 90°, so it is often convenient to set up one observation 
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position directly opposite the object, as at point A, although this isn’t necessary 
for the method to work. The surveyor then moves to another observation posi-
tion at point B, noting the distance covered between A and B. This distance is 
called the baseline of the imaginary triangle. Finally, the surveyor, standing at 
point B, sights toward the tree and notes the angle formed at point B by the in-
tersection of this sight line and the baseline. No further observations are re-
quired. Knowing the length of one side (AB) and two angles (the right angle at A 
and the angle at B) of the triangle, and using elementary trigonometry, the sur-
veyor can construct the remaining sides and angles and so establish the distance 
from A to the tree.

Obviously, for a fixed baseline, the triangle becomes longer and narrower 
as the tree’s distance from A increases. Narrow triangles cause problems  
because it is hard to measure the angles at A and B with sufficient accuracy.  
A surveyor on Earth can “fatten” the triangle by lengthening the baseline,  
but in astronomy there are limits on how long a baseline we can choose. For 
example, consider an imaginary triangle extending from Earth to a nearby  
object in space, perhaps a neighboring planet. The triangle is now extremely 
long and narrow, even for a relatively nearby object (by cosmic standards).  
Figure 0.20(a) illustrates a case in which the longest baseline possible on 
Earth—Earth’s diameter, measured from point A to point B—is used. In princi-
ple, we could sight the planet from opposite sides of Earth, measuring the an-
gles at A and B. However, in practice it is easier to measure the third angle of 
the imaginary triangle. Here’s how.

The observers each sight toward the planet, taking note of its position rela-
tive to some distant stars seen on the plane of the sky. The observer at A sees the 
planet at apparent location A′ (pronounced “A prime”) relative to those stars, 
as indicated in Figure 0.20(a). The observer at B sees the planet at location  
B′. If each observer takes a photograph of the same region of the sky, the planet 
will appear at slightly different places in the two images, as shown in  
Figure 0.20(b). (The positions of the background stars appear unchanged be-
cause of their much greater distance from the observer.) This apparent shift of 
a foreground object relative to the background as the observer’s location 
changes is known as parallax. The size of the shift in Figure 0.20(b), measured 
as an angle on the celestial sphere, is equal to the third angle of the imaginary 
triangle in Figure 0.20(a).

The closer an object is to the observer, the larger the parallax. To see this for 
yourself, hold a pencil vertically just in front of your nose (see Figure 0.21). Look 
at some far-off object—a distant wall, say. Close one eye, then open it while closing 
the other. You should see a large shift in the apparent position of the pencil rela-
tive to the wall—a large parallax. In this example, one eye corresponds to point A 
in Figure 0.20, the other eye to point B. The distance between your eyeballs is the 
baseline, the pencil represents the planet, and the distant wall the remote field of 
stars. Now hold the pencil at arm’s length, corresponding to a more distant object 
(but still not as far away as the distant stars). The apparent shift of the pencil will 
be smaller. By moving the pencil farther away, you are narrowing the triangle and 
decreasing the parallax. If you were to paste the pencil to the wall, corresponding 
to the case where the object of interest is as far away as the background star field, 
blinking would produce no apparent shift of the pencil at all.

The amount of parallax is inversely proportional to an object’s distance. 
Small parallax implies large distance. Conversely, large parallax implies small dis-
tance. Knowing the amount of parallax (as an angle) and the length of the base-
line, we can easily derive the distance through triangulation.

Surveyors of the land routinely use these simple geometric techniques to map 
out planet Earth (Discovery 0-1 presents an early example). As surveyors of the 
sky, astronomers use the same basic principles to chart the universe.

 FIgurE 0.20 Parallax interactive  (a) A triangle can be 
imagined to extend from Earth to a nearby object in space. 
The group of stars at the top represents a background field of 
very distant stars. (b) Hypothetical photographs of the same 
star field showing the nearby object’s apparent shift, relative 
to the distant unshifted stars.

These photos show how the intervening object would seem
to be at different places against the background sky.

(a)

(b)

A B

Earth

Parallax

Object in space

As seen from A As seen from B

A9B9

These stars are
very far away and
thus appear fixed
on the sky.

This nearby object
seems to move when
seen from different
places on Earth.
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20 CHAPTEr 0   charting the Heavens

0.5 Science and the Scientific Method
Science is a step-by-step process for investigating the physical world, based on 
natural laws and observed phenomena. However, the scientific facts just presented 
did not come easily or quickly. Progress in science is often slow and intermittent 
and may require a great deal of patience before significant progress is made. The 
earliest known descriptions of the universe were based largely on imagination and 
mythology and made little attempt to explain the workings of the heavens in terms 
of testable earthly experience. However, history shows that some early scientists 
did come to realize the importance of careful observation and testing to the for-
mulation of their ideas. The success of their approach changed, slowly but surely, 
the way science was done and opened the door to a fuller understanding of nature. 
Experimentation and observation became central parts of the process of inquiry.

Theories and Models
To be effective, a theory—the framework of ideas and assumptions used to explain 
some set of observations and make predictions about the real world—must be 
continually tested. Scientists accomplish this by using a theory to construct a 
theoretical model of a physical object (such as a planet or a star) or phenomenon 
(such as gravity or light), accounting for its known properties. The model then 
makes further predictions about the object’s properties or perhaps how it might 
behave or change under new circumstances. If experiments and observations 
favor those predictions, the theory can be further developed and refined. If they do 
not, the theory must be reformulated or rejected, no matter how appealing it 
originally seemed. The process is illustrated schematically in Figure 0.22. This 
approach to investigation, combining thinking and doing—that is, theory and 
experiment—is known as the scientific method. It lies at the heart of modern 
science, separating science from pseudoscience, fact from fiction.

Notice that there is no end point to the process depicted in Figure 0.22. A theory 
can be invalidated by a single wrong prediction, but no amount of observation or 
experimentation can ever prove it “correct.” Theories simply become more and 
more widely accepted as their predictions are repeatedly confirmed. The process 
can fail at any point in the cycle. If a theory cannot explain an experimental result or 
observation, or if its predictions are demonstrated to be untrue, it must be discarded 
or amended. And if it makes no predictions at all, then it has no scientific value.

Scientific theories share several important defining characteristics:

 They must be testable; that is, they must admit the possibility that both 
their underlying assumptions and their predictions can be exposed to  
experimental verification. This feature separates science from, for example, 
religion, since ultimately divine revelations or scriptures cannot be chal-
lenged within a religious framework: We can’t design an experiment to  
“understand the mind of God.” Testability also distinguishes science from a 
pseudoscience such as astrology, whose underlying assumptions and  
predictions have been repeatedly tested and never verified, with no appar-
ent impact on the views of those who continue to believe in it!

 They must continually be tested, and their consequences tested, too. This 
is the basic circle of scientific progress depicted in Figure 0.22.

 They should be simple. This is a practical outcome of centuries of scientific 
experience—the most successful theories tend to be the simplest ones that 
fit the facts. This view is often encapsulated in a principle known as Occam’s 
razor (after the 14th-century English philosopher William of Ockham):  

ConCePt CheCk

Why is elementary geometry essential for 
measuring distances in astronomy?

SELF-guIDED TuTOrIAL

stellar Parallax 

 FIgurE 0.21 Parallax geometry Parallax is inversely proportional to an object’s distance. 
An object near your nose has a much larger parallax than an object held at arm’s length.

Try this experiment:
Move a pencil to and fro
away from your nose
while blinking your eyes.

B9

Baseline

Parallax for nearby pencil

Parallax for distant pencil

B9

A9

BA

A9

 FIgurE 0.22 Scientific Method Scientific theories evolve 
through a combination of observation, theory, and prediction, 
which in turn suggests new observations. The process can 
begin at any point in the cycle, and it continues forever—or 
until the theory fails to explain an observation or makes a 
demonstrably false prediction.

Observation

Prediction

TheoryThe scientific method 
is not nearly as clean and 

clear as suggested by this simple 
diagram. In reality, the process is 

complicated by false starts, unsure 
ideas, messy data, and personal 
subjectivity. In the end, though, 

careful tests trump all, and 
objectivity eventually

emerges.
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If two competing theories both explain the facts and make the same predic-
tions, then the simpler one is better. A good theory should contain no more 
complexity than is absolutely necessary.

 Finally, most scientists have the additional prejudice that a theory should 
in some sense be elegant. When a clearly stated simple principle naturally 
explains several phenomena previously thought to be distinct, this is 
widely regarded as a strong point in favor of the new theory.

You may find it instructive to apply these criteria to the many physical theories—
some old and well established, others much more recent and still developing—we 
will encounter throughout the text.

The notion that theories must be tested and may be proven wrong sometimes 
leads people to minimize their importance. We have all heard the expression, “Of 
course, it’s only a theory,” used to deride or dismiss an idea that someone finds 

In about 200 b.c. a Greek philosopher named Eratosthenes  
(276–194 b.c.) used simple geometric reasoning to calculate the 
size of our planet. He knew that at noon on the first day of summer, 
observers in the city of Syene (now called Aswan), in Egypt, saw 
the Sun pass directly overhead. This was evident from the fact that 
vertical objects cast no shadows and sunlight reached to the very 
bottoms of deep wells, as shown in the insets in the accompanying 
figure. However, at noon of the same day in Alexandria, a city 
5000 stadia to the north, the Sun was seen to be displaced 
slightly from the vertical. The stadium was a Greek unit of 
length, roughly equal to 0.16 km—the modern town of Aswan 
lies about 780 (5000 * 0.16) km south of Alexandria. Using the 
simple technique of measuring the length of the shadow of a 
vertical stick and applying elementary geometry, Eratosthenes 
determined the angular displacement of the Sun from the 
vertical at Alexandria to be 7.2°.

What could have caused this discrepancy between the two 
measurements? As illustrated in the figure, the explanation is 
simply that Earth’s surface is not flat, but curved. Our planet is a 
sphere. Eratosthenes was not the first to realize that Earth is 
spherical—the philosopher Aristotle had done that over 100 years 
earlier (Section 0.5)—but he was apparently the first to build on 
this knowledge, combining geometry with direct measurement to 
infer our planet’s size. Here’s how he did it.

Rays of light reaching Earth from a very distant object, such 
as the Sun, travel almost parallel to one another. Consequently, as 
shown in the figure, the angle measured at Alexandria between 
the Sun’s rays and the vertical (that is, the line joining Alexandria 
to the center of Earth) is equal to the angle between Syene and 
Alexandria, as seen from Earth’s center. (For the sake of clarity, 
this angle has been exaggerated in the drawing.) The size of this 
angle in turn is proportional to the fraction of Earth’s circumfer-
ence that lies between Syene and Alexandria:

7.2°
360°

=
5000 stadia

Earth’s circumference
 .

Earth’s circumference is therefore 50 * 5000 or 250,000 stadia, 
or about 40,000 km. Earth’s radius is therefore 250,000/2p stadia, 
or 6366 km. The correct values for Earth’s circumference and ra-
dius, now measured accurately by orbiting spacecraft, are 40,070 
km and 6378 km, respectively.

Eratosthenes’ reasoning was a remarkable accomplishment. 
More than 20 centuries ago he estimated the circumference of Earth 
to within 1 percent accuracy, using only simple geometry. A person 
making measurements on only a small portion of Earth’s surface 
was able to compute the size of the entire planet on the basis of ob-
servation and pure logic—an early triumph of scientific reasoning.

 Sizing up Planet Earth

0.1 d i s C o v e r y

7.28

7.28

Alexandria Syene

Sun’s rays
on first day
of summer

7.28
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22 CHAPTEr 0   charting the Heavens

unacceptable. Don’t be fooled! Gravity (see Section 1.4) is “only” a theory, but cal-
culations based on it have guided human spacecraft throughout the solar system. 
Electromagnetism and quantum mechanics (Chapter 2) are theories, too, yet they 
form the foundation for most of 20th- (and 21st-) century technology. Facts about 
the universe are a dime a dozen. Theories are the intellectual “glue” that combine 
seemingly unrelated facts into a coherent and interconnected whole.

An Early Application
The birth of modern science is usually associated with the Renaissance, the histori-
cal period from the late 14th to the mid-17th century that saw a rebirth (renaissance 
in French) of artistic, literary, and scientific inquiry in European culture following 
the chaos of the Dark Ages. However, one of the first documented uses of the  
scientific method in an astronomical context was by Aristotle (384–322 b.c.) some  
17 centuries earlier. Aristotle is not normally remembered as a strong proponent of 
this approach—many of his best-known ideas were based on pure thought, with no 
attempt at experimental test or verification. Still, his brilliance extended into many 
areas now thought of as modern science. He noted that, during a lunar eclipse  
(Section 0.3), Earth casts a curved shadow onto the surface of the Moon. Figure 0.23 
shows a series of photographs taken during a recent lunar eclipse. Earth’s shadow, 
projected onto the Moon’s surface, is indeed slightly curved (as indicated by the 
dashed line). This is what Aristotle must have seen and recorded so long ago.

Because the observed shadow seemed always to be an arc of the same circle, 
Aristotle theorized that Earth, the cause of the shadow, must be round. Don’t un-
derestimate the scope of this apparently simple statement. Aristotle also had to 
reason that the dark region was indeed a shadow and that Earth was its cause—
facts we regard as obvious today, but far from clear 25 centuries ago. On the basis 
of this hypothesis—one possible explanation of the observed facts—he then pre-
dicted that any and all future lunar eclipses would show Earth’s shadow to be 
curved, regardless of our planet’s orientation. That prediction has been tested 
every time a lunar eclipse has occurred. It has yet to be proved wrong. Aristotle 
was not the first person to argue that Earth is round, but he was apparently the 
first to offer observational proof using the lunar eclipse method.

Today, scientists worldwide use an approach that relies heavily on testing ideas. 
They gather data, form a working hypothesis that explains the data, and then explore 
the implications of the hypothesis using experiment and observation. Eventually, one 
or more “well-tested” hypotheses may be elevated to the stature of a physical law and 
come to form the basis of a theory of even broader applicability. The new predictions 
of the theory will in turn be tested, as scientific knowledge continues to grow.

Don’t think that the scientific method is perfect. We will see many examples 
in this book of good scientists making mistakes by following incorrect lines of 
reasoning, or simply placing too much faith in faulty observations. Nevertheless, 
used properly over a period of time, this rational, methodical approach enables 
us to arrive at conclusions that are mostly free of the personal biases and human 
failings of any one scientist. The scientific method is designed to yield—eventu-
ally—an objective view of the universe we inhabit.

The universe Today
Our conception of the cosmos has changed a lot since ancient times. The modern 
universe is much larger, far more complex, and infinitely stranger than anything 
early astronomers ever imagined. In sharp contrast to the predictable and orderly 
heavens of the ancients, the universe we inhabit today is dynamic, expanding, 
evolving, and yet (we must admit) apparently dominated by fundamental forces 
that still lie beyond our understanding. Despite this, scientific inquiry today is 
guided by the same fundamental principles that led our ancestors to uncover the 

 FIgurE 0.23 A Lunar Eclipse These photographs show 
Earth’s shadow sweeping across the Moon during an eclipse. 
Aristotle reasoned that Earth was the cause of the shadow 
and concluded that Earth must be round. (G. Schneider)

R I V U X G
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basic workings of the universe—gravity, light, relativity, quantum physics, and the 
Big Bang that brought our cosmos into being.

Experiment and observation are integral parts of the process of modern sci-
ence. Untestable theories, or theories unsupported by experimental evidence, 
rarely gain any measure of acceptance in scientific circles. Observation, theory, 
and testing are cornerstones of the scientific method, a technique whose power 
will be demonstrated again and again throughout our text. 

THE BIg QuESTIOn

Take another look at the spectacular photo at the start of this chapter (p. 4). 
Think about all those stars—about 100 billion in our Galaxy alone. We cannot 
help but wonder: Are there planets around some of those stars and perhaps 
intelligent beings on some of those planets? This grandest of all unsolved 
questions about the universe now lies at the heart of modern astronomy.

ConCePt CheCk

can a theory ever become a “fact,” scientifically 
speaking?

different times of the year. The Sun’s apparent yearly  
path around the celestial sphere (or the plane of Earth’s 
orbit around the Sun) is called the ecliptic (p. 10). We 
experience seasons (p. 11) because Earth’s rotation axis 
is inclined to the ecliptic plane. At the summer solstice  
(p. 10), the Sun is highest in the sky, and the length of the 
day is greatest. At the winter solstice (p. 11), the Sun is 
lowest and the day is shortest. Because of precession  
(p. 12), the orientation of Earth’s axis changes slowly over 
thousands of years.

LO4  As the Moon orbits Earth, 
it keeps one face 
permanently turned 
toward our planet. We see 
lunar phases (p. 14) as 
the fraction of the Moon’s 
sunlit face visible to us varies. A lunar eclipse (p. 14) 
occurs when the Moon enters Earth’s shadow. A solar 
eclipse (p. 16) occurs when the Moon passes between 
Earth and the Sun. An eclipse may be total (p. 16) if the 
body in question (Moon or Sun) is completely obscured, or 
partial (p. 16) if only part of the surface is affected. If the 
Moon is too far from Earth for its disk to completely hide 
the Sun, an annular eclipse (p. 16) occurs. Because the 
Moon’s orbit around Earth is slightly inclined to the 
ecliptic, solar and lunar eclipses are relatively rare events.

Plane
of Moon’s

orbit 

Unfavorable
for eclipse

Unfavorable
for eclipse

Favorable
for eclipse

Favorable
for eclipse

New

New

New

New

Full

Full

Full

Full

Sun

LO1  The universe (p. 6) is 
the totality of all space, 
time, matter, and energy. 
Astronomy (p. 6) is the 
study of the universe. In order of increasing size, the basic 
constituents of the cosmos are planets (p. 6), stars (p. 6), 
galaxies (p. 6), and the universe itself. They differ 
enormously in scale—a factor of a billion billion from planet 
Earth to the entire observable universe.

LO2  Early observers grouped the stars visible 
to the naked eye into patterns called 
constellations (p. 6), which they 
imagined were attached to a vast 
celestial sphere (p. 7) centered on 
Earth. Constellations have no physical 
significance, but are still used to label 
regions of the sky. Celestial 
coordinates (p. 8) are a more 
precise way of specifying a star’s 
location on the celestial sphere. 

LO3  The nightly motion of the stars 
across the sky is due to Earth’s 
rotation (p. 7) on its axis. 
Because of Earth’s revolution 
(p. 9) around the Sun, we see 
different stars at night at 
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24 CHAPTEr 0   charting the Heavens

 9. LO4 If one complete hemisphere of the Moon is always lit by 
the sun, why do we see different phases of the Moon?

 10. What causes a lunar eclipse? A solar eclipse? Why aren’t there 
lunar and solar eclipses every month?

 11. POS Do you think an observer on another planet might see 
eclipses? Why or why not?

 12. What is parallax? Give an everyday example.

 13. Why is it necessary to have a long baseline when using triangu-
lation to measure the distances to objects in space?

 14. LO5 What two pieces of information are needed to determine 
the diameter of a faraway object?

 15. LO6 VIS What is the scientific method? In what ways does sci-
ence differ from religion?

Problems labeled POS explore the process of science. VIS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

rEVIEW AnD DISCuSSIOn
 1. LO1 Compare the size of Earth with that of the Sun, the Milky 

Way Galaxy, and the entire universe.

 2. LO2 What is a constellation? Why are constellations useful for 
mapping the sky?

 3. Why does the Sun rise in the east and set in the west each day? 
Does the Moon also rise in the east and set in the west? Why? 
Do stars do the same? Why?

 4. How and why does a day measured by the Sun differ from a 
day measured by the stars?

 5. How many times in your life have you orbited the Sun?

 6. Why do we see different stars at different times of the year?

 7. LO3 Why are there seasons on Earth?

 8. What is precession, and what is its cause?

COnCEPTuAL SELF-TEST: TruE Or FALSE?/MuLTIPLE CHOICE
 1. Our Galaxy is about 1 million times larger than Earth. (T/F)

 2. The stars in a constellation are physically close to one another. 
(T/F)

 3. The solar day is longer than the sidereal day. (T/F)

 4. The seasons are caused by the precession of Earth’s axis. (T/F)

 5. A lunar eclipse can occur only during the full phase. (T/F)

 6. The angular diameter of an object is inversely proportional to 
its distance from the observer. (T/F)

 7. If we know the distance of an object from Earth, we can deter-
mine the object’s size by measuring its parallax. (T/F)

 8. If Earth rotated twice as fast as it currently does, but its motion 
around the Sun stayed the same, then (a) the night would be 
twice as long; (b) the night would be half as long; (c) the year 
would be half as long; (d) the length of the day would be 
unchanged.

 9. A long, thin cloud that stretched from directly overhead to the 
western horizon would have an angular size of (a) 45°; (b) 90°; 
(c) 180°; (d) 360°.

 10. When a thin crescent of the Moon is visible just before sunrise, 
the Moon is in its (a) waxing phase; (b) new phase; (c) waning 
phase; (d) quarter phase.

 11. If the Moon’s orbit were a little larger, solar eclipses would be 
(a) more likely to be annular; (b) more likely to be total;  
(c) more frequent; (d) unchanged in appearance.

 12. If the Moon orbited Earth twice as fast, but in the same orbit, 
the frequency of solar eclipses would (a) double; (b) be cut in 
half; (c) stay the same.

 13. VIS According to Figure 0.8 (The Zodiac), in January the Sun is in 
the constellation (a) Cancer; (b) Gemini; (c) Leo; (d) Aquarius.

 14. VIS In Figure 0.19 (Triangulation), using a longer baseline 
would result in (a) a less accurate distance to the tree; (b) a 
more accurate distance to the tree; (c) a smaller angle at point 
B; (d) a greater distance across the river.

 15. VIS In Figure 0.20 (Parallax), a smaller Earth would result in 
(a) a smaller parallax angle; (b) a shorter distance measured to 
the object; (c) a larger apparent displacement; (d) stars appear-
ing closer together.

LO6 Science (p. 20) is a step-by-step 
process for investigating the physical 
world. The scientific method  
(p. 20) is a methodical approach 
employed by scientists to explore the 
universe around us in an objective 
manner. A theory (p. 20) is a 
framework of ideas and assumptions 
used to explain some set of observations and make 
predictions about the real world. These predictions in turn 
are amenable to further observational testing. In this way, the 
theory expands and science advances.

Observation

Prediction

TheoryThe scientific method 
is not nearly as clean and 

clear as suggested by this simple 
diagram. In reality, the process is 

complicated by false starts, unsure 
ideas, messy data, and personal 
subjectivity. In the end, though, 

careful tests trump all, and 
objectivity eventually

emerges.

LO5 Astronomers use triangulation (p. 18) to 
measure the distances to planets and stars, 
forming the foundation of the cosmic 
distance scale (p. 18), the family of 
distance-measurement techniques used to 
chart the universe. Parallax (p. 19) is the 
apparent motion of a foreground object 
relative to a distant background as the 
observer’s position changes. The larger the 
baseline (p. 19)—the distance between the 
two observation points—the greater the 
parallax.

A B

Earth

Parallax

Object in space

As seen from A As seen from B

A9B9
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PrOBLEMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  The vernal equinox is now just entering the constellation 
Aquarius. In what constellation will it lie in the year a.d. 
10,000?

 2.  Given that Earth orbits at 150,000,000 km from the Sun, 
through what distance does Earth move in a second? An hour? 
A day?

 3.  How, and by roughly how much, would the length of the 
solar day change if Earth’s rotation were suddenly to reverse 
direction?

 4.  How long does it take for the Moon to move a distance 
equal to its own diameter of angular 0.5°?

 5.  Given that the distance to the Moon is 384,000 km, and tak-
ing the Moon’s orbit around Earth to be circular, estimate the 
speed (in kilometers per second) at which the Moon orbits 
Earth.

 6.  Use reasoning similar to that illustrated in Figure 0.7 to 
verify that the length of the synodic month (the time from one 
full Moon to the next; Section 0.3) is 29.5 days.

 7.  The baseline in Figure 0.19 is 100 m and the angle at B is 60°. 
By constructing the triangle on a piece of graph paper, deter-
mine the distance from A to the tree.

 8.  Use reasoning similar to that in Discovery 0-1 (but now 
using a circle centered on the object and containing the base-
line) to determine the distance to an object if its parallax,  
as measured from either end of a 1000-km baseline, is (a) 1°; 
(b) 1′; (c) 1″.

 9.  What would the measured angle in Discovery 0-1 have  
been if Earth’s circumference were 100,000 km instead of 
40,000 km?

 10.  What angle would Eratosthenes have measured (see Discov-
ery 0-1) had Earth been flat?

ACTIVITIES
Collaborative
 1. On a clear night, sketch a 10°-wide patch of the sky containing 

the Moon, with the Moon initially toward the west side of the 
patch. (See Individual Activity 3 below for how to estimate an-
gles on the sky.) Repeat the observation of the same collection 
of stars every hour over the course of a night (take turns!). The 
Moon’s position relative to the stars will change noticeably 
even in a few hours. What is the Moon’s angular speed, in de-
grees per hour? Now observe the Moon at the same time each 
night over the course of a month. Sketch its appearance and 
note its position on the sky each night. Can you interpret its 
changing phase in terms of the relative positions of Earth, the 
Sun, and the Moon? (See Figure 0.13.)

 2. Consider Figure 0.18, which shows solar eclipse paths on a 
world map. Write a description of which two eclipses you 
would most like to observe together and where and when  
you would go to observe them. Explain why you chose the 
dates and sites you did.

Individual
 1. Find the star Polaris, also known as the North Star, in the 

evening sky. Identify any separate pattern of stars in the same 

general vicinity of the sky. Wait several hours, at least until 
after midnight, and then locate Polaris again. Has Polaris 
moved? What has happened to the nearby pattern of stars? 
Why?

 2. Consider the curved star trails shown in Figure 0.5, a time-
lapse photograph of the northern sky. They are arcs of circles 
centered on Polaris. What was the exposure time used for the 
photograph? How long would you need to take a similar pic-
ture from (a) the planet Mercury? (b) Jupiter’s moon Europa? 
(Jump ahead to Chapters 6 or 8 to find the rotation periods of 
these bodies.)

 3. Hold your little finger out at arm’s length. Can you cover the 
disk of the Moon? The Moon projects an angular size of 30′ 
(half a degree); your finger should more than cover it. You can 
use this fact to make some basic sky measurements. As a sim-
ple rule, your little finger at arm’s length is about 1° across, 
your middle three fingers are about 4° across, and your 
clenched fist is about 10° across. If the constellation Orion is 
visible, use this information to estimate the angular size of 
Orion’s belt and the angular distance between Betelgeuse and 
Rigel. Compare your findings with Figure 0.2(a).
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The Copernican 
Revolution
The Birth of Modern Science

Living in the Space Age, we have become accustomed to the modern view of our place in 

the universe. Images of Earth taken from space leave little doubt that we inhabit just one 

planet among several, and no one seriously questions the idea that we orbit the Sun. Yet 

there was a time, not so long ago, when our ancestors maintained that Earth had a 

special role in the cosmos and lay at the center of all things. Our view of the universe—

and of ourselves—has undergone a radical transformation since those early days. 

Humankind has been torn from its throne at the center of the cosmos and relegated to an 

unremarkable position on the periphery of the Milky Way Galaxy. But in return we have 

gained a wealth of scientific knowledge. The story of how this came about is the story of 

the rise of science and the genesis of modern astronomy.

1

universe. The image was intended primarily as a 
counterpoint to the then-modern view of the 
universe, but it also serves as a metaphor for the 
scientific transformation that occurred during the 
Renaissance—when scientists broke through the 
artificial constraints of cultural orthodoxy to discover 
the intellectual riches that lay beyond.

 Exploration is at the heart of modern science. This 
engraving from a 19th-century popular science text 
presents a stylized depiction of the medieval 
worldview: the sky as a domed firmament arcing over 
Earth’s surface. Here, a traveler finds the place where 
Earth and Sky meet and, pushing through the gap 
between them, sees the wonders of the larger 

Exploration is at the heart of the modern scientific method used by all scientists around 
the world. Ideas must be tested against what is observed in nature, and those ideas that 
fail the test must be discarded. In this way, astronomers progressively generate, not 
“truth,” but a better and better understanding of reality.

Studying this chapter will 
enable you to:

LO1 Explain how geocentric 
models of the solar system 
accounted for the apparent 
retrograde motion of the 
planets.

LO2 Explain how retrograde 
motion actually arises from 
the orbital motions of the 
planets around the Sun.

LO3 Describe the scientific 
developments that led to the 
modern view of the solar 
system, and identify the main 
contributions of Copernicus, 
Tycho, Galileo, and Kepler.

LO4 State Kepler’s laws of 
planetary motion.

LO5 Explain how astronomers 
have measured the true size 
of the solar system.

LO6 State Newton’s laws of 
motion and his law of 
universal gravitation, and 
explain how they enable us to 
measure the masses of 
astronomical bodies.

L e a r n i n g 
O u TcO M e S

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

The Big PiCTuRe
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1.1 The Motions of the Planets
Over the course of a night, the stars slide smoothly across the sky.  (Sec. 0.1) 
Over the course of a month, the Moon moves smoothly and steadily along its path 
in the sky relative to the stars, passing through its familiar cycle of phases. 

 (Sec. 0.3) Over the course of a year, the Sun progresses along the ecliptic at an 
almost constant rate, varying little in brightness from day to day.  (Sec. 0.2)  
This basic predictability of the night sky provided ancient cultures with a means of 
tracking the seasons and organizing their activities (see Discovery 1-1).

But ancient astronomers were also aware of five other bodies in the sky—the 
planets Mercury, Venus, Mars, Jupiter, and Saturn—whose behavior was not so 
easy to grasp. The explanation for their motion would change forever our percep-
tion of the universe and our place in it.

Wanderers in the heavens
Planets do not behave in nearly as orderly a fashion as do the Sun, Moon, and 
stars. They vary in brightness and don’t maintain fixed positions in the sky. 
Planets never stray far from the ecliptic and generally traverse the celestial 
sphere from west to east, like the Sun. But, they speed up and slow down as 
they go, and at times even appear to loop back and forth relative to the stars, as 
shown in Figure 1.1. Indeed, the word planet derives from the Greek word 
planetes, meaning “wanderer.” Astronomers refer to the planets’ normal 
eastward motion as prograde motion. The backward (westward) loops are 
retrograde motion.

Unlike the Sun and stars, but like the Moon, the planets produce no visible 
light of their own. Instead, they shine by reflected sunlight. Ancient astronomers 
correctly reasoned that the apparent brightness of a planet in the night sky is 
related to its distance from Earth—a planet appears brightest when closest to us. 
However, Mars, Jupiter, and Saturn are always brightest during the retrograde 
portions of their orbits. The challenge facing astronomers was to explain the 
observed motions of the planets and to relate those motions to the variations in 
planetary brightness.

The geocentric universe
The earliest models of the solar system followed the teachings of the 
Greek philosopher Aristotle (384–322 b.c.) and were geocentric, 
meaning that Earth lay at the center of the universe and all other bodies 
moved around it. (Figures 0.4 and 0.9 illustrate the basic geocentric 
view.)  (Sec. 0.2) These models employed what Aristotle had taught 
was the perfect form: the circle. The simplest possible description—
uniform motion around a circle having Earth at its center—provided a 
fairly good approximation to the orbits of the Sun and the Moon, but it 
could not account for the variations in planetary brightness, nor for 
their retrograde motion. A better model was needed.

 FiguRe 1.1 Planetary Motions Planets normally move from west to east relative 
to the background stars. Occasionally—roughly once per year—they change direction 
and temporarily undergo retrograde motion (east to west). The main illustration 
shows a retrograde loop in the motion of the planet Mars. The inset depicts the 
movements of several planets over the course of several years, as reproduced on the 
inside dome of a planetarium. (Inset: Museum of Science, Boston)

Observed planet motions can be complicated because each 
planet travels at a different speed around the Sun.

Motions of the planets relative to the stars produce
continuous streaks on a planetarium ”sky.”
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In the first step toward this new model, each planet was taken to move 
uniformly around a small circle, called an epicycle, whose center moved uniformly 
around Earth on a second and larger circle, the deferent (Figure 1.2).  
The motion was therefore composed of two separate circular orbits, creating the 
possibility of retrograde at certain times. Also, the distance from the planet to Earth 
would vary, accounting for changes in brightness. By tinkering with the relative 
sizes of epicycle and deferent and with the speeds at which the planet and epicycle 
moved, early astronomers managed to bring this model into good agreement with 
the observed paths of planets in the sky. It predicted quite well the positions of the 
known planets, according to the accuracy of observations at the time.

However, as the number and the quality of observations increased, astron-
omers had to introduce small corrections into the simple epicyclic model to 
bring it into line with new observations. The center of the deferents had to be 
shifted away from Earth’s center, and the motion of the epicycles had to be im-
agined uniform with respect not to Earth, but to yet another point in space. 
Around a.d. 140 a Greek astronomer named Claudius Ptolemaeus (known 
today as Ptolemy) constructed perhaps the best geocentric model of all time. 
Illustrated in  simplified form in Figure 1.3, it described remarkably well the 
observed paths of the five planets then known, as well as the paths of the Sun 
and the Moon.  However, to achieve its explanatory and predictive power, the 
full Ptolemaic model required a series of no fewer than 80 circles. To account 
for the paths of the Sun, Moon, and all eight planets known today would re-
quire a vastly more complex set.

Today our scientific training leads us to seek simplicity, because simplicity 
in science has so often proved to be an indicator of truth.  (Sec. 0.5) The 
intricacy of a model as complicated as the Ptolemaic system is a clear sign of a 
fundamentally flawed theory. We now recognize that the major error lay in the 
assumption of a geocentric universe, compounded by the insistence on uni-
form circular motion, the basis of which was largely philosophical, rather than 
scientific, in nature.

Actually, history records that some ancient Greek astronomers reasoned 
 differently about the motions of heavenly bodies. Foremost among them was 
Aristarchus of Samos (310–230 b.c.), who proposed that all the planets, including 
Earth, revolve around the Sun and that Earth rotates on its axis once each day. This, 
he argued, would create an apparent motion of the sky—a simple idea that is famil-
iar to anyone who has ridden on a merry-go-round and watched the landscape ap-
pear to move past in the opposite direction. However, this description of the heavens, 
though essentially correct, did not gain widespread acceptance. Aristotle’s influence 
was too strong, his followers too numerous, his writings too comprehensive.

The Aristotelian school did present several arguments in favor of their views, 
the strongest asking—in fact, quite correctly—If the vantage point from which we 
view the stars changes over the course of a year, then why don’t we see stellar 
 parallax?  (Sec. 0.4) We now know that there is stellar parallax as Earth orbits 
the Sun, but because the stars are so distant, it is less than 1 arc second, even for 
the closest stars. Early astronomers simply would not have noticed it (it was 
 conclusively measured only in the latter half of the 19th century). We will 
 encounter many instances in astronomy where correct reasoning led to the wrong 
 conclusions because it was based on inadequate data.

 FiguRe 1.2 geocentric Model To explain retrograde 
motion, in the geocentric model of the solar system, each 
planet was thought to follow a small circular orbit (the 
epicycle) about an imaginary point that itself traveled in a 
large, circular orbit (the deferent) about Earth.

This planet, when viewed from Earth, loops back and forth
on the sky.

Earth

Planet

Center of
epicycle

Epicycle

Deferent

 FiguRe 1.3 Ptolemaic Model interactive  The basic features, drawn roughly to scale, 
of Ptolemy’s geocentric model of the inner solar system, a model that enjoyed widespread 
popularity prior to the Renaissance. To avoid confusion, partial paths (dashed) of only two 
planets, Venus and Jupiter, are drawn here. 

This model gets messy quickly when accounting
for the many planets’ (and the
Sun’s) observed motions
on the sky.
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30 ChAPTeR 1   The copernican revolution

Many ancient societies took a keen interest in the changing night-
time sky. Seafarers needed to navigate their ships and farmers had 
to know when to plant their crops. Cultures all over the world built 
elaborate structures to serve, at least in part, as primitive calendars 
to predict celestial events. Often, the keepers of the secrets of the 
sky enshrined their knowledge in myth and ritual, and these astro-
nomical sites were also used for religious ceremonies.

alignments, however, suggesting that the wheel’s purpose was more 
symbolic than practical. A similar controversy swirls around the 
Caracol temple (bottom right of the same figure) in the Mayan city 
of Chitzen Itza, built around a.d. 1000 on Mexico’s Yucatán penin-
sula. Were its windows aligned with astronomical events, such as 
the rising of Venus, or did it have some different purpose? Experts 
disagree. Researchers do seem to agree that the Sun Dagger (bottom 
right), in Chaco Canyon, New Mexico, is a genuine astronomical 
calendar that probably aided agriculture. The rock is sculpted so 
that a thin streak of light passes precisely through the center of a 
carved spiral pattern at noon on the summer solstice.

The ancient Chinese also observed the heavens. Their astrol-
ogy attached particular importance to “omens” such as comets 
and “guest stars” that appeared suddenly in the sky and then 
slowly faded away, and they kept careful records of such events. 
Perhaps the best-known guest star was one that appeared in a.d. 
1054 and was visible in the daytime sky for many months. We 
now know that the event was a supernova, the explosive death of 
a giant star (see Chapter 13). It left behind a remnant that is still 
detectable today, nine centuries later. The Chinese data are a 
prime source of historical information for supernova research.

A vital link between the astronomy of ancient Greece and 
that of modern Europe was provided by astronomers in the 
Muslim world. This 16th-century illustration shows Turkish 
 astronomers at work in the Istanbul Observatory. From the 
depths of the Dark Ages to the beginning of the Renaissance, 
 Islamic astronomy flourished, preserving and adding to the 
knowledge of the 
Greeks. Its influence on 
modern astronomy is 
widespread. Many tech-
niques used in trigo-
nometry were developed 
by Islamic astronomers 
in response to practical 
problems, such as 
 determining the precise 
dates of holy days or the 
direction of Mecca at 
any given location on 
Earth. Many astronomi-
cal terms, such as 
 azimuth, zenith, and the 
names of many stars—
for example, Rigel, 
Betelgeuse, and Vega—
all bear witness to this 
 extended period of 
 Muslim scholarship.

 Ancient Astronomy

1 . 1  D i s c o v e r y

(G. Gerster)

(H. Lapahie Jr.)

(M. Boulton)

(J. Cornell) (Istanbul University Library)

Perhaps the best known such site is Stonehenge, in England, 
shown above. This ancient stone circle dates from the Stone Age 
and probably served as a kind of three-dimensional almanac. Many 
of the stones are aligned (within a degree or so) with important 
astronomical events, such as the rising Sun on the summer solstice 
and the rising and setting of the Sun and the Moon at other key 
times of the year, allowing its builders to track the seasons.

The Big Horn Medicine Wheel in Wyoming (below) is similar to 
Stonehenge in design, and perhaps also in intent. Some researchers 
have identified alignments between the Medicine Wheel’s spokes 
and the rising and setting Sun at solstices and equinoxes, and with 

some bright stars, suggesting 
that its builders—the Plains 
Indians—were familiar with 
the changing night sky. Others 
dispute the accuracy of the 
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The heliocentric Model of the Solar System
The Ptolemaic picture of the universe survived, more or less intact, for almost 13 
centuries until a 16th-century Polish cleric, Nicholas Copernicus (Figure 1.4), 
rediscovered Aristarchus’s heliocentric (Sun-centered) model. Copernicus 
asserted that Earth spins on its axis and, like all other planets, orbits the Sun. Not 
only does this model explain the observed daily and seasonal changes in the 
heavens, as we have seen, but it also naturally accounts for planetary retrograde 
motion and brightness variations. The critical realization that Earth is not at the 
center of the universe is now known as the Copernican revolution.

Figure 1.5 shows how the Copernican view explains both the changing 
brightness of a planet (in this case, Mars) and its apparent looping motions. If 
we suppose that Earth moves faster than Mars, then every so often Earth 
“overtakes” that planet. Each time this happens, Mars appears to move 
backward in the sky, in much the same way as a car we overtake on the highway 
seems to slip backward relative to us. Furthermore, at these times Earth is 
closest to Mars, so Mars appears brightest, as observed. Notice that in the 
Copernican picture the planet’s looping motions are only apparent—in the 
Ptolemaic view, they were real.

Copernicus’s major motivation for introducing the heliocentric model was 
simplicity. Even so, he still clung to the idea of circles to model the planets’ 
motions. To bring his theory into agreement with observations, he was forced to 
retain the idea of epicyclic motion, though with the deferent centered on the 
Sun rather than on Earth and with smaller epicycles than in the Ptolemaic 
picture. Thus, he retained unnecessary complexity and actually gained little in 
accuracy over the geocentric model. For Copernicus the primary attraction of 
heliocentricity was its simplicity, its being “more pleasing to the mind.” To this 
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Because line of sight from Earth
to Mars changes as the two planets
orbit the Sun, Mars appears to loop
back and forth in retrograde motion.

 FiguRe 1.5 Retrograde Motion 
interactive  The Copernican model 
of the solar system explains both the 
varying brightnesses of the planets 
and the phenomenon of retrograde 
motion. Here, for example, when Earth 
and Mars are relatively close to one 
another in their respective orbits 
(position 6), Mars seems brighter. 
When they are farther apart (position 
1), Mars seems dimmer. Follow the 
blue lines in numerical order, and note 
how the line of sight moves backward 
relative to the stars between locations 
5 and 7 because Earth, on the inside 
track, moves faster in its orbit than 
does Mars. The white curves are 

actual planetary orbits. The red 
curve is Mars’s motion as seen 

from Earth. 

Process of science check

in terms of the scientific method presented in 
chapter 0, what were the principal advantages of 
the heliocentric theory over the geocentric 
model?  (Sec. 0.5) 

 FiguRe 1.4 nicholas Copernicus (1473–1543)
(E. Lessing/Art Resource, NY)
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32 ChAPTeR 1   The copernican revolution

day, scientists still are guided by simplicity, symmetry, and elegance in modeling 
the universe.  (Sec. 0.5) 

Copernicus’s ideas were never widely accepted during his lifetime. By 
 relegating Earth to a noncentral and undistinguished place within the solar sys-
tem, heliocentricity contradicted the conventional wisdom of the time and vio-
lated the religious doctrine of the Roman Catholic Church. Copernicus surely 
discussed and debated his theory with his fellow scholars, but, possibly because he 
wished to avoid direct conflict with the Church, his book On the Revolution of the 
Celestial Spheres was not published until 1543, the year he died. Only later, when 
others extended and popularized the heliocentric model—and as supporting ob-
servational evidence began to mount—did the Copernican theory gain widespread 
recognition.

1.2 The Birth of Modern Astronomy
In the century following the death of Copernicus, two scientists—Galileo Galilei 
and Johannes Kepler—made indelible imprints on the study of astronomy. 
Each achieved fame for his discoveries and made great strides in popularizing 
the Copernican viewpoint.

galileo’s historic Observations
Galileo Galilei (Figure 1.6) was an Italian mathematician and philosopher. By his 
willingness to perform experiments to test his ideas—a radical approach in those 
days—and by embracing the brand-new technology of the telescope, he revolu-
tionized the way science was done, so much so that he is now widely regarded as 
the father of experimental science. The telescope was invented in Holland in 
1608. Having heard of the invention (but without having seen one), Galileo built 
one for himself in 1609 and aimed it at the sky. What he saw conflicted greatly 
with the philosophy of Aristotle and strongly supported the ideas of Copernicus.

Using his telescope, Galileo discovered the following:

 The Moon has mountains, valleys, and craters—terrain in many ways rem-
iniscent of that on Earth.

 The Sun has imperfections—dark blemishes now known as sunspots 
(see Chapter 9). By noting the changing appearance of these sunspots 
from day to day, Galileo inferred that the Sun rotates approximately 
once per month around an axis roughly perpendicular to the ecliptic 
plane.

 Four small points of light, invisible to the naked eye, orbit the planet Jupi-
ter. He realized that they were moons (Figure 1.7) circling that planet just 
as our Moon orbits Earth. To Galileo, the fact that another planet had 
moons provided the strongest support for the Copernican model. Clearly, 
Earth was not the center of all things.

 Venus shows a complete cycle of phases (Figure 1.8), much like the famil-
iar monthly changes exhibited by our own Moon. This finding can be ex-
plained only by the planet’s motion around the Sun.

All these observations ran directly counter to the accepted scientific beliefs of the 
day. They showed that Earth is not the center of all things and that at least one 
planet orbited the Sun.

In 1610 Galileo published his observational findings and his controversial 
conclusions supporting the Copernican theory, challenging both scientific ortho-
doxy and the religious dogma of the day. In 1616 his ideas were judged heretical, 
both his works and those of Copernicus were banned by the Church, and Galileo 

 FiguRe 1.6 galileo galilei (1564–1642) (Scala/Art 
Resource, NY)

 FiguRe 1.7 galilean Moons The four large moons of 
Jupiter, as sketched by Galileo on seven nights between 
January 7 and 15, 1610. They are now known as the Galilean 
moons. (From Sidereus Nuncius)

The asterisks
show the
positions
of the moons,
now called Io,
Europa,
Ganymede, and
Callisto, around
Jupiter
(open circle).

concePt check 

How do the geocentric and heliocentric models of 
the solar system differ in their explanations of 
planetary retrograde motion?
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was instructed to abandon his astronomical pursuits. Instead, he continued to 
collect and publish data supporting the heliocentric view. These actions brought 
Galileo into direct conflict with the Church. The Inquisition forced him, under 
threat of torture, to retract his claim that Earth orbits the Sun, and he was placed 
under house arrest in 1633. He remained imprisoned for the rest of his life. Not 
until 1992 did the Church publicly forgive Galileo’s “crimes.”

Ascendancy of the Copernican System
The Copernican revolution illustrates how the scientific method, although af-
fected at any given time by the subjective whims, human biases, and even 
sheer luck of individual researchers, does ultimately lead to objectivity. 

 (Sec. 0.5) Over time, groups of scientists checking, confirming, and refin-
ing experimental tests can neutralize the subjective attitudes of individuals. 
Heliocentricity was only confirmed observationally some three centuries 
after Copernicus published his work and more than 2000 years after 
Aristarchus had proposed the concept. Nonetheless, objectivity did in fact 
eventually prevail.

concePt check 

in what ways did galileo’s observations of Venus 
and Jupiter conflict with the prevailing view at the 
time?

 FiguRe 1.8 Venus Phases interactive  Both the 
Ptolemaic and the Copernican models of the solar system 
predict that Venus should show phases as it moves in its 
orbit. (a) In the Copernican picture, when Venus is directly 
between Earth and the Sun, its unlit side faces us and the 
planet is invisible to us. As Venus moves in its orbit, 
progressively more of its illuminated face is visible from 
Earth. Note the connection between the orbital phase and 
the apparent size of the planet: Venus seems much larger in 
its crescent phase than when it is full because it is much 
closer to us during its crescent phase. This is the behavior 
actually observed. The insets at bottom left and right are 
photographs of Venus taken at two of its crescent phases 
(Courtesy of New Mexico State University). (b) In the 
Ptolemaic model, the full phase of the planet cannot be 
explained. Seen from Earth, Venus reaches only a “fat 
crescent,” yet never a full phase, then begins to wane as it 
nears the Sun. (Note that both these views are from a 
sideways perspective; from overhead, both orbits are very 
nearly circular, as shown in Figure 1.14.) 
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1.3 The Laws of Planetary Motion
At about the time Galileo was becoming famous for his telescopic observations, 
Johannes Kepler (Figure 1.9), a German mathematician and astronomer, 
announced his discovery of a set of simple laws that accurately described the 
motions of the planets. While Galileo was the first “modern” observer who used 
telescopic observations of the skies to confront and refine his theories, Kepler 
was a pure theorist. He based his work almost entirely on the observations of 
another scientist. Those observations, which predated the telescope by several 
decades, had been made by Kepler’s employer, Tycho Brahe (1546–1601), arguably 
one of the greatest observational astronomers who ever lived.

Brahe’s Complex Data
Tycho, as he is often called, was an eccentric aristocrat and a skillful observer. 
Born in Denmark, he was educated at some of the best universities in Europe, 
where he studied astrology, alchemy, and medicine. Most of his observations, 
which predated the invention of the telescope by several decades, were made at 
his own observatory, named Uraniborg, in Denmark (Figure 1.10). There, using 
instruments of his own design, Tycho maintained meticulous and accurate 
records of the stars, the planets, and noteworthy celestial events.

In 1597, having fallen out of favor with the Danish court, Tycho moved to 
Prague. Kepler joined Tycho in Prague in 1600 and was put to work trying to find 
a theory to explain Brahe’s planetary data. When Tycho died a year later, Kepler 
inherited not only Brahe’s position as Imperial Mathematician of the Holy Roman 
Empire, but also his most priceless possession: the accumulated observations of 
the planets, spanning several decades. Tycho’s observations, though made with 
the naked eye, were nevertheless of very high quality. Kepler set to work seeking a 
unifying principle to explain the motions of the planets without the need for epi-
cycles. The effort occupied much of the remaining 29 years of his life.

Kepler’s goal was to find a simple description of the solar system, within 
the basic framework of the Copernican model, that fit Tycho’s complex mass of 
detailed observations. In the end, he had to abandon Copernicus’s original sim-
ple notion of circular planetary orbits, but even greater simplicity emerged as a 
result. Kepler determined the shapes and relative sizes of each planet’s orbit by 
triangulation, not from different points on Earth, but from different points on 
Earth’s orbit, using observations made at many different times of the year. 

 (Sec. 0.4) Noting where the planets were on successive nights, he inferred 
the speeds at which they moved. After long years working with Brahe’s data 
and after many false starts and blind alleys, Kepler succeeded in summarizing 
the motions of all the known planets, including Earth, in the three laws of 
planetary motion that now bear his name.

Kepler’s Simple Laws
Kepler’s first law addresses the shapes of the planetary orbits:

    I. The orbital paths of the planets are elliptical (not necessarily circular), 
with the Sun at one focus.

An ellipse is simply a flattened circle. Figure 1.11 illustrates a means of constructing 
an ellipse using a piece of string and two thumbtacks. Each point at which the string 
is pinned is called a focus (plural: foci) of the ellipse. The long axis of the ellipse, 
containing the two foci, is known as the major axis. Half the length of this long axis 
is referred to as the semimajor axis, a conventional measure of the ellipse’s size. 

 FiguRe 1.9 Johannes Kepler (1571–1630)
(E. Lessing/Art Resource, NY)

 FiguRe 1.10 Tycho Brahe The astronomer in his 
observatory Uraniborg, on the island of Hveen, in Denmark. 
(Joan Bleau/ Newberry Library/SuperStock)
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The eccentricity of the ellipse is equal to the distance between the foci divided by 
the length of the major axis. The length of the semimajor axis and the eccentricity 
are all we need to describe the size and shape of a planet’s orbital path. (A circle 
is an ellipse in which the two foci happen to coincide, so the eccentricity is zero. 
The semimajor axis of a circle is simply its radius.) Figure 1.12 illustrates how 
two other useful quantities—the planet’s perihelion (its point of closest approach 
to the Sun) and its aphelion (greatest distance from the Sun)—can be computed 
from its orbital semimajor axis and eccentricity.

In fact, no planet’s elliptical orbit is nearly as elongated as the one shown in 
Figure 1.11. With one exception (Mercury), the planets’ orbits have such small 
eccentricities that our eyes would have trouble distinguishing them from true 
circles. Only because the orbits are so nearly circular were the Ptolemaic and 
Copernican models able to come as close as they did to describing reality.

Kepler’s second law, illustrated in Figure 1.13, addresses the speed at which a 
planet traverses different parts of its orbit:

  II. An imaginary line connecting the Sun to any planet sweeps out equal 
areas of the ellipse in equal intervals of time.

While orbiting the Sun, a planet traces the arcs labeled A, B, and C in Figure 1.13 
in equal times. Notice, however, that the distance traveled along arc A is greater 
than the distance traveled along arc B or arc C. Because the time is the same and 
the distance is different, the speed must vary: When a planet is close to the Sun, 
as in sector A, it moves much faster than when farther away, as in sector C.

These laws are not restricted to planets. They apply to any orbiting object. 
Spy satellites, for example, move very rapidly as they swoop close to Earth’s sur-
face, not because they are propelled by powerful onboard rockets, but because 
their highly eccentric orbits are governed by Kepler’s laws.

Kepler published his first two laws in 1609, stating that he had proved them 
only for the orbit of Mars. Ten years later he extended them to all the known 
planets (Mercury, Venus, Earth, Mars, Jupiter, and Saturn) and added a third law 
relating the size of a planet’s orbit to its sidereal orbital period, defined as the 
time needed for the planet to complete one circuit around the Sun. Kepler’s third 
law states:

III. The square of a planet’s orbital period is proportional to the cube of its 
semimajor axis.

This law becomes particularly simple when we choose the (Earth) year as our 
unit of time and the astronomical unit as our unit of length. One astronomical 
unit (AU) is the semimajor axis of Earth’s orbit around the Sun—the average 
distance between Earth and the Sun. Using these units for time and distance, we 
can conveniently write Kepler’s third law for any planet in the form

P2 (in Earth years) = a3 (in astronomical units),

where P is the planet’s sidereal orbital period and a is its semimajor axis.
Table 1.1 presents some basic data describing the orbits of the eight major 

planets of the solar system. The semimajor axis of each planet’s orbit is 
measured in astronomical units—that is, relative to the size of Earth’s orbit—
and all orbital periods are measured in years. Renaissance astronomers knew 
these properties for the innermost six planets only. However, all the known 
bodies orbiting the Sun obey Kepler’s laws, not just the six planets on which he 
based his conclusions. The rightmost column lists the ratio P2/a3. As we have 
just seen, in the units used in the table, Kepler’s third law implies that this 
number should equal 1 in all cases. The small deviations of P2/a3 from 1 in the 
cases of Uranus and Neptune are caused by the gravitational attraction between 
those two planets (see Chapter 7).

 FiguRe 1.11 ellipse interactive  An ellipse can be 
drawn using a string, a pencil, and two thumbtacks. 

concePt check

in what ways did galileo and Kepler differ in their 
approach to science? in what ways did each 
advance the copernican view of the universe?

The wider the
separation of the
foci, the more
elongated, or
eccentric, the
ellipse.

When the two foci are at 
the same place,
the drawn
curve is a
circle.

 FiguRe 1.12 Orbital Properties interactive  A planet’s 
perihelion and aphelion are related in a simple way to the 
orbital semimajor axis a and eccentricity e. Note that while 
the Sun resides at one focus, the other focus (depicted by an 
X) is empty and has no particular significance. No planet in 
our solar system has an orbital eccentricity as large as shown 
here (see Table 1.1), but some meteorites and all comets do 
(see Chapter 4). 

This figure shows
the geometry of
any ellipse.

Perihelion,
the closest
approach

Aphelion,
the greatest
distance

The Sun is at one
of the ellipse’s foci.

Planet’s orbit

a (1 +  e)

Major axis

a (1 -  e)
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Kepler’s laws were far more than mere fits to existing data. They made testa-
ble predictions about the future locations of the planets. Those predictions have 
been borne out to high accuracy every time they have been tested by observation— 
the hallmark of any credible scientific theory.  (Sec. 0.5)

The Dimensions of the Solar System
Kepler’s laws allow us to construct a scale model of the solar system, with the 
correct shapes and relative sizes of all the planetary orbits, but they do not tell us 
the actual size of any orbit. Because Kepler’s measurements were based on trian-
gulation using Earth’s orbit as a baseline, his distances were expressed relative to 
the size of that orbit—the astronomical unit—which was not itself determined.

Our model of the solar system would be analogous to a road map of the United 
States showing the relative positions of cities and towns but lacking the all-
important scale marker indicating distances in kilometers or miles. For example, 
we would know that Kansas City is about three times farther from New York than 
it is from Chicago, but we would not know the actual mileage between any two 
points on the map. If we could somehow determine the value of the astronomical 
unit—in kilometers, say—we would be able to add the vital scale marker to our 
map and compute the exact distances between the Sun and each of the planets.

The modern method for deriving the absolute scale of the solar system uses a 
technique called radar ranging. The word radar is an acronym for radio detection 
and ranging. Radio waves are transmitted toward an astronomical body, such as 
a planet. Their returning echo indicates the body’s direction and distance, in 
absolute terms—in other words, in kilometers rather than in astronomical units. 
Multiplying the round-trip travel time of the radar signal (the time elapsed 
between transmission of the signal and reception of the echo) by the speed of 
light (300,000 km/s, which is also the speed of radio waves), we obtain twice the 
distance to the planet.

We cannot use radar ranging to measure the distance to the Sun directly, 
because radio signals are absorbed at the solar surface and are not reflected back 
to Earth. Instead, the planet Venus, whose orbit brings it closest to Earth, is the 
most common target for this technique. Figure 1.14 is an idealized diagram of the 

 FiguRe 1.14 Astronomical unit interactive  The wavy blue lines represent the paths 
along which radar signals are transmitted toward Venus and received back at Earth when 
Venus is at its minimum distance from Earth. Because the radius of Earth’s orbit is 1 AU and 
that of Venus is about 0.7 AU, the one-way distance covered by the signal is 0.3 AU. Thus, 
we can calibrate the astronomical unit in kilometers. 

concePt check 

Why is it significant that Kepler’s laws apply to 
uranus and neptune?

concePt check

Why don’t Kepler’s laws tell us the value of the 
astronomical unit?

 FiguRe 1.13 Kepler’s Second Law interactive  A line 
between a planet and the Sun sweeps out equal areas in 
equal intervals of time. Any object traveling along the 
elliptical path would take the same amount of time to cover 
the distance indicated by the three red arrows. Planets move 
faster when closer to the Sun. 

The three shaded areas A, B, and C are equal.

The planet
moves slower
here.

The planet 
moves faster
here.

AC

B

0.3 AUReflectedEmitted

0.7 AU

Venus’s
orbit

Earth’s
orbit

1 AU

 

table1.1   Some Planetary Properties

Planet
Orbital Semimajor  

Axis, a (Au)
Orbital Period, P  

(earth Years)
Orbital  

eccentricity, e
P2/a3

Mercury 0.387 0.241 0.206 1.002

Venus 0.723 0.615 0.007 1.001

Earth 1.000 1.000 0.017 1.000

Mars 1.524 1.881 0.093 1.000

Jupiter 5.203 11.86 0.048 0.999

Saturn 9.537 29.42 0.054 0.998

Uranus 19.19 83.75 0.047 0.993

Neptune 30.07 163.7 0.009 0.986
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Sun–Earth–Venus orbital geometry. Neglecting for simplicity the small 
eccentricities of the two planets’ orbits, we see from Table 1.1 that the distance 
from Venus to the Sun is roughly 0.7 AU. Hence (from Figure 1.14), the distance 
from Earth to Venus at closest approach is approximately 0.3 AU. Radar signals 
bounced off Venus at that instant return to Earth in about 300 seconds, indicating 
that Venus lies 300,000 km/s * 300 s , 2 (dividing by 2 for a one-way trip) = 
45,000,000 km from Earth. Since 0.3 AU is 45,000,000 km, it follows that 1 AU is 
45,000,000 km/0.3, or 150,000,000 km.

Through precise radar ranging, the astronomical unit is now known to be 
149,597,870 km. In this text, we will round this value off to 1.5 * 108 km. Having 
determined the value of the astronomical unit, we can re-express the sizes of the 
other planetary orbits in more familiar units, such as miles or kilometers. The 
entire scale of the solar system can then be calibrated to high precision.

1.4 newton’s Laws
Kepler’s three laws, which so simplified the solar system, were discovered 
empirically. In other words, they resulted solely from the analysis of observational 
data, rather than being derived from a theory or mathematical model. Indeed, 
Copernicus, Galileo, and Kepler had no real understanding of why the planets 
orbit the Sun. Only by considering something more fundamental can we truly 
comprehend planetary motion. The critical test of any complete scientific theory is 
its ability to explain physical phenomena, not simply describe them.

The Laws of Motion
In the 17th century, the British physicist and mathematician Isaac Newton  
(Figure 1.15) developed a deeper understanding of the way all objects move and 
interact with one another. Newton’s theories form the basis for what today is known 
as Newtonian mechanics. Three basic laws of motion, the law of universal gravi-
tation, and a little calculus (which Newton also developed) are sufficient to explain 
virtually all of the complex dynamic behavior we see throughout the universe.

Figure 1.16 illustrates Newton’s first law of motion, which states:

   I. An object at rest remains at rest, and a moving object continues to move 
forever in a straight line with constant speed, unless some external force 
changes their state of motion.

An example of an external force would be the force exerted by, say, a brick wall 
when a rolling ball glances off it, or the force exerted on a pitched ball by a base-
ball bat. In either case, a force changes the original motion of the object. The 

 FiguRe 1.16 newton’s First Law An object at rest 
will remain at rest (a) until some force acts on it. When  
a force (represented by the red arrow) does act (b), the 
object will remain in that state of uniform motion until 
another force acts on it. When a second force (green 
arrow) acts in a direction different from the first force  
(c), the object changes its direction of motion.

 FiguRe 1.15 isaac newton (1642–1727)
(S. Terry)

The pink arrows
represent a force
that gets the ball
moving c

cthe green arrow represents a force that changes its direction.

(a)

(b)

(c)

Kepler’s Laws

Almost half of all students had difficulty applying 
Kepler’s laws to the orbits of objects in the solar 
system. Remember:

 According to Kepler’s second law (“equal 
areas”), a planet moves fastest in its orbit when 
it is closest to the Sun.

 Kepler’s third law tells us that planets on larger 
orbits take longer to complete one trip around 
the Sun. The orbital period increases faster than 
the size of the orbit—doubling the size 
increases the period by a factor of 212, or 
approximately 2.8.

Data Points
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tendency of an object to keep moving at the same speed and in the same direction 
unless acted upon by a force is known as inertia. A familiar measure of an ob-
ject’s inertia is its mass—loosely speaking, the total amount of matter the object 
contains. The greater an object’s mass, the more inertia it has and the greater is 
the force needed to change its motion.

Newton’s first law contrasts sharply with the view of Aristotle, who main-
tained (incorrectly) that the natural state of an object was to be at rest—most prob-
ably an opinion based on Aristotle’s observations of the effect of friction. To 
simplify our discussion, we will neglect friction—the force that slows balls rolling 
along the ground, blocks sliding across tabletops, and baseballs moving through 
the air. In any case, this is not an issue for the planets, as there is no appreciable 
friction in outer space.

The rate of change of the velocity of an object—speeding up, slowing down, or 
simply changing direction—is called its acceleration. Newton’s second law states:

  II. The acceleration of an object is directly proportional to the net applied 
force and inversely proportional to the object’s mass.

In other words, the greater the force acting on the object, or the smaller the mass of 
the object, the greater its acceleration. Thus, if two objects are pulled with the same 
force, the more massive one accelerates less. If two identical objects are pulled with 
different forces, the one experiencing the greater force accelerates more.

Finally, Newton’s third law tells us that forces always occur in pairs:

III. To every action there is an equal and opposite reaction.

If body A exerts a force on body B, then body B necessarily exerts a force on body 
A that is equal in magnitude but oppositely directed.

gravity
Forces can act either instantaneously or continuously. The force from a baseball 
bat that hits a home run can reasonably be thought of as instantaneous. A good 
example of a continuous force is the one that prevents the baseball from zooming 
off into space—gravity, the phenomenon that started Newton on the path to the 
discovery of his laws. Newton hypothesized that any object having mass exerts an 
attractive gravitational force on all other massive objects. The more massive an 
object, the stronger its gravitational pull.

Consider a baseball thrown upward from Earth’s surface, as illustrated in 
Figure 1.17. In accordance with Newton’s first law, the downward force of Earth’s 
gravity steadily modifies the baseball’s velocity, slowing its initial upward motion 
and eventually causing the ball to fall back to the ground. Of course, the baseball, 
having some mass of its own, also exerts a gravitational pull on Earth.  
By Newton’s third law, this force is equal in magnitude to the weight of the ball 
(the weight of an object is a measure of the force with which Earth attracts that 
object), but oppositely directed. By Newton’s second law, however, Earth has a 
much greater effect on the light baseball than the baseball has on the much more 
massive Earth. The ball and Earth each feel the same gravitational force, but 
Earth’s acceleration as a result of this force is much smaller and can be safely 
ignored.

Now consider the trajectory of a baseball batted from the surface of the 
Moon. The pull of gravity is about one-sixth as great on the Moon as on Earth, so 
the baseball’s velocity changes more slowly—a typical home run in a ballpark on 
Earth would travel nearly half a mile on the Moon. The Moon, less massive than 
Earth, has less gravitational influence on the baseball. The magnitude of the grav-
itational force, then, depends on the masses of the attracting bodies. In fact, it is 
directly proportional to the product of the two masses.

 FiguRe 1.17 gravity A ball thrown up from the surface 
of a massive object, such as a planet, is pulled continuously 
down (arrows) by the gravity of that planet—and, conversely, 
the gravity of the ball continuously pulls the planet (although 
very, very little).

Surface of Earth
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Studying the motions of the planets reveals a second aspect of the gravita-
tional force. At locations equidistant from the Sun’s center, the gravitational 
force has the same strength and is always directed toward the Sun. Furthermore, 
detailed calculation of the planets’ accelerations as they orbit the Sun reveals 
that the strength of the Sun’s gravitational pull decreases in proportion to the 
square of the distance from the Sun. (Newton is said to have first realized this 
fact by comparing the accelerations not of the planets, but of the Moon and an 
apple falling to the ground—the basic reasoning is the same in either case.) The 
force of gravity is said to obey an inverse-square law (Figure 1.18a).

We can combine the preceding statements about mass and distance to form a 
law of gravity that dictates the way in which all massive objects (i.e., objects hav-
ing some mass) attract one another:

Every particle of matter in the universe attracts every other particle with a 
force that is directly proportional to the product of the masses of the parti-
cles and inversely proportional to the square of the distance between them.

As shown in Figure 1.18(b), inverse-square forces decrease rapidly with distance 
from their source. For example, tripling the distance makes the force 32 = 9 times 
weaker, while multiplying the distance by five results in a force that is 52 = 25 times 
weaker. Despite this rapid decrease, the force never quite reaches zero. The gravita-
tional pull of an object having some mass can never be completely extinguished.

Orbital Motion
The mutual gravitational attraction of the Sun and the planets, as expressed by 
Newton’s law of gravity, is responsible for the observed planetary orbits. As de-
picted in Figure 1.19, this gravitational force continuously pulls each planet to-
ward the Sun, deflecting its forward motion into a curved orbital path. In the 
solar system, at this very moment, Earth is moving under the combined influence 
of these two effects: the competition between gravity and inertia. Because the 
Sun is much more massive than any of the planets, it dominates the interaction. 
We might say that the Sun “controls” the planets, not the other way around.

The planet–Sun interaction sketched here is analogous to what occurs when 
you whirl a rock at the end of a string above your head. The Sun’s gravitational 
pull is your hand and the string, and the planet is the rock at the end of that 
string. The tension in the string provides the force necessary for the rock to move 
in a circular path. If you were suddenly to release the string—which would be like 
eliminating the Sun’s gravity—the rock would fly away along a tangent to the cir-
cle, in accordance with Newton’s first law.

Kepler’s Laws Reconsidered
Newton’s laws of motion and his law of universal gravitation provided a theoretical 
explanation for Kepler’s empirical laws of planetary motion. Just as Kepler modified 
the Copernican model by introducing ellipses in place of circles, so too did Newton 
make corrections to Kepler’s first and third laws. Because the Sun and a planet feel 

concePt check 

explain, in terms of newton’s laws of motion and 
gravity, why planets orbit the Sun.

 FiguRe 1.18 gravitational Force (a) The gravitational force between two bodies is 
proportional to the mass of each and is inversely proportional to the square of the distance 
between them. (b) Inverse-square forces weaken rapidly with distance from their source, 
never quite reaching zero no matter how far away.

 FiguRe 1.19 Sun’s gravity The Sun’s inward pull of gravity on a planet competes with 
the planet’s tendency to continue moving in a straight line. These two effects combine, 
causing the planet to move smoothly along an intermediate path, which continuously “falls 
around” the Sun.
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equal and opposite gravitational forces (by Newton’s third law), the Sun must also 
move (by Newton’s first law) due to the planet’s gravitational pull. As a result, the 
planet does not orbit the exact center of the Sun but, instead, both the planet and 
the Sun orbit their common center of mass—the “average” position of the matter 
comprising the two bodies (see Figure 1.20)—and Kepler’s first law becomes:

   I. The orbit of a planet around the Sun is an ellipse having the center of 
mass of the planet–Sun system at one focus.

As illustrated in Figure 1.20, the center of mass of a system consisting of two 
objects of comparable mass does not lie within either object. For identical masses 
orbiting one another (Figure 1.21a), the orbits are identical ellipses with a common 
focus located midway between the two objects. For unequal masses (Figure 1.21b), 
the elliptical orbits still share a focus and have the same eccentricity, but the more 
massive object moves more slowly and on a tighter orbit. (Note that Kepler’s 
second law continues to apply without modification to each orbit separately, but 
the rates at which the two orbits sweep out area are different.)

The change to Kepler’s third law is small in the case of a planet orbiting the 
Sun but may be very important in other circumstances, such as the orbits of two 
stars that are gravitationally bound to one another. Following through the math-
ematics of Newton’s theory, we find the true relationship between the semimajor 
axis a (measured in astronomical units) of the planet’s orbit relative to the Sun 
and its orbital period P (in Earth years) is

P2 (in Earth years) =
a3 (in astronomical units)

Mtotal (in solar units)
 ,

where Mtotal is the combined mass of the two objects, expressed in terms of the 
mass of the Sun. Notice that this restatement of Kepler’s third law preserves the 
proportionality between P2 and a3, but now the proportionality also includes 
Mtotal so it is not quite the same for all the planets. The Sun’s mass is so great, 
however, that the differences in Mtotal among the various combinations of the Sun 
and the other planets are almost unnoticeable. Therefore, Kepler’s third law, as 
originally stated, is a very good approximation.

This modified form of Kepler’s third law is true in all circumstances, inside or 
outside the solar system. Most importantly, it provides a means of measuring mass 
anywhere in the universe, so long as we can determine the orbital properties—
separation and period—of the bodies involved. In fact, this is how all masses are 
measured in astronomy. When we need to know an object’s mass, we always look 
for its gravitational influence on something else. This principle applies to planets, 
stars, galaxies, even clusters of galaxies—very different objects but all subject to 
the same fundamental physical laws. Newton’s laws extend our intellectual reach 
far beyond the tiny fraction of the universe we can actually visit or touch.

The Circle of Scientific Progress
The progression from the complex Ptolemaic model of the universe to the elegant 
simplicity of Newton’s laws is a case study in the scientific method. (Sec.0.5)  
Copernicus made a radical conceptual leap away from the Ptolemaic view, gain-
ing much in insight but little in predictive power. Kepler made critical changes to 

 FiguRe 1.20 Center of Mass (a) The center of mass of 
two bodies of equal mass lies midway between them. (b) As 
the mass of one body increases, the center of mass moves 
toward it. Experienced seesawers know that when both sides 
are balanced, the center of mass is at the pivot point.

 FiguRe 1.21 Orbits (a) The orbits of two bodies with equal masses, under the 
influence of their mutual gravity, are identical ellipses with a common focus. The pairs of 
numbers (e.g., the two 2s in each orbit) indicate the positions of the two bodies at three 
different times. (b) The orbits of two bodies, one twice as massive as the other, are again 
elliptical and with the same eccentricity, but according to Newton’s laws, the more massive 
body moves more slowly and in a smaller orbit.
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The resulting orbits for mutually gravitating
bodies depend on their masses and
distances from each other.
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The Big QueSTiOn

Newtonian mechanics and the law of gravity work well for small masses 
and low velocities, and hence for almost every application on or near 
Earth. But in the early 20th century, Albert Einstein overthrew these ideas 
with a better one—relativity theory, which deals with fast-moving, often 
massive objects in curved space. Now, in the 21st century, scientists are 
beginning to grapple with the notion that other, still unknown, forces may 
dominate the universe on the largest scales. Will relativity in turn be 
replaced by a new paradigm? No one knows, but the scientific method is 
designed to help us find out.

Process of science check

Describe some ways in which newtonian 
mechanics superseded Kepler’s laws as a model of 
the solar system.

LO1 Geocentric (p. 28) models of the universe, 
such as the Ptolemaic model (p. 29), have 
the Sun, Moon, and planets all orbiting Earth. 
They explain retrograde motion (p. 31) as 
a real backward motion of a planet as it 
moves along its epicyclic path.

LO2 The heliocentric (p. 31) view of the solar 
system, due to Aristarchus and later 
Copernicus, holds that Earth, like all the other 
planets, orbits the Sun. This model explains 
both retrograde motion as Earth overtakes other planets in its 
orbit and the observed brightness variations of the planets. The 
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the Copernican picture and gained both accuracy and predictive power, but still 
fell short of a true physical explanation of planetary motion within the solar sys-
tem, or of orbital motion in general. Eventually, Newton showed how all known 
planetary motion could be explained in detail by the application of four simple, 
fundamental laws—the three laws of motion and the law of gravity. The process 
was slow, with many starts and stops and a few wrong turns, but it worked!

In a sense, the development of Newton’s laws and their application to plane-
tary motion represent the end of the first “loop” around the schematic diagram 
shown in Figure 0.22. The practical and conceptual questions raised by ancient 
observations of retrograde motion were finally resolved, and new predictions, 
themselves amenable to observational testing, became possible. But Newton’s laws 
went much further. Unlike the essentially descriptive models of Ptolemy, Coperni-
cus, and Kepler, Newtonian mechanics is not limited to the motions of planets. 
They apply to moons, comets, spacecraft, stars, and even the most distant galaxies, 
extending the range of our scientific inquiries across the observable universe.

Newton’s laws are still being tested today. Every time a comet appears in the 
night sky right on schedule or a spacecraft reaches the end of a billion-kilometer 
journey within meters of its target and seconds of the predicted arrival time, our 
confidence in the laws is further strengthened. 

Yet even Newton’s laws are just an approximation to reality. They break down 
in extreme circumstances—although this fact was only realized in the early 20th 
century, when Albert Einstein’s theories of relativity (Chapter 13) again revolution-
ized our view of gravity and the universe. The modern conception of an expanding 
universe dominated on the largest scales by non-gravitational forces (Chapter 17) 
differs radically from Newton’s conception of the cosmos, but it too is the result of 
the same basic scientific methodology followed by Galileo and Newton.
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Problems labeled POS explore the process of science.  ViS problems focus on reading and interpreting visual information.  LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

ReVieW AnD DiSCuSSiOn
1. LO1 Describe the strengths and weaknesses of the geocentric 

model of the universe.

2. POS The benefit of our current knowledge lets us see flaws in 
the Ptolemaic model of the universe. What is its basic flaw?

3. What was the great contribution of Copernicus to our knowl-
edge of the solar system?

4. LO2 How did the heliocentric model explain planetary motions 
and brightness variations?

5. LO3 POS How did Galileo help confirm the views of 
Copernicus?

6. Why is Galileo often thought of as the first experimental 
scientist?

7. LO4 Briefly describe Kepler’s three laws of planetary motion.

8. LO3 How did Tycho Brahe contribute to Kepler’s laws?

9. POS What does it mean to say Kepler’s laws are empirical?

10. LO5 If radio waves cannot be reflected from the Sun, how can 
radar be used to find the distance from Earth to the Sun?

11. List the two modifications made by Newton to Kepler’s laws.

12. Why do we say that a baseball falls toward Earth, and not Earth 
toward the baseball?

13. Why would a baseball thrown from the surface of the Moon go 
higher than one thrown with the same velocity from Earth’s 
surface?

14. LO6 According to Newton, why does Earth orbit the Sun?

15. What would happen to Earth if the Sun’s gravity were suddenly 
“turned off”?

COnCePTuAL SeLF-TeST: TRue OR FALSe?/MuLTiPLe ChOiCe
1. Aristotle proposed that all planets revolve around the Sun. (T/F)

2. During retrograde motion, planets actually stop and move 
backward in space. (T/F)

3. The heliocentric model of the universe holds that Earth is at 
the center and everything else moves around it. (T/F)

4. Copernicus’s theories gained widespread scientific acceptance 
during his lifetime. (T/F)

5. Galileo’s observations of the sky were made with the naked eye. 
(T/F)

6. The speed of a planet orbiting the Sun is independent of the 
planet’s position in its orbit. (T/F)

7. Kepler’s laws hold only for the six planets known in his time. 
(T/F)

8. You throw a baseball to someone; before the ball is caught, it is 
temporarily in orbit around Earth’s center. (T/F)

9. A major flaw in Copernicus’s model was that it still had (a) the 
Sun at the center; (b) Earth at the center; (c) retrograde loops; 
(d) circular orbits.

realization that the solar system is Sun centered, not Earth 
centered, is known as the Copernican revolution (p. 31).

LO3 Copernicus suggested that if the planets orbited the 
Sun, rather than Earth, this would provide a simpler 
explanation of their observed motion. Galileo Galilei 
was the first experimental scientist. His telescopic 
observations of the Sun, Moon, and planets 
provided experimental evidence against the 
geocentric theory and supporting Copernicus’s 
heliocentric model. Johannes Kepler constructed a set of three 
simple laws describing the motions of the planets around the 
Sun, explaining Tycho Brahe’s detailed observational data.

LO4 Kepler’s three laws of planetary motion  
(p. 34) state that (1) planetary orbits are 
ellipses (p. 34) having the Sun as one 
focus (p. 34), (2) a planet moves faster as 
its orbit takes it closer to the Sun, and (3) 

the orbital semimajor axis (p. 34) is simply related to the 
planet’s orbital period (p. 35).

LO5 The average distance from Earth to the Sun is 
one astronomical unit (p. 35), today 
precisely determined by bouncing radar  
(p. 36) signals off the planet Venus. Once 
this is known, the distances to all other planets 
can be inferred from Kepler’s laws.

LO6 To change a body’s velocity, a force (p. 34) 
must be applied. The rate of change of velocity, 
called the acceleration (p. 38), is equal to the 
applied force divided by the body’s mass. 
Gravity (p. 38) attracts the planets to the 
Sun. Every object having any mass exerts a gravitational 
force (p. 38) on all other objects, and the strength of this 
force decreases with distance according to an inverse-square 
law (p. 39).
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PROBLeMS
The number of squares preceding each problem indicates its approximate level of difficulty.

1.  Tycho’s observations were accurate to about 1 arc minute 
(1′). To what distance does this correspond at the distance of 
(a) the Moon, (b) the Sun, (c) Saturn at closest approach? 
( Problem 0.8)

2.  How long would a radar signal take to complete a round-trip 
between Earth and Mars when the two planets are 0.7 AU apart?

3.  Seen from Earth, through what angle will Mars appear to 
move relative to the stars over the course of 24 hours when the 
two planets are at closest approach? Assume that Earth and 
Mars move on circular orbits of radii 1.0 AU and 1.5 AU, re-
spectively, in the same plane. Will the apparent motion be pro-
grade or retrograde?

4.  An asteroid has a perihelion distance of 2.0 AU and an aph-
elion distance of 4.0 AU. Calculate its orbital semimajor axis, 
eccentricity, and period (see Figure 1.12).

5.  Halley’s Comet has a perihelion distance of 0.6 AU and an 
orbital period of 76 years. What is its aphelion distance from 
the Sun?

6.  Using the data in Table 1.1, calculate how much farther 
Mercury is from the Sun at aphelion than at perihelion.

7.  Jupiter’s moon Callisto orbits the planet at a distance  
of 1.88 million kilometer. Callisto’s orbital period about 
Jupiter is 16.7 days. What is the mass of Jupiter? [Assume 
that Callisto’s mass is negligible compared with that of 
 Jupiter, and use the modified version of Kepler’s third law 
(Section 1.4).]

8.  The acceleration due to gravity at Earth’s surface is 9.80 m/s2. 
What is the acceleration at altitudes of (a) 100 km? (b) 1000 
km? (c) 10,000 km? Take Earth’s radius to be 6400 km.

9.  Use Newton’s law of gravity to calculate the force of gravity 
between you and Earth. Convert your answer, which will be in 
newtons, to pounds using the conversion 4.45 N = 1 pound. 
What do you normally call this force?

10.  The Moon’s mass is 7.4 * 1022 kg, and its radius is 1700 km. 
What would be the period and the speed of a spacecraft moving 
in a circular orbit just above the lunar surface?

ACTiViTieS
Collaborative
1. You have been asked to arbitrate a dispute between a tour bus 

company and a nearby Native American tribe concerning a re-
cently discovered ancient medicine wheel. Using sketches as nec-
essary, compose a document describing what a medicine wheel is 
designed to do astronomically, and summarize the pros and cons 
of letting the public have unrestricted access to the site.

2. Select what you believe to be Galileo’s single most important 
astronomical observation, state why you think it was most im-
portant, and explain using sketches what he observed.

individual
3. Look in an almanac for the dates of opposition of Mars, Jupi-

ter, and Saturn. At opposition, these planets are at their closest 
points to Earth and are at their largest and brightest in the 

night sky. Observe these planets. How long before opposition 
does each planet’s retrograde motion begin? How long after-
ward does it end?

4. Use a small telescope to replicate Galileo’s observations of Jupi-
ter’s largest moons. Note the brightness and location of the 
moons relative to Jupiter. If you watch over a period of several 
nights, draw what you see; the moons’ positions will change as 
they orbit the planet.

5. Draw an ellipse (see Figure 1.11). You’ll need two pins, a piece 
of string, and a pencil. Tie the string in a loop and place around 
the pins. Place the pencil inside the loop and run it around the 
inside of the string, holding the loop taut. The two pins will be 
at the foci of the ellipse. What is the eccentricity of the ellipse 
you have drawn? How does its shape change as you vary the 
distance between the pins?
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10. ViS An accurate sketch of Mars’s orbit around the Sun would 
show (a) the Sun far off center; (b) an oval twice as long as it is 
wide; (c) a nearly perfect circle; (d) phases.

11. A calculation of how long it takes a planet to orbit the Sun 
would be most closely related to Kepler’s (a) first law of orbital 
shapes; (b) second law of orbital speeds; (c) third law of plane-
tary distances; (d) first law of inertia.

12. An asteroid with an orbit lying entirely inside Earth’s (a) has an 
orbital semimajor axis of less than 1 AU; (b) has a longer or-
bital period than Earth’s; (c) moves more slowly than Earth; (d) 
has a highly eccentric orbit.

13. If Earth’s orbit around the Sun were to double in size, the new 
“year” would be (a) less than 2; (b) 2; (c) more than 2 current 
Earth years.

14. ViS As shown in Figure 1.8 (Venus Phases), Galileo’s observa-
tions demonstrated that Venus must be (a) orbiting Earth;  
(b) orbiting the Sun; (c) larger than Earth; (d) similar to the 
Moon.

15. ViS Figure 1.17 (Gravity), showing the motion of a ball near 
Earth’s surface, depicts how gravity (a) increases with altitude; 
(b) causes the ball to accelerate downward; (c) causes the ball 
to accelerate upward; (d) has no effect on the ball.
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Light and Matter
The Inner Workings of the Cosmos

Astronomical objects are more than just things of beauty in the night sky. Planets, stars, 

and galaxies are of vital significance if we are to understand fully the big picture—the 

grand design of the universe. Every object is a source of information about the 

universe—its temperature, its chemical composition, its state of motion, its past history. 

The starlight we see tonight began its journey to Earth decades, centuries, even millennia 

ago. The faint rays from the most distant galaxies have taken billions of years to reach us. 

The stars and galaxies in the night sky show us not just the far away, but also the long 

ago. In this chapter, we begin our study of how astronomers extract information from the 

light emitted by astronomical objects. The observational and theoretical techniques that 

enable researchers to determine the nature of distant atoms by the way they emit and 

absorb light are the indispensable foundation of modern astronomy.

2

The data show huge “bubbles” of superheated gas 
apparently blasted out of the disk by intense jets of 
radiation emanating from a supermassive black hole 
at the galaxy’s center. These observations illustrate 
a key mechanism by which galaxies are thought to 
evolve, as well as the importance of multiwavelength 
observations in our understanding of the workings 
of the cosmos. (Chandra X-Ray Observatory)

 This remarkable composite image of the nearby 
galaxy M106 was created by combining 
observations made in the radio (purple), infrared 
(red), visible (yellow/white), and X-ray (blue) parts of 
the spectrum. In the visible and infrared, M106 
appears to be a rather normal disk galaxy, much 
like millions of others observed throughout the 
universe (see Chapter 15). But at radio and X-ray 
wavelengths, an entirely different picture emerges. 

The human eye sees just a tiny fraction of the radiation that pervades the universe. A 
much larger cosmos lies unseen beyond the visible spectrum. Space is filled with many 
different kinds of invisible radiation, ranging from radio waves to gamma rays. Detailed 
spectroscopic study of this broad range of visible and invisible information is the primary 
way in which astronomers study stars and other distant objects.

Studying this chapter will 
enable you to:

LO1 Describe the nature of 
electromagnetic radiation, 
and tell how that radiation 
transfers energy and 
information through 
interstellar space.

LO2 List the major regions of the 
electromagnetic spectrum, 
and arrange them in order of 
wavelength, frequency, or 
photon energy.

LO3 Explain how we can 
determine an object’s 
temperature by observing the 
radiation it emits.

LO4  Describe the characteristics of 
continuous, emission, and 
absorption spectra and the 
conditions under which each 
is produced.

LO5 Specify the basic components 
of the atom, and describe our 
modern conception of atomic 
and molecular structure.

LO6  Explain how electron 
transitions within atoms 
produce unique emission and 
absorption spectra and how 
an object’s composition can 
be determined from its 
spectrum.

LO7  Describe how the relative 
motion of an object can be 
determined from shifts in the 
wavelengths or frequencies of 
its spectral lines.

L e a r n I n g 
O u TCO m e s

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

The Big PicTure
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46 chAPTer 2   Light and matter

2.1 information from the Skies
Figure 2.1 shows our nearest large galactic neighbor, which lies in the constella-
tion Andromeda. On a dark, clear night, far from cities or other sources of light, 
the Andromeda galaxy, as it is generally called, can be seen with the naked eye as 
a faint, fuzzy patch on the sky, comparable in diameter to the full Moon. Yet the 
fact that it is visible from Earth belies this galaxy’s enormous distance from us. It 
lies roughly 2.5 million light-years away. An object at such a distance is truly inac-
cessible in any realistic human sense.

Light and radiation
How do astronomers know anything about objects far from Earth? The answer 
is that we use the laws of physics, as we know them here on Earth, to interpret 
the light, or electromagnetic radiation emitted by these objects. Radiation is 
any way in which energy is transmitted through space from one point to another 
without the need for any physical connection between those two locations. The 
term electromagnetic refers to the fact that the energy in a beam of light is actu-
ally carried in the form of rapidly changing electric and magnetic fields, as dis-
cussed in Section 2.2. Virtually all we know about the universe beyond Earth’s 
atmosphere has been learned from analysis of electromagnetic radiation re-
ceived from afar.

Visible light is the particular type of electromagnetic radiation to which the 
human eye happens to be sensitive. But, just as there are sound waves that hu-
mans can’t hear, there is also invisible electromagnetic radiation, which goes 
completely undetected by our eyes. Radio, infrared, and ultraviolet waves, as 
well as X-rays and gamma rays, all fall into this category. Recognize that, de-
spite the different names, these terms really all refer to the same thing. The names 
are just historical accidents, reflecting the fact that it took many years for scien-
tists to realize that these apparently very different types of radiation are in reality 
one and the same physical phenomenon. Throughout this text, we will use the 
general terms light and electromagnetic radiation more or less interchangeably.

Wave Motion
All types of electromagnetic radiation travel through space in the form of 
waves. Simply stated, a wave is a way in which energy is transferred 
from place to place without physical movement of material from one lo-
cation to another. In wave motion, the energy is carried by a disturbance 
of some sort that occurs in a distinctive, repeating pattern. Ripples on 
the surface of a pond, sound waves in air, and electromagnetic waves in 
space, despite their many obvious differences, all share this basic defin-
ing property.

As a familiar example, imagine a twig floating in a pond (Figure 2.2). 
A pebble thrown into the pond at some distance from the twig disturbs the 
surface of the water, setting it into up-and-down motion. This disturbance 
propagates outward from the point of impact in the form of waves. When 
the waves reach the twig, some of the pebble’s energy is transferred to it, 
causing the twig to bob up and down. In this way, both energy and infor-
mation—the fact that the pebble entered the water—are transferred from 
where the pebble landed to the location of the twig. We could tell just by 

 Figure 2.1  Andromeda galaxy  The pancake-shaped Andromeda galaxy is 
about 2.5 million light-years away and contains a few hundred billion stars.  
(R. Gendler)R I V U X G
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a pebble hit the water c

This insert shows a
series of “snapshots”
of the pond surface as
the wave passes by.

cto where a
    twig is floating.

1

1

1

1

2

2

2

2

3

3

3

3

4

4

4

4

5

5

5

5

Direction of wave motion

Undisturbed
pond surface

 Figure 2.2  Water Wave interactive  The passage of a 
wave across a pond causes the surface of the water to bob up 
and down, but there is no movement of water from one part 
of the pond to another.

Direction of wave motion

TroughUndisturbed
state

Crest
Wavelength

AmplitudeX X

observing the twig that a pebble (or some small object) had 
entered the water. With a little additional physics, we 
could even estimate the pebble’s energy.

A wave is not a physical object. No water 
traveled from the point of impact of the peb-
ble to the twig; at any location on the sur-
face, the water surface simply moved up 
and down as the wave passed. What, 
then, does move across the pond surface? 
The answer is that the wave is the pattern 
of up-and-down motion, and it is this pat-
tern that is transmitted from one point to 
the next as the disturbance moves across 
the water.

Figure 2.3 shows how wave properties are 
quantified. The wave period is the number of 
seconds needed for the wave to repeat itself at 
some point in space. The wavelength is the num-
ber of meters needed for the wave to repeat itself at 
a given moment in time. It can be measured as the distance 
between two adjacent wave crests, two adjacent wave troughs, or 
any other two similar points on adjacent wave cycles (for example, 
the points marked “3” in Figure 2.3). The maximum departure of the wave 
from the undisturbed state—still air, say, or a flat pond surface—is called its 
amplitude. The number of wave crests passing any given point per unit time is 
called the wave’s frequency. If a wave of a given wavelength moves at high 
speed, then many crests pass by per second and the frequency is high. Con-
versely, if the same wave moves slowly, then its frequency is low. The frequency 
of a wave is just one divided by the wave’s period:

frequency =
1

period
.

Since frequency counts events per unit time, it is expressed in units of inverse 
time (cycles per second), called hertz (Hz) in honor of the 19th-century German 
scientist Heinrich Hertz, who studied the properties of radio waves. For example, 
a wave with a period of 5 seconds (5 s) has a frequency of (1/5) cycles/s = 0.2 Hz, 
meaning that one wave crest passes a given point in space every 5 seconds.

A wave moves a distance equal to one wavelength in one wave period. The 
product of wavelength and frequency therefore equals the wave velocity:

wavelength * frequency = velocity.

Thus, if the wave in our earlier example had a wavelength of 0.5 m, its velocity is 
(0.5 m) * (0.2 Hz) = 0.1 m/s. Wavelength and wave frequency are inversely re-
lated—doubling one halves the other.

 Figure 2.3 Wave Properties interactive  A typical 
wave has a direction of motion, wavelength, and amplitude. 
In one wave period, the entire pattern shown here moves one 
wavelength to the right. 

ConCept CheCK

What is a wave? What four basic properties 
describe a wave, and what relationships, if any, 
exist among them?
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48 chAPTer 2   Light and matter

2.2 Waves in What?
Scientists know that radiation travels as a wave because light displays charac-
teristic behavior common to all kinds of wave motion. For example, light 
waves tend to “bend around corners,” just like sound waves or ocean waves 
passing a breakwater (Figure 2.4a). This is called diffraction. In addition, the 
crests and troughs of waves coming from different sources can reinforce or 
partly cancel one another (Figure 2.4b). This is known as interference. We 
are not normally aware of this behavior in the case of electromagnetic radia-
tion because the effects are generally too small to be noticeable in everyday 
life. However, they are easily measured in the laboratory and are very impor-
tant considerations when designing and building telescopes, as we will see in 
Chapter 3. Their discovery early in the 19th century provided strong evidence 
in favor of the theory that light moves as a wave.

Waves of radiation differ in one fundamental respect from water waves, 
sound waves, or any other waves that travel through a material medium—radia-
tion needs no medium. When light travels from a distant cosmic object, it moves 
through the vacuum of space. Sound waves, by contrast, cannot do this, despite 
what you hear in sci-fi movies! If we were to remove all the air from a room, con-
versation would be impossible because sound waves cannot exist without air or 
some other physical medium to support them. Communication by flashlight or 
radio, however, would be entirely feasible.

The ability of light to travel through empty space was once a great mystery. 
The idea that radiation could move as a wave through nothing at all seemed to 
violate common sense, yet it is now a cornerstone of modern physics.

interactions Between charged Particles
To understand more about the nature of light, consider an electrically charged 
particle, such as an electron or a proton. Electrons and protons are 
elementary particles—fundamental components of matter—that carry the 
basic unit of charge. Electrons are said to carry a negative charge, while 
protons carry an equal and opposite positive charge. Just as a massive object 
exerts a gravitational force on any other massive object, an electrically charged 
particle exerts an electrical force on every other charged particle in the universe. 

 (Sec. 1.4) Unlike gravity, however, which is always attractive, electrical 
forces can be either attractive or repulsive. Particles having like charges (both 
negative or both positive) repel one another; particles having unlike charges 
attract (Figure 2.5a).

Extending outward in all directions from our charged particle is an electric 
field, which determines the electric force exerted by the particle on other charged 
particles (Figure 2.5b). The strength of the electric field, like that of the gravita-
tional field, decreases with increasing distance from the source according to an 
inverse-square law—doubling the distance reduces the strength of the field by a 
factor of 4.  (Sec. 1.4) By means of the electric field, the particle’s presence is 
“felt” by other charged particles, near and far.

Now suppose our particle begins to vibrate, perhaps because it becomes heated 
or collides with some other particle. Its changing position causes its associated 
electric field to change, and this changing field in turn causes the electrical force 
exerted on other charges to vary (Figure 2.5c). If we measure the changes in the 
forces on these other charges, we learn about our original particle. Thus, 

In diffraction, a wave bends
around an obstacle, such as
a breakwater.

In interference, two waves
combine to produce a wave
equal to the sum of the two.
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 Figure 2.4 Wave Behavior  Diffraction (a) and interference 
(b) are two basic types of behavior shared by all waves, includ-
ing electromagnetic radiation.
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 Figure 2.5 charged Particles  (a) Particles carrying like electrical charges repel one 
another; particles with unlike charges attract. (b) A charged particle is surrounded by an 
electric field, which determines the particle’s influence on other charged particles. (c) If a 
charged particle begins to vibrate, its electric field changes.
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information about our particle’s motion is transmitted through space via a changing 
electric field. This disturbance in the particle’s electric field travels through space as 
a wave.

electromagnetism
The laws of physics tell us that a magnetic field must accompany every changing 
electric field. Magnetic fields govern the influence of magnetized objects on one 
another, much as electric fields govern interactions between charged particles. 
The fact that one end of a compass needle always points to magnetic north is the 
result of the interaction between the magnetized needle and Earth’s magnetic 
field (Figure 2.6). Magnetic fields also exert forces on moving electric charges 
(that is, electric currents)—electric meters and motors rely on this basic fact. 
Conversely, moving charges create magnetic fields (the electromagnets found in 
loudspeakers and electric motors are familiar examples).

Electric and magnetic fields are inextricably linked to one another. A change 
in either one necessarily creates the other. For this reason, the disturbance pro-
duced by our moving charge actually consists of oscillating electric and magnetic 
fields, always oriented perpendicular to one another and moving together through 
space (Figure 2.7). These fields do not exist as independent entities. Rather, they 
are different aspects of a single physical phenomenon: electromagnetism. 
Together they constitute an electromagnetic wave that carries energy and informa-
tion from one part of the universe to another.

Now consider a distant cosmic object—a star. It is made up of charged parti-
cles, mainly protons and electrons, in constant motion. As these charged contents 
move around, their electric fields change, and electromagnetic waves are pro-
duced. These waves travel outward into space, and eventually some reach Earth. 
Other charged particles, either in the molecules in our eyes or in our experimen-
tal apparatus (a telescope or radio receiver, for example), respond to the electro-
magnetic field changes by vibrating in tune with the received radiation. This 
response is how we “see” the radiation—with our eyes or with our detectors.

How fast does an electromagnetic wave travel? Both theory and experiment 
tell us that all electromagnetic waves move at a very specific speed—the speed of 
light (always denoted by the letter c). Its value is 299,792.458 km/s in a vacuum 
(and somewhat less in material substances, such as air or water). In this text, we 
round this value off to c = 3.00 * 105 km/s. This is an extremely high speed. In 
the time needed to snap your fingers—about a tenth of a second—light can travel 
three quarters of the way around our planet! According to the theory of relativity 
(see More Precisely 13-1), the speed of light is the fastest speed possible.

North
magnetic
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Compass
needle

N
N

Magnetic field lines

 Figure 2.6 Magnetism  Earth’s magnetic field interacts 
with a magnetic compass needle, causing the needle to 
become aligned with the field—that is, to point toward Earth’s 
north (magnetic) pole.
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 Figure 2.7 electromagnetic Wave  Electric and magnetic 
fields vibrate perpendicular to each other. Together they form 
an electromagnetic wave that moves through space at the 
speed of light.
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ConCept CheCK 

What is light? List some similarities and 
differences between light waves and waves on 
water or in air.
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 Figure 2.8 Visible Spectrum  When passed through  
a prism, white light splits into its component colors, spanning  
red to violet in the visible part of the electromagnetic  
spectrum. The slit narrows the beam of radiation. The  
“rainbow” of colors projected on the screen is just a series of 
different-colored images of the slit.

2.3 The electromagnetic Spectrum
White light is a mixture of colors, which we conventionally divide into six major 
hues—red, orange, yellow, green, blue, and violet. As shown in Figure 2.8, we can 
separate a beam of white light into a rainbow of these basic colors—called a spec-
trum (plural: spectra)—by passing it through a prism. This experiment was first 
reported by Isaac Newton more than 300 years ago. In principle, the original 
beam of white light could be recovered by passing the spectrum through a second 
prism to recombine the colored beams.

components of Visible Light
What determines the color of a beam of light? The answer is its frequency (or, equiv-
alently, its wavelength). We see different colors because our eyes react differently to 
electromagnetic waves of different frequencies. Red light has a frequency of roughly 
4.3 * 1014 Hz, corresponding to a wavelength of about 7.0 * 10-7 m. Violet light, at 
the other end of the visible range, has nearly double the frequency—7.5 * 1014 
Hz—and just over half the wavelength—4.0 * 10-7 m. The other colors we see have 
frequencies and wavelengths intermediate between these two extremes.

Because the wavelength of visible light is so small, scientists often use a unit 
called the nanometer (nm) when describing it (see Appendix 2). A nanometer is 
one-billionth of a meter, or 10-9 m. An older unit called the angstrom 
(1Å = 10-10 m = 0.1 nm) is also widely used by many astronomers and atomic 
physicists. Thus, the visible spectrum covers the wavelength range from 400 to 700 
nm. The radiation to which our eyes are most sensitive has a wavelength near the 
middle of this range, at about 550 nm, in the yellow-green region of the spectrum.

The Full range of radiation
Figure 2.9 plots the entire range of electromagnetic radiation. To the low-fre-
quency, long-wavelength side of visible light lies radio and infrared radiation. 
Radio frequencies include radar, microwave radiation, and the familiar AM, 

FM, and TV bands. We 
perceive infrared radia-
tion as heat. To the 
high-frequency, short-
wavelength side of visi-
ble light lies ultraviolet, 
X-ray, and gamma-ray 
radiation. Ultraviolet ra-
diation, lying just be-
yond the violet end of 
the visible spectrum, is 
responsible for suntans 

and sunburns. X-rays are best known for 
their ability to penetrate human tissue 
and reveal the state of our insides with-
out resorting to surgery. Gamma rays 
have the shortest wavelengths. They are 
often associated with radioactivity and 
are invariably damaging to any living 
cells they encounter. All these spectral re-
gions, including the visible, collectively 
make up the electromagnetic spectrum. 
Remember that despite their greatly 
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differing wavelengths and the very different roles they play in everyday life on 
Earth, all types of electromagnetic radiation are basically the same and all 
move at the same speed—the speed of light c.

Note that wave frequency (in hertz) in Figure 2.9 increases from left to right, 
while wavelength (in meters) increases from right to left. Scientists often disagree 
on the “correct” way to display wavelengths and frequencies in diagrams of this 
type, and it is common for astronomers working in different parts of the spec-
trum to adopt opposite conventions. Throughout this book we will consistently 
display frequency increasing toward the right.

The wavelength and frequency scales in Figure 2.9 do not increase by equal 
increments of 10. Instead, successive values on the horizontal axis increase by 
factors of 10—each successive value is 10 times greater than its neighbor. This 
type of scale (called a logarithmic scale) is often used in science to condense a 
very large range of data into a manageable size. We will use such scales fre-
quently throughout this book.

(540–1650 KHz) (88–108 MHz) Microwave

microns

Radio

Infrared

Ultraviolet

far near

near far

X-rays

Gamma rays

1023

10-1410-1210-1010-810-610-410-21102

100 m 1 m 1 cm 10 mm

100 mm 1 mm10 cm10 m

100 nm

104

102110191017101510131011109107105103

Frequency
(Hertz)

“Soft” “Hard”

Visible

700 600 500 400

100 GHz

100 1

1 GHz

Wavelength
(meters)

Scale

Mount Everest Sky-
scraper

Humans Fingernail Pin-
head

Dust Bacteria

Optical
windowRadio window

Virus Atom Atomic
nucleus

Nanometers

100

50
Opacity
(percent)

Atmosphere
is opaque

Atmosphere
is opaque

0

AM FM

Transparent

 Figure 2.9 electromagnetic Spectrum interactive   
The entire electromagnetic spectrum, running from long-
wavelength, low-frequency radio waves to short-wavelength, 
high-frequency gamma rays. Note how small the visible 
portion of the spectrum is. 
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Many objects emit only a tiny fraction of their total energy in the visible 
range. A wealth of knowledge can be gained by studying the invisible regions of 
the electromagnetic spectrum. To remind you of this important fact and to 
identify the region of the electromagnetic spectrum in which a particular ob-
servation was made, we have attached a spectrum icon—an idealized version of 
the wavelength scale in Figure 2.9—to every astronomical image presented in 
this text.

Only a small fraction of the radiation arriving at our planet from space actu-
ally reaches Earth’s surface because of the opacity of Earth’s atmosphere. Opacity 
is the extent to which radiation is blocked by the material through which it is pass-
ing. The more opaque an object is, the less radiation gets through. For example, a 
pane of glass has low opacity (i.e., is transparent) to visible light, while a sheet of 
paper or the air on a foggy day has high opacity. Earth’s atmospheric opacity is 
plotted along the bottom of Figure 2.9. Where the shading is greatest, no radiation 
can get in or out. Where there is no shading at all, our atmosphere is almost totally 
transparent.

Note that there are just a few windows (the unshaded regions) at well-de-
fined locations in the electromagnetic spectrum, where Earth’s atmosphere is 
transparent. In much of the radio and all of the visible portion of the spectrum, 
the opacity is low, and we can study the universe at those wavelengths from 
ground level. In parts of the infrared range, the atmosphere is partially 

 The Kelvin Temperature Scale

2.1  M o r e  p r e C i s e ly

The atoms and molecules that make up any piece of matter are 
in constant random motion. This motion represents a form of 
energy known as thermal energy. The quantity we call tempera-
ture is a direct measure of this internal motion: the higher an 
object’s temperature, the faster the random motion of its con-
stituent particles. More precisely, the temperature of a piece of 
matter specifies the average thermal energy of the particles it 
contains.

The temperature scale probably most familiar to you, the 
Fahrenheit scale, is now a peculiarity of American society. Most 
of the rest of the world uses the Celsius temperature scale, in 
which water freezes at 0 degrees (0°C) and boils at 100 degrees 
(100°C), as illustrated in the accompanying figure.

There are, of course, temperatures below the freezing point 
of water. Temperatures can in principle reach as low as −273.15°C 
(although we know of no matter anywhere in the universe that is 
actually this cold); this is the temperature at which, theoretically, 
all atomic and molecular motion effectively ceases. It is conveni-
ent to construct a temperature scale based on this lowest possible 
temperature, which is called absolute zero. Scientists commonly 
use such a scale, called the Kelvin scale in honor of the 19th-
century British physicist Lord Kelvin. Since it takes absolute zero 
as its starting point, the Kelvin scale differs from the Celsius scale 
by 273.15°. In this book, we round off the decimal places and 
simply use the relationship

kelvins = degrees Celsius + 273.

Thus,

  Thermal motion of atoms and molecules ceases at 0 kel-
vins (0 K).

  Water freezes at 273 kelvins (273 K).
  Water boils at 373 kelvins (373 K).

Note, by the way, that the unit is “kelvins,” or “K,” not “degrees kelvin” or “°K.”
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transparent, so we can make some infrared observations from the ground. Over 
the rest of the spectrum, however, the atmo sphere is opaque. As a result, most 
infrared, and all ultraviolet, X-ray, and gamma-ray observations, can be made 
only from high-flying balloons or (more commonly) above the atmosphere, from 
orbiting satellites (see Section 3.5).

2.4 Thermal radiation
All macroscopic objects—fires, ice cubes, people, stars—emit radiation at all 
times. They radiate because the microscopic charged particles in them are in con-
stant random motion, and whenever charges change their state of motion, elec-
tromagnetic radiation is emitted. The temperature of an object is a direct 
measure of the amount of microscopic motion within it (see More Precisely 2-1). 
The hotter the object, the higher its temperature, the faster its constituent parti-
cles move and the more energy they radiate.

The Blackbody Spectrum
Intensity is a term often used to specify the amount or strength of radiation at 
any point in space. Like frequency and wavelength, intensity is a basic property 
of electromagnetic radiation. No natural object emits all of its radiation at just 
one frequency. Instead, the energy is often spread out over a range of frequencies. 
By studying the way in which the intensity of this radiation is distributed across 
the electromagnetic spectrum, we can learn much about the object’s properties.

Figure 2.10 (a) illustrates schematically the distribution of radiation emitted 
by any object. Note that the curve peaks at a single, well-defined frequency 
(marked) and falls off to lesser values above and below that frequency. However, 
the curve is not symmetrical about the peak—the falloff is more rapid on the 
high-frequency side of the peak than it is toward lower frequencies. This overall 
shape is characteristic of the electromagnetic radiation emitted by any object, 
regardless of its size, shape, composition, or temperature.

The curve drawn in Figure 2.10(a) refers to a mathematical idealization 
known as a blackbody—an object that absorbs all radiation falling upon it. In a 
steady state (that is, if the temperature remains constant), a blackbody must ree-
mit the same amount of energy as it absorbs. The blackbody curve shown in the 
figure describes the distribution of that reemitted radiation. No real object ab-
sorbs or radiates as a perfect blackbody. For example, the Sun’s actual emission is 
shown in Figure 2.10(b). However, in many cases the blackbody curve is a very 
good approximation to reality, and the properties of blackbodies provide impor-
tant insights into the behavior of real objects, including stars.

ConCept CheCK 

In what sense are radio waves, visible light, and 
X-rays one and the same phenomenon?

SeLF-guided TuTOriAL
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 Figure 2.10  Blackbody curves, ideal vs. 
reality The blackbody curve represents the 
spread of the intensity of radiation emitted across 
the electromagnetic spectrum. Note the contrast 
between the perfect “textbook” case (a) and a real 
graph (dashed) of the Sun’s emission (b). The dif-
ference is due to absorption in the atmospheres of 
the Sun and Earth.
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54 chAPTer 2   Light and matter

The radiation Laws
As illustrated in Figure 2.11, the entire blackbody curve shifts toward higher fre-
quencies (shorter wavelengths) and greater intensities as an object’s temperature 
increases. Even so, the shape of the curve remains the same. This shifting of ra-
diation’s peak frequency with temperature is familiar to us all. Very hot glowing 
objects, such as lightbulb filaments or stars, emit visible light because their black-
body curves peak in or near the visible range. Cooler objects, such as warm rocks 
or household radiators, produce invisible radiation—they are warm to the touch 
but are not glowing hot to the eye. These objects emit most of their radiation in 
the lower-frequency infrared portion of the electromagnetic spectrum.

There is a very simple connection between the frequency or wavelength at 
which most radiation is emitted and the absolute temperature (that is, tempera-
ture measured in kelvins—see More Precisely 2-1) of the emitting object: The 
peak frequency is directly proportional to the temperature. This relationship, 
known as Wien’s law after Wilhelm Wien, the German scientist who formulated 
it in 1897, is usually expressed as:

wavelength of peak emission ∝
1

temperature
.

The symbol “∝” just means “is proportional to.” Wien’s law tells us that the hotter 
the object, the bluer its radiation. For example, an object with a temperature of 
6000 K (Figure 2.11c) emits most of its energy in the visible part of the spectrum, 
with a peak wavelength of 480 nm. At 600 K (Figure 2.11b), the object’s emission 
would peak at 4800 nm, well into the infrared. At a temperature of 60,000 K 
(Figure 2.11d), the peak would move all the way through the visible range to a 
wavelength of 48 nm, in the ultraviolet.

It is also a matter of everyday experience that as the temperature of an ob-
ject increases, the total amount of energy it radiates (summed over all frequen-
cies) increases rapidly. For example, the heat given off by an electric heater 
increases sharply as the heater warms up and begins to emit visible light. In fact, 
the total amount of energy radiated per unit time is proportional to the fourth 
power of an object’s temperature:

total energy radiated per second ∝ temperature4.

This relationship is called Stefan’s law, after the 19th-century Austrian physicist 
Josef Stefan. It implies that the energy emitted by a body rises dramatically as the 
body’s temperature increases. Doubling the temperature, for example, causes the 
total energy radiated to increase by a factor of 16. The radiation laws are pre-
sented in more detail in More Precisely 2-2.

Astronomical Applications
Astronomers use blackbody curves as thermometers to determine the tempera-
tures of distant objects. For example, study of the solar spectrum makes it possi-
ble to measure the temperature of the Sun’s surface. Observations of the 
electromagnetic radiation from the Sun at many frequencies yield a curve shaped 
somewhat like that shown in Figure 2.10. The Sun’s curve peaks in the visible part 
of the electromagnetic spectrum. The Sun also emits a lot of infrared and a little 
ultraviolet radiation. Applying Wien’s law to the blackbody curve that best fits the 
solar spectrum, we find that the temperature of the Sun’s surface is approxi-
mately 6000 K (Figure 2.11c). A more precise measurement, based on the detailed 
solar spectrum (Section 2.6), yields a temperature of 5800 K.

Other cosmic objects have surfaces very much cooler or hotter than the Sun’s, 
emitting most of their radiation in invisible parts of the spectrum. For example, 

AniMATiOn/VideO

solar eclipse Viewed from space, in X-rays 
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 Figure 2.11 Blackbody curves 
interactive  Comparison of blackbody 
curves for four cosmic objects. (a) A cool, 
dark galactic cloud called Barnard 68. At a 
temperature of 60 K, it emits mostly radio 
radiation, shown here as overlaid contours. 
(b) A dim, young star (shown white in the 
inset photograph) called Herbig-Haro 46. 
The star’s atmosphere, at 600 K, radiates 
mainly in the infrared. (c) The Sun’s surface, 
at approximately 6000 K, is brightest in 
the visible region of the electromagnetic 
spectrum. (d) Some very hot, bright stars in 
a cluster called Messier 2, as observed by 
an orbiting space telescope above Earth’s 
atmosphere. At a temperature of 60,000 K, 
these stars radiate strongly in the ultraviolet. 
(ESO; AURA; NASA; Kennedy Space Center) 
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56 chAPTer 2   Light and matter

the relatively cool surface of a very young star might measure 600 K and emit 
mostly infrared radiation (Figure 2.11b). Cooler still is the interstellar gas cloud 
from which the star formed. At a temperature of 60 K, such a cloud would emit 
mainly long-wavelength radiation in the radio and infrared parts of the spectrum 
(Figure 2.11a). The brightest stars, by contrast, have surface temperatures as high 
as 60,000 K and, hence, emit mostly ultraviolet radiation (Figure 2.11d).

2.5 Spectroscopy
Radiation can be analyzed with an instrument known as a spectroscope. In its 
most basic form, this device consists of an opaque barrier with a slit in it (to form 
a narrow beam of light), a prism (to split the beam into its component colors), 
and either a detector or a screen (to allow the user to view the resulting spec-
trum). Figure 2.12 shows such an arrangement.

emission Lines
The spectra encountered in the previous section are examples of continuous spectra. 
A lightbulb, for instance, emits radiation of all wavelengths (but mostly in the visible 
and near-infrared ranges), with an intensity distribution that is well described by the 
blackbody curve corresponding to the bulb’s temperature. Viewed through a spectro-
scope, the spectrum of the light from the bulb would show the familiar rainbow run-
ning from red to violet without interruption, as presented in Figure 2.12.

 More on the radiation Laws

2.2  M o r e  p r e C i s e ly

Wien’s law relates the temperature T of an object to the wavelength 
lmax at which the object’s blackbody radiation spectrum peaks. (The 
Greek letter l—lambda—is conventionally used to denote wave-
length.) Mathematically, if we measure T in kelvins, we find that

lmax =
0.29 cm

T
.

Thus, at 6000 K (the approximate surface temperature of the Sun), 
the wavelength of maximum intensity is 0.29/6000 cm, or 480 nm, 
corresponding to the yellow-green part of the visible spectrum. A 
cooler star with a temperature of 3000 K has a peak wavelength of 
970 nm, just longward of the red end of the visible spectrum, in the 
near infrared. The blackbody curve of a star with a temperature of 
12,000 K peaks at 242 nm, in the near ultraviolet, and so on.

We can also give Stefan’s law a more precise mathematical 
formulation. With T again measured in kelvins, the total amount 
of energy emitted per square meter of surface per second  
(a quantity known as the energy flux F) is given by

F =  s T 4.

energy per
unit area

constant

temperature
to the fourth

power

This equation is usually referred to as the Stefan-Boltzmann equa-
tion. (Stefan’s student, Ludwig Boltzmann, was an Austrian phys-
icist who played a central role in the development of the laws of 
thermodynamics during the late 19th and early 20th centuries.) 
The constant s (the Greek letter sigma) is known as the Stefan-
Boltzmann constant. In SI units, the Stefan-Boltzmann constant 
has the value s = 5.67 * 10-8 W/m2 K4.

Thus, red-hot metal in a furnace, at a temperature of 3500 
K, radiates energy at a rate of about 850 W for every square cen-
timeter of its surface area. Doubling its temperature to 7000 K 
(so that it becomes yellow to white hot, by Wien’s law) increases 
the energy emitted by a factor of 16 (four “doublings”), to 13.6 
kilowatts (kW) (13,600 W) per square centimeter.

Finally, note that the law relates to energy emitted per unit 
area. The flame of a blowtorch is considerably hotter than a bon-
fire, but the bonfire emits far more energy in total, because it is 
much larger.

Thus, in computing the total energy emitted from a hot 
object, both the object’s temperature and its surface area must be 
taken into account. This fact is of great importance in determin-
ing the “energy budget” of planets and stars, as we will see in 
later chapters.

ConCept CheCK 

Describe, in terms of the radiation laws, how the 
appearance of an incandescent lightbulb changes 
as you turn a dimmer switch to increase its 
brightness from “off” to “maximum.”
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Not all spectra are continuous, however. For instance, if we took a glass 
jar containing pure hydrogen gas and passed an electrical discharge through it 
(a little like a lightning bolt arcing through Earth’s atmos-
phere), the gas would begin to glow—that is, 
it would emit radiation. If we were to ex-
amine that radiation with our spectro-
scope, we would find that its 
spectrum consisted of only a few 
bright lines on an otherwise 
dark background, quite unlike 
the continuous spectrum of 
the lightbulb. Figure 2.13 
shows this schematically (the 
lenses have been removed for 
clarity), and a more detailed 
rendering of the spectrum of 
hydrogen appears in the top 
panel of Figure 2.14. The light 
produced by the hydrogen in this 
experiment does not consist of all possible colors but instead includes only a 
few narrow, well-defined emission lines, narrow “slices” of the continuous 
spectrum. The black background represents all the wavelengths not emitted 
by hydrogen.

After some experimentation, we would also find that although we could alter 
the intensity of the lines (for example, by changing the amount of hydrogen in the 
jar or the strength of the electrical discharge), we could not alter their color (in 
other words, their frequency or wavelength). The particular pattern of spectral 
emission lines shown in Figure 2.13 is a property of the element hydrogen—
whenever we perform this experiment, the same characteristic emission 
spectrum is the result. Other elements yield different emission spectra. Depend-
ing on which element is involved, the pattern of lines can be fairly simple or very 
complex. Always, though, it is unique to that element. The emission spectrum of a 
gas thus provides a “fingerprint” that allows scientists to deduce its presence by 
spectroscopic means. An analogy is a bar code that specifies uniquely the cost of 
a supermarket item. Examples of the emission spectra of some common sub-
stances are shown in Figure 2.14.

Absorption Lines
When sunlight is split by a prism, at first glance it appears to 
produce a continuous spectrum. However, closer scrutiny shows 
that the solar spectrum is interrupted by a large number of nar-
row dark lines, as shown in Figure 2.15. These lines represent 
wavelengths of light that have been removed (absorbed) by gases 
present either in the outer layers of the Sun or in Earth’s atmos-
phere. These gaps in the spectrum are called absorption lines. 
The absorption lines in the solar spectrum are referred to col-
lectively as Fraunhofer lines, after the 19th-century German 
physicist Joseph Fraunhofer, who measured and cataloged more 
than 600 of them.

 Figure 2.12  Spectroscope A simple spectroscope 
allows a narrow beam of light to pass through a thin slit and 
then into a prism where it is split into its component colors. 
A lens then focuses the light into a sharp image that is either 
projected onto a screen, as shown here, or analyzed as it 
strikes the detector.

SeLF-guided TuTOriAL

emission spectra

 Figure 2.13 emission Spectrum interactive  Instead of a continuous 
spectrum, the light from excited (heated) hydrogen gas consists of a series of distinct 
spectral lines. (For simplicity, the focusing lens has been omitted.) 
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ConCept CheCK 

What are absorption and emission lines? What do 
they tell us about the properties of the gas 
producing them?
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58 chAPTer 2   Light and matter

At around the time solar absorption lines were discovered, scientists found 
that absorption lines could also be produced in the laboratory by passing a beam 
of light from a continuous source through a cool gas, as shown in Figure 2.16. 
They quickly observed a connection between emission and absorption lines: The 

absorption lines associated with a given gas occur at 
precisely the same wavelengths as the emission lines 
produced when the gas is heated. Both sets of lines 
therefore contain the same information about the 
composition of the gas.

The study of the ways in which matter emits and 
absorbs radiation is called spectroscopy. The ob-
served relationships between the three types of spec-
tra—continuous, emission line, and absorption 
line—are illustrated in Figure 2.17 and may be sum-
marized as follows:

Hydrogen

Sodium

Helium

Neon

Mercury

650 600 550 500
Wavelength (nm)

450 400 350

 Figure 2.14 elemental emission  The emission spectra of some well-known elements. Note that wavelengths shorter 
than 400 nm, shown here in shades of purple, are in the ultraviolet part of the spectrum and thus invisible to the human eye. 
(Wabash Instrument Corporation)

The scale of this spectrum extends from long wavelengths in red . . .

. . . to short wavelengths in blue.

 Figure 2.15 Solar Spectrum  The Sun’s visible spectrum 
shows hundreds of dark absorption lines superimposed on a 
bright continuous spectrum. This high-resolution spectrum is 
displayed in a series of 48 horizontal strips stacked vertically; 
each strip covers a small portion of the entire spectrum from 
left to right. If the strips were placed side by side, the full spec-
trum would be some 6 meters (20 feet) across! (AURA)
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 Figure 2.16 Absorption Spectrum interactive  When 
a cool gas is placed between a source of continuous radiation 
(such as a hot lightbulb) and the detector/screen, the result-
ing color spectrum is crossed by a series of dark absorption 
lines. These lines are formed when the intervening cool gas 
absorbs certain wavelengths (colors) from the original beam 
of light. The absorption lines appear at precisely the same 
wavelengths as the emission lines that would be produced if 
the gas were heated to high temperatures (see Figure 2.13). 

Hot bulb

Cool gas

Slit

Prism

Absorption
lines

Screen

SeLF-guided TuTOriAL

absorption spectra

Begin examining this figure with
the central light source . . .

. . . and then carefully follow the beams to
each of the three different spectra.

(b)

(a)

(c)

Absorption
spectrum

Prism

Prism

PrismSlit

Gas cloud

Hot bulb

Slit

Slit

Emission
spectrum

Continuous
spectrum

 Figure 2.17  Kirchhoff’s Laws A source of continuous radiation, here represented by 
a lightbulb, is used to illustrate Kirchhoff’s laws of spectroscopy. (a) The unimpeded beam 
shows the familiar continuous spectrum of colors. (b) When the source is viewed through a 
cloud of hydrogen gas, a series of dark hydrogen absorption lines appear in the continuous 
spectrum. These lines are formed when the gas absorbs some of the bulb’s radiation and 
reemits it in random directions. (c) When the gas is viewed from the side, a fainter hydrogen 
emission spectrum is seen, consisting of reemitted radiation.

 1. A luminous solid or liquid, or a sufficiently dense gas, emits light of 
all wavelengths and so produces a continuous spectrum of radia-
tion (Figure 2.12).

 2. A low-density hot gas emits light whose spectrum consists 
of a series of bright emission lines. These lines are 
characteristic of the chemical composition of the gas 
(Figure 2.13).

 3. A low-density cool gas absorbs certain wavelengths 
from a continuous spectrum, leaving dark absorption 
lines in their place, superimposed on the continuous 
spectrum. These lines are characteristic of the compo-
sition of the intervening gas. They occur at precisely 
the same wavelengths as the emission lines produced 
by the gas at higher temperatures (Figure 2.16).

These rules are collectively known as Kirchhoff’s laws, 
after the German physicist Gustav Kirchhoff, who published 
them in 1859.

Astronomical Applications
Once astronomers realized that spectral lines were indicators of chemical compo-
sition, they set about identifying the observed lines in the Sun’s spectrum. Almost 
all of the lines observed from extraterrestrial sources could be attributed to 
known elements. For example, many of the Fraunhofer lines in sunlight are asso-
ciated with the element iron. However, some unfamiliar lines also appeared in the 
solar spectrum. In 1868 astronomers realized that those lines must correspond to 
a previously unknown element. It was given the name helium, after the Greek 
word helios, meaning “Sun.” Only in 1895 was helium discovered on Earth.

The development of spectroscopy is another ex-
ample of the scientific method in action. 

 (Sec. 0.5) As technology evolved and experi-
mental measurement techniques improved, scien-
tists realized that spectra were unique fingerprints 
of matter. They then went on to use this knowledge 
as a means of determining the composition of ob-
jects that were otherwise impossible to reach.

Yet for all the information that 19th-century as-
tronomers could extract from observations of stellar 
spectra, they still lacked a theory explaining how those spec-
tra arose. Despite their sophisticated spectroscopic equipment, 
they knew little more about the physics of stars than did Galileo 
or Newton. The next step in the circle of scientific progress was an 
explanation of Kirchhoff’s empirical laws in terms of fundamental 
physical principles, just as Newtonian mechanics explained Kepler’s em-
pirical laws of planetary motion.  (Sec. 1.4) And as with Newton’s laws, the 
new theory—called quantum mechanics—opened the door to an explosion of sci-
entific understanding far beyond the context in which it was originally conceived.
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2.6 Formation of Spectral Lines
By the start of the 20th century, physicists knew that light sometimes behaves in 
a manner that cannot be explained by the wave theory of radiation. Absorption 
and emission lines are produced only at certain, very specific wavelengths. This 
would not be the case if light behaved only as a continuous wave and matter al-
ways obeyed the laws of Newtonian mechanics. Clearly, when light interacts with 
matter on very small scales, it does so not in a smooth, continuous way but in a 
discontinuous, stepwise manner. The challenge was to explain this unexpected 
behavior. The solution revolutionized our view of nature and now forms the 
foundation not just for physics and astronomy, but for all of modern science.

Atomic Structure
To explain the formation of spectral lines, we must understand not just the nature of 
light but also something of the structure of atoms—the microscopic building blocks 
of matter. Let’s start with the simplest atom, hydrogen, which consists of a single 
negatively charged electron orbiting a positively charged proton. The proton forms 
the central nucleus (plural: nuclei) of the atom. Because the positive charge on the 
proton exactly cancels the negative charge on the electron, the hydrogen atom as a 
whole is electrically neutral. If an atom absorbs some energy in the form of radiation, 
that energy must cause some internal change. And if the atom emits energy, it must 
come from somewhere within the atom. The energy absorbed or emitted by the atom 
is associated with changes in the motion of the orbiting electron.

In 1913, Danish physicist Niels Bohr developed a model of the atom that 
provided the first explanation of hydrogen’s observed spectral lines. His work 
earned him the 1922 Nobel Prize in Physics. The essential features of the Bohr 
model of the atom are as follows. First, there is a state of lowest energy—the 
ground state—which represents the “normal” condition of the electron as it or-
bits the nucleus. Second, there is a maximum energy that the electron can have 
and still be part of the atom. If the electron acquires more than that maximum 
energy, it is no longer bound to the nucleus, and the atom is said to be ionized. 
An atom having fewer (or more) than its normal complement of electrons, and, 
hence, a net electrical charge, is called an ion. Third, and most important (and 
also least intuitive), between those two energy levels, the electron can exist only 
in certain sharply defined energy states, often referred to as orbitals.

An atom is said to be in an excited state when an electron occupies an or-
bital other than the ground state. The electron then lies at a greater than normal 
distance from its parent nucleus, and the atom has a greater than normal amount 
of energy. The excited state with the lowest energy (that is, the one closest to the 
ground state) is called the first excited state, that with the second-lowest energy 
the second excited state, and so on.

In Bohr’s model, each electron orbital was pictured as having a specific radius, 
like a planetary orbit in the solar system, as shown in Figure 2.18. The modern 
view is not so simple. Although each orbital does have a precise energy, the elec-
tron is now envisioned as being smeared out in an electron cloud surrounding the 
nucleus, as illustrated in Figure 2.19. It is common to speak of the average dis-
tance from the cloud to the nucleus as the radius of the electron’s orbital. When a 
hydrogen atom is in its ground state, the radius of the orbital is about 0.05 nm. As 
the orbital energy increases, the radius increases, too. For clarity, Figures 2.20 and 
2.21 below use solid lines to represent electron orbitals, but bear in mind that the 
fuzziness in Figure 2.19 is a more accurate depiction of reality.

An atom can become excited by absorbing some light energy from a source of 
electromagnetic radiation or by colliding with some other particle—another 
atom, for example. However, the atom cannot stay in that state forever. After 
about 10-8 s, it returns to its ground state.

ProtonProton

(b) Excited state(a) Ground state

Electron
Electron

ProtonProton

(b) Excited state(a) Ground state

Average
distance of

electron from proton

Electron
“cloud”

Electron
Electron

 Figure 2.19  Modern Atom  The modern view of the 
hydrogen atom sees the electron as a “cloud” surrounding 
the nucleus.

 Figure 2.18 classical Atom  An early-20th-century con-
ception of the hydrogen atom—the Bohr model—pictured 
its electron orbiting the central proton in a well-defined orbit, 
much like a planet orbiting the Sun. Two electron orbits of 
different energies are shown: (a) the ground state and (b) an 
excited state.

Atomic Structure and Spectroscopy

Fifty-seven percent of students had problems 
connecting atomic structure to an atom’s emission 
and absorption of energy. Remember the following:

 Electrons in atoms can occupy only certain 
orbits, with precisely defined energies; the 
allowed energies increase as we move outward 
from the nucleus.

 When an electron moves from one orbit to 
another, the law of conservation of energy  
says that the change must be accompanied  
by the emission (if the electron drops from a 
high-energy orbit to a lower one) or absorption 
(low to high) of a photon of radiation.

 The energy of the photon is exactly equal to the 
change in orbital energy. High-energy photons 
have shorter wavelength (higher frequency).

Data points

M03_CHAI7702_08_SE_C02.indd   60 12/11/15   5:13 PM



 SecTiOn 2.6   Formation of spectral Lines 61

The Particle nature of radiation
Here is the crucial point that links atoms to radiation and allows us to interpret 
atomic spectra. Because electrons may exist only in orbitals having specific ener-
gies, atoms can absorb only specific amounts of energy as their electrons are 
boosted into excited states. Likewise, atoms can emit only specific amounts of 
energy as their electrons fall back to lower energy states. Thus, the amount of 
light energy absorbed or emitted in these processes must correspond precisely to 
the energy difference between two orbitals. This requires that light must be ab-
sorbed and emitted in the form of little “packets” of electromagnetic radiation, 
each carrying a very specific amount of energy. We call these packets photons. A 
photon is, in effect, a “particle” of electromagnetic radiation.

The idea that light sometimes behaves not as a continuous wave but as a 
stream of particles was first suggested by Albert Einstein in 1905. By then, experi-
mental evidence clearly indicated that, on microscopic scales, electromagnetic ra-
diation often displayed particle properties. Scientists understood that the notion 
of radiation as a wave was incomplete, but they did not know how to reconcile its 

This is a
complex—
but important—
diagram.

Start in part (a) and examine the
changes while following the red
arrows from left to right.

Do the same for part (b), noting that
as the atom becomes more excited,
it has optional paths back to the 
ground state.
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red because it’s made mostly 
of hydrogen that emits in the 

red part of the spectrum at 
656.3 nm wavelength.

 Figure 2.20 Atomic excitation interactive  (a) Absorption of an ultraviolet (UV) photon (left) by a hydrogen atom causes the momentary excitation of 
the atom into its first excited state (center). Eventually, the atom returns to its ground state (right), in the process emitting a photon having exactly the same energy 
as the original photon. (b) Absorption of a higher-energy UV photon may boost the atom into a higher excited state, from which there are several possible paths 
back to the ground state. At the top, the electron falls immediately back to the ground state, emitting a photon identical to the one it absorbed. At the bottom, the 
electron initially falls into the first excited state, producing visible radiation of wavelength 656.3 nm—the characteristic red glow of excited hydrogen. (Inset: NASA) 
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two seemingly contradictory natures. Einstein’s great breakthrough (for which he 
won the 1919 physics Nobel Prize) came when he realized that all of the puzzling 
experiments could be explained by a simple, but critically important, connection 
between the particle and wave aspects of light. He found that the energy contained 
within a photon had to be proportional to the frequency of the radiation:

photon energy ∝ radiation frequency.

Thus, for example, a “red” photon having a frequency of 4 * 1014 Hz (corre-
sponding to a wavelength of about 750 nm) has 4/7 the energy of a “blue” photon, 
of frequency of 7 * 1014 Hz. Because it connects the energy of a photon with the 
color of the light it represents, this relationship is the final piece in the puzzle of 
how to understand the spectra we see.

Environmental conditions ultimately determine which description—wave or 
stream of particles—better fits the behavior of electromagnetic radiation. As a 
general rule of thumb, in the macroscopic realm of everyday experience, radia-
tion is more usefully described as a wave, and in the microscopic domain of 
atoms, it is best characterized as a stream of particles.

The Spectrum of hydrogen
Figure 2.20 illustrates the absorption and emission of photons by a hydrogen 
atom. In part (a), the atom absorbs a photon of radiation and makes a transition 
from the ground state to the first excited state, then emits a photon of precisely the 
same energy and drops back to the ground state. The energy difference between 
the two states corresponds to an ultraviolet photon of wavelength 121.6 nm.

Figure 2.20(b) depicts the absorption of a more energetic (higher frequency, 
shorter wavelength) ultraviolet photon, this one having a wavelength of 102.6 nm, 
causing the atom to jump to the second excited state. From that state, the electron 
may return to the ground state via either one of two alternate paths:

 1. It can proceed directly back to the ground state, in the process emitting an 
ultraviolet 102.6-nm photon identical to the one that excited the atom in the 
first place.

 2. Alternatively, it can cascade down one orbital at a time, emitting two photons: 
one having an energy equal to the difference between the second and first 
excited states and the other having an energy equal to the difference between 
the first excited state and the ground state.

The second step in the cascade produces a 121.6-nm ultraviolet photon, just as in 
Figure 2.20(a). However, the first part of the cascade—the one from the second to 
the first excited state—produces a photon of wavelength 656.3 nm, which is in the 
visible part of the electromagnetic spectrum. This photon is seen as red light. An 
individual atom—if one could be isolated—would emit a momentary red flash. 
The inset in Figure 2.20 shows an astronomical object whose red color is the re-
sult of precisely this process.

Absorption of still more energy can boost the electron to even higher orbitals 
within the atom. As the excited electron cascades back down to the ground state, 
the atom may emit many photons, each with a different energy and, hence, a dif-
ferent color. In this case, the resulting spectrum shows many distinct spectral 
lines. For hydrogen, all transitions ending at the ground state produce ultraviolet 
photons. However, downward transitions ending at the first excited state give rise 
to spectral lines in or near the visible portion of the electromagnetic spectrum 
(Figure 2.14). Because they form the most easily observable part of the hydrogen 
spectrum and were the first to be discovered, these lines (also known as Balmer 
lines) are often referred to simply as the “hydrogen series” and are denoted by the 
letter H. Individual transitions are labeled with Greek letters, in order of increas-
ing energy (decreasing wavelength): The Hα (H alpha) line corresponds to the 
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transition from the second to the first excited state and has a wavelength of 656.3 
nm (red); Hb (H beta; third to first) has wavelength 486.1 nm (green); Hγ  
(H gamma; fourth to first) has wavelength 434.1 nm (blue); and so on.

Kirchhoff’s Laws explained
Let’s reconsider our earlier discussion of emission and absorption lines in terms 
of the model just presented. In Figure 2.17(b) a beam of radiation shines through 
a cloud of gas. The beam contains photons of all energies, but most of them do 
not interact with the gas because the gas can absorb only photons having pre-
cisely the right energy to cause an electron to jump from one orbital to another. 
Photons having energies that cannot produce such a jump pass through the gas 
unhindered. Photons having the right energies are absorbed, excite the gas, and 
are removed from the beam. This is the cause of the dark absorption lines in the 
spectrum. These lines are direct indicators of the energy differences between or-
bitals in the atoms making up the gas.

The excited gas atoms rapidly return to their original states, each emitting 
one or more photons in the process. Most of these reemitted photons leave at an-
gles that do not take them through the slit and on to the detector. A second detec-
tor looking at the cloud from the side (Figure 2.17c) would record the reemitted 
energy as an emission spectrum. (This is what we are seeing in the inset to Figure 
2.20.) Like the absorption spectrum, the emission spectrum is characteristic of 
the gas, not of the original beam.

The case of a continuous spectrum in Figure 2.17(c) is shown for emitted pho-
tons escaping from the bulb without further interaction with matter. Actually, the 
situation in a denser source of radiation (a thick gas cloud or in a liquid or solid 
body) is more complex. There, a photon is likely to interact with atoms, free elec-
trons, and ions in the body many times before finally escaping, exchanging some 
energy with the matter at each encounter. The net result is that the emitted radiation 
displays a continuous spectrum, in accordance with Kirchhoff’s first law. The spec-
trum is approximately that of a blackbody with the same temperature as the source.

More complex Spectra
All hydrogen atoms have the same structure—a single electron orbiting a single pro-
ton—but, of course, there are many other kinds of atoms, each having a unique in-
ternal structure. The number of protons in the nucleus of an atom determines which 
element the atom represents. That is, just as all hydrogen atoms have a single pro-
ton, all oxygen atoms have 8 protons, all iron atoms have 26 protons, and so on.

The next simplest element after hydrogen is helium. Its nucleus is made up of 
two protons and two neutrons (another elementary particle with a slightly larger 
mass than a proton, but carrying no electrical charge). Two electrons orbit the 
nucleus. As with hydrogen and all other atoms, the “normal” condition for helium 
is to be electrically neutral, with the negative charge of the orbiting electrons ex-
actly canceling the positive charge of the nucleus (Figure 2.21a).

More complex atoms contain more protons (and neutrons) in the nucleus 
and have correspondingly more orbiting electrons. For example, an atom of car-
bon (Figure 2.21b) consists of six electrons orbiting a nucleus containing six pro-
tons and six neutrons. As we progress to heavier and heavier elements, the 
number of orbiting electrons increases, and consequently the number of possi-
ble electronic transitions rises rapidly. The number increases further as the tem-
perature increases and atoms become excited or even ionized. The result is that 
very complicated spectra can be produced. The complexity of atomic spectra 
generally reflects the complexity of the source atoms.

Even more complex spectra are produced by molecules. A molecule is a 
tightly bound group of atoms held together by interactions among their orbiting 

 Figure 2.21 helium and carbon  (a) A helium atom in 
its ground state has two electrons within the lowest-energy 
orbital around a nucleus containing two protons and two neu-
trons. (b) A carbon atom in its ground state has six electrons 
orbiting around a six-proton, six-neutron nucleus—two of the 
electrons in an inner orbital and the other four at a greater 
distance from the center.
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In what ways was the wave theory of radiation 
unable to account for detailed observations of 
atomic spectra? Describe some key aspects of the 
theory of quantum mechanics, and explain how 
the new theory explains spectral lines.
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electrons—interactions called chemical bonds. Much like atoms, molecules can 
exist only in certain well-defined energy states, and they produce emission or 
absorption spectral lines when they make a transition from one state to another. 
Because molecules are more complex than atoms, the rules of molecular physics 
are also much more complex. Nevertheless, as with atomic spectral lines, pains-
taking experimental work over many decades has determined the precise fre-
quencies at which millions of molecules emit and absorb radiation. These lines 
are molecular fingerprints, just like their atomic counterparts, enabling research-
ers to identify and study one kind of molecule to the exclusion of all others.

Molecular lines usually bear little resemblance to the spectral lines associated 
with their component atoms. For example, Figure 2.22(a) shows the emission 
spectrum of the simplest molecule known—molecular hydrogen. Notice how dif-
ferent it is from the spectrum of atomic hydrogen shown in part (b).

2.7 The doppler effect
Most of us have had the experience of hearing the pitch of a train whistle change 
from high shrill (high frequency, short wavelength) to low blare (low frequency, long 
wavelength) as the train approaches and then recedes. This motion-induced change 
in the observed frequency of a wave is known as the Doppler effect, in honor of 
Christian Doppler, the 19th-century Austrian physicist who first explained it. Applied 
to cosmic sources of electromagnetic radiation, it has become one of the most im-
portant observational tools in all of 20th-century astronomy. Here’s how it works.

Imagine a wave moving from the place where it is generated toward an ob-
server who is not moving with respect to the wave source (Figure 2.23a). By not-
ing the distances between successive wave crests, the observer can determine the 
wavelength of the emitted wave. Now suppose that the wave source begins to 
move (Figure 2.23b). Because the source moves between the times of emission of 
one wave crest and the next, wave crests in the direction of motion of the source 
are seen to be closer together than normal, while crests behind the source are 
more widely spaced. Thus, an observer in front of the source measures a shorter 
wavelength than normal, while one behind sees a longer wavelength.

The greater the relative speed of source and observer, the greater the observed 
shift. In terms of the net velocity of recession between source and observer, the 
apparent wavelength and frequency (measured by the observer) are related to the 
true quantities (emitted by the source) by

 
apparent wavelength

true wavelength
=

true frequency

apparent frequency
 = 1 +

recession velocity

wave speed
.

A positive recession velocity means that the source and the observer are moving 
apart; a negative value means that they are approaching. The wave speed is the 
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How does the structure of an atom determine the 
atom’s emission and absorption spectra?

 Figure 2.22 hydrogen Spectra  The emission spectrum 
of molecular hydrogen (a) differs greatly from that of simpler 
atomic hydrogen (b). (Bausch & Lomb Inc.)
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speed of light c in the case of electromagnetic radiation. 
For most of this text, the recession velocity will be small 
compared to the speed of light. Only when we come to 
discuss the properties of black holes (Chapter 13) and 
the structure of the universe on the largest scales (Chap-
ter 17) will we have to reconsider this formula.

Note that, in the figure, the source is shown in 
motion. However, the same general statements hold 
whenever there is any relative motion between source 
and observer. Note also that only motion along the 
line joining source and observer, known as radial mo-
tion, appears in the above equation. Motion trans-
verse (perpendicular) to the line of sight has no 
significant effect.

In astronomical jargon, the wave measured by an 
observer situated in front of a moving source is said to 
be blueshifted, because blue light has a shorter wave-
length than red light. Similarly, an observer situated 
behind the source will measure a longer-than-normal 
wavelength—the radiation is said to be redshifted. This 
terminology holds even for invisible radiation, for 
which “red” and “blue” have no meaning. Any shift to-
ward shorter wavelengths is called a blueshift, and any 
shift toward longer wavelengths is called a redshift.

The Doppler effect is not normally noticeable in 
visible light on Earth—the speed of light is so large that 
the wavelength change is far too small to be noticeable 
for everyday terrestrial velocities. However, using spec-
troscopic techniques, astronomers routinely use the 
Doppler effect to measure the line-of-sight velocity of cosmic objects by determin-
ing the extent to which known spectral lines are shifted to longer or shorter wave-
lengths. For example, suppose that an astronomer observes the red Ha line in the 
spectrum of a star to have a wavelength of 657 nm instead of the 656.3 nm meas-
ured in the laboratory. (How does she know it is the same line? Because, as illus-
trated in Figure 2.24, she realizes that all the hydrogen lines are shifted by the 
same fractional amount—the characteristic pattern of lines identifies hydrogen as 
the source.) Using the above equation, she calculates that the star’s radial velocity 
is 657/656.3 - 1 = 0.0056 times the speed of light. In other words, the star is re-
ceding from Earth at a rate of 320 km/s.

The motions of nearby stars and distant galaxies—even the expansion of 
the universe itself—have all been measured in this way. Motorists stopped for 
speeding on the highway have experienced another, much more down-to-
earth, application. As illustrated in the inset to Figure 2.23, police radar 
measures speed by means of the Doppler effect, as do the radar guns used to 
clock the velocity of a pitcher’s fastball or a tennis player’s serve.

Police use handheld
radar guns—and the Doppler
effect—to catch speeders.

Reflected radiation (blue crests) 
from the oncoming car shifts 

toward shorter wavelengths.

The numbered circles indicate
successive wave crests emitted
by the source.

Observer behind sees 
longer-than-normal
wavelength

Observer  in front
sees shorter-than-normal
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 Figure 2.23 doppler effect interactive  (a) Wave mo-
tion from a source toward an observer at rest with respect to 
the source. As seen by the observer, the source is not moving, 
so the wave crests are just concentric spheres (shown here as 
circles). (b) Waves from a moving source tend to “pile up” in 
the direction of motion and be “stretched out” on the other 
side. As a result, an observer situated in front of the source 
measures a shorter-than-normal wavelength—a blueshift—
while an observer behind the source sees a redshift. 
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2.8 Spectral-Line Analysis
Astronomers apply the laws of spectroscopy in analyzing radiation from beyond 
Earth. A nearby star or a distant galaxy takes the place of the lightbulb in our pre-
vious examples, an interstellar cloud or a stellar (or even planetary) atmosphere 
plays the role of the intervening cool gas, and a spectrograph attached to a tele-
scope replaces our simple prism and detector. We list below some of the proper-
ties of emitters and absorbers that can be determined by careful analysis of 
radiation received on (or near) Earth. We will encounter other important exam-
ples as our study of the cosmos unfolds.

 1. The composition of an object is determined by matching its spectral lines 
with the laboratory spectra of known atoms and molecules.

 2. The temperature of an object emitting a continuous spectrum can be meas-
ured by matching the overall distribution of radiation with a blackbody 
curve. Temperature may also be determined from detailed studies of spectral 
lines. In Section 10.3 we will see how stellar temperatures are most accurately 
measured by spectroscopic means.

 3. The (line-of-sight) velocity of an object is measured by determining the Dop-
pler shift of its spectral lines.

 4. An object’s rotation rate can be determined by measuring the broadening 
(smearing out over a range of wavelengths) produced by the Doppler effect in 
emitted or reflected spectral lines.

 5. The pressure of the gas in the emitting region of an object can be measured 
by its tendency to broaden spectral lines. The greater the pressure, the 
broader the line.

 6. The magnetic field of an object can be inferred from a characteristic splitting 
it produces in many spectral lines, when a single line divides into two. (This 
is known as the Zeeman effect.)

Given sufficiently sensitive equipment, there is almost no end to the wealth of 
data contained in starlight. The challenge facing astronomers is to unravel the 
extent to which each of the above mechanisms, in a complex mix of atoms and 
molecules, contributes to spectral line profiles, and thereby obtain meaningful 
information about the source of the lines.

The middle
spectrum is
unshifted for
an object at
rest.

These are realistic spectra
emitted by objects moving
at different speeds.
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 Figure 2.24  doppler Shift interactive  The Doppler 
effect shifts the entire spectrum of a moving object to higher 
or lower frequencies. The spectrum at top shows the redshift 
of the hydrogen lines from an object moving at a speed of 
300 km/s away from the observer; that at bottom shows those 
same lines blueshifted while the object moves at double that 
speed toward the observer.
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The Big QueSTiOn

Atoms are the basic components of normal matter–the stuff from which 
stars, planets, and we ourselves are built. In turn, all atoms are made of 
smaller elementary particles: protons, neutrons, and electrons. But even 
those particles are not fundamental, for physicists know that protons and 
neutrons are made of quarks, and many theorists think that quarks and 
electrons may have even deeper structure. How far does this hierarchy 
continue, and what new windows on the cosmos will be opened by our 
understanding of these unknown levels of nature?

Ch a p ter  r e v ie w

SuMMAry

LO1 Electromagnetic radiation (p. 46) 
travels through space in the form of a 
wave (p. 46). Any electrically 
charged object is surrounded by an 
electric field (p. 48) that 
determines the force it exerts on other 
charged objects. When a charged 
particle moves, information about that 
motion is transmitted via the particle’s 
changing electric and magnetic 
fields (pp. 48, 49). The information travels at the speed of 
light (p. 47) as an electromagnetic wave.

LO2 The electromagnetic spectrum  
(p. 50) consists of (in order of 
decreasing wavelength, or increasing 
frequency) radio waves, infrared 
radiation, visible light, ultraviolet 
radiation, X-rays, and gamma rays  
(p. 46). The opacity (p. 52) of 
Earth’s atmosphere—the extent to which 
it absorbs radiation—varies greatly with the wavelength of the 
radiation. Only radio waves, some infrared wavelengths, and 
visible light can penetrate the atmosphere and reach the ground.

LO3 The temperature (p. 53) of an 
object is a measure of the speed 
with which its constituent 
particles move. The intensity  
(p. 53) of radiation emitted by 
an object has a characteristic 
distribution, called a blackbody 
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+++ curve (p. 53), that depends only on the temperature of the object. 
Wien’s law (p. 54) tells us that the wavelength at which the 
object’s radiation peaks is inversely proportional to its temperature. 
Stefan’s law (p. 54) states that the total amount of energy 
radiated is proportional to the fourth power of the temperature.

LO4  Many hot objects emit a continuous 
spectrum (p. 56) of radiation, 
containing light of all wavelengths. A 
hot gas may instead produce an 
emission spectrum (p. 57), 
consisting only of a few well-defined 
emission lines (p. 57) of specific 
frequencies, or colors. Passing a 
continuous beam of radiation through cool gas will produce 
absorption lines (p. 57) at precisely the same frequencies 
as would be present in the gas’s emission spectrum.

LO5  Atoms (p. 60) are made up 
of negatively charged 
electrons orbiting a positively 
charged nucleus (p. 60) 
consisting of positively 
charged protons and 
electrically neutral neutrons 
(p. 63). The number of 
protons determines the type 
of element (p. 63) the atom represents. In the Bohr model  
(p. 60), a hydrogen atom has a minimum-energy ground 
state (p. 60), representing its “normal” condition. When 
the electron has a higher-than-normal energy, the atom is in 
an excited state (p. 60). For any given atom, only certain, 
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well-defined energies are possible. In the modern view, the 
electron is envisaged as being spread out in a “cloud” around 
the nucleus but still having a sharply defined energy.

LO6 When an electron moves from 
one energy state to another in 
an atom, the difference in the 
energy between the states is 
emitted or absorbed in the 
form of “packets” of 
electromagnetic radiation—
photons (p. 61). Because 
the energy levels have definite energies, the photons also have 
definite energies that are characteristic of the type of atom 
involved. The energy of a photon determines the frequency, 
and hence the color, of the light emitted or absorbed.

LO7  Our perception of the 
wavelength of a beam of 
light can be altered by the 
source’s velocity relative 
to us. This motion-
induced change in the 
observed frequency of a 
wave is called the Doppler effect (p. 64). Any net motion 
of the source away from the observer causes a redshift—a 
shift to lower frequencies—in the received beam. Motion 
toward the observer causes a blueshift. The extent of the shift 
is directly proportional to the source’s radial velocity relative 
to the observer.
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW And diScuSSiOn
 1. Define the following wave properties: period, wavelength, am-

plitude, frequency.

 2. Compare and contrast the gravitational and electric forces.

 3. LO1 Describe how light radiation leaves a star, travels through 
the vacuum of space, and finally is seen by someone on Earth.

 4. LO2 What do radio waves, infrared radiation, visible light, ul-
traviolet radiation, X-rays, and gamma rays have in common? 
How do they differ?

 5. In what regions of the electromagnetic spectrum is the atmos-
phere transparent enough to allow observations from the 
ground?

 6. What is a blackbody? Describe the radiation it emits.

 7. POS If Earth were completely blanketed with clouds and we 
couldn’t see the sky, could we learn about the realm beyond the 
clouds? What forms of radiation might penetrate the clouds 
and reach the ground?

 8. LO3 In terms of its blackbody curve, describe what happens as 
a red-hot glowing coal cools.

 9. LO6 POS Explain how astronomers might use spectroscopy to 
determine the composition and temperature of a star.

 10. LO4 What are continuous, emission, and absorption spectra? 
How are they produced?

 11. What is the normal condition for atoms? What is an excited 
atom? What are orbitals?

 12. LO5 Why do atoms absorb and reemit radiation at characteris-
tic frequencies?

 13. POS Suppose a luminous cloud of gas is discovered emitting 
an emission spectrum. What can be learned about the cloud 
from this observation?

 14. What is the Doppler effect, and how does it alter the way in 
which we perceive radiation?

 15. LO7 How do astronomers use the Doppler effect to determine 
the velocities of astronomical objects?

cOncePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. The wavelength of green light is about the size of an atom. 

(T/F)

 2. Two otherwise identical objects have temperatures of 1000 K 
and 1200 K, respectively. The object at 1200 K emits roughly 
twice as much radiation as the object at 1000 K. (T/F)

 3. As you drive away from a radio transmitter, the radio signal you 
receive from the station is shifted to longer wavelengths. (T/F)

 4. Imagine an emission spectrum produced by a container of hy-
drogen gas. Changing the amount of hydrogen in the container 
will change the colors of the lines in the spectrum. (T/F)

 5. In the previous question, changing the gas in the container 
from hydrogen to helium will change the colors of the lines oc-
curring in the spectrum. (T/F)

 6. The energy of a photon is inversely proportional to the wave-
length of the radiation. (T/F)

 7. An electron moves to a higher energy level in an atom after ab-
sorbing a photon of a specific energy. (T/F)

 8. Compared with ultraviolet radiation, infrared radiation has a 
greater (a) wavelength; (b) amplitude; (c) frequency; (d) energy.

68 chAPTer 2   Light and matter
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PrOBLeMS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  A sound wave moving through water has a frequency of 256 Hz 
and a wavelength of 5.77 m. What is the speed of sound in water?

 2.  What is the wavelength of a 100-MHz (FM 100) radio signal?

 3.  What would be the frequency of an electromagnetic wave hav-
ing a wavelength equal to Earth’s diameter (12,800 km)? In what 
part of the electromagnetic spectrum would such a wave lie?

 4.  The blackbody emission spectrum of object A peaks in the ul-
traviolet region of the electromagnetic spectrum at a wavelength of 
200 nm. That of object B peaks in the red region, at 650 nm. Which 
object is hotter, and, according to Wien’s law, how many times hot-
ter is it? According to Stefan’s law, how many times more energy 
per unit area does the hotter body radiate per second?

 5.  Normal human body temperature is about 37°C. What is this 
temperature in kelvins? What is the peak wavelength emitted 
by a person with this temperature? In what part of the spec-
trum does this lie?

 6.  According to the Stefan-Boltzmann law, how much energy 
is radiated into space per unit time by each square meter of the 

Sun’s surface (see More Precisely 2-2)? If the Sun’s radius is 
696,000 km, what is the total power output of the Sun?

 7.  By what factor does the energy of a 1-nm X-ray photon ex-
ceed that of a 10-MHz radio photon? How many times more 
energy has a 1-nm gamma ray than a 10-MHz radio photon?

 8.  How many different photons (that is, photons of different 
frequencies) can be emitted as a hydrogen atom in the second 
excited state falls back, directly or indirectly, to the ground 
state? What are their wavelengths? What about a hydrogen 
atom in the third excited state?

 9.  The Hα line (Section 2.6) of a star is received on Earth at a wave-
length of 656 nm. What is the star’s radial velocity relative to 
Earth?

 10.  You are observing a spacecraft moving in a circular orbit of 
radius 100,000 km around a distant planet. You happen to be lo-
cated in the plane of the spacecraft’s orbit. You find that the space-
craft’s radio signal varies periodically in wavelength between 
2.99964 m and 3.00036 m. Assuming that the radio is broadcast-
ing at a constant wavelength, what is the mass of the planet?

 Chapter review 69

 9. An X-ray telescope located in Antarctica would not work well 
because of (a) the extreme cold; (b) the ozone hole; (c) continu-
ous daylight; (d) Earth’s atmosphere.

 10. A star much cooler than the Sun would appear (a) red; (b) blue; 
(c) smaller; (d) larger. 

 11. The blackbody curve of a star moving toward Earth would have 
its peak shifted (a) to lower intensity; (b) toward higher ener-
gies; (c) toward longer wavelengths; (d) toward lower energies.

 12. The visible spectrum of sunlight reflected from Saturn’s cold 
moon Titan would be expected to be (a) continuous; (b) an 
emission spectrum; (c) an absorption spectrum.

 13. Astronomers analyze starlight to determine a star’s (a) temper-
ature; (b) composition; (c) motion; (d) all of the above. 

 14. ViS According to Figure 2.11 (Blackbody Curves), an object 
having a temperature of 1000 K emits mostly (a) infrared light; 
(b) visible light; (c) ultraviolet light; (d) X-rays. 

 15. ViS In Figure 2.20 (Atomic Excitation), the total energy of 
the two photons emitted in the branch at the lower right is 
(a) greater than, (b) less than, (c) approximately equal to, 
(d) exactly equal to, the energy of the UV photon absorbed 
at the left.

AcTiViTieS
collaborative
 1. Find a spectrum of the Sun with a wavelength scale on it. 

Google is a good place to start. Select some absorption lines 
and determine their wavelengths by interpolation. Now, try to 
identify the element that produced these lines. Use a reference 
such as Moore’s A Multiplet Table of Astrophysical Interest, 
available on the NASA Astrophysics Data System. Work with 
the darkest lines before trying the fainter ones. How many ele-
ments can you find?

 2. Stand near (but not too near!) a train track or busy highway 
and wait for a train or traffic to pass by. Can you notice the 
Doppler effect in the pitch of the engine noise or whistle blow-
ing? How does the sound frequency depend on the train’s (a) 
speed and (b) motion toward or away from you? Divide your 
group into two. One subgroup should time the train’s motion 
and hence calculate approximately its speed. The other 

(consisting of the more musically inclined!) should estimate 
the perceived frequency change of the whistle when the train 
is moving first toward you and then away from you.

individual
 1. Locate the constellation Orion. Its two brightest stars are Be-

telgeuse and Rigel. Which is hotter? How can you tell? Which 
of the other stars scattered across the night sky are hot, and 
which are cool?

 2. Obtain a handheld spectroscope, available from your school sci-
ence lab or online. In the shade, point the spectroscope at a white 
cloud or white piece of paper that is in direct sunlight. Look for 
the absorption lines in the Sun’s spectrum. Note their wavelength 
from the scale inside the spectroscope. How many of the lines 
can you identify by comparing your list with the Fraunhofer lines 
given in many astronomy reference books or on Wikipedia?
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Telescopes
The Tools of Astronomy

At its heart, astronomy is an observational science. Painstaking observations of cosmic 

phenomena almost always precede any clear theoretical understanding of their nature. 

As a result, our detecting instruments—our telescopes—have evolved to observe as broad 

a range of wavelengths as possible. Until the middle of the 20th century, telescopes were 

limited to visible light. Since then, however, technological advances have expanded our 

view of the universe to all parts of the electromagnetic spectrum. Some telescopes are 

sited on Earth, others must be placed in space, and designs vary widely from one region 

of the spectrum to another. Whatever the details of its construction, however, the basic 

purpose of a telescope is to collect electromagnetic radiation and deliver it to a detector 

for detailed study.

3

light-gathering power with the ability to examine 
cosmic objects at unprecedented resolution. This 
largest telescope in the world will be built on Cerro 
Armazones, a 3000-m mountaintop in Chile’s 
Atacama Desert. (ESO/L. Calcada)

 Astronomers like to think big, and really big 
telescopes are now on the drawing board. This 
artist’s conception for the European Southern 
Observatory shows E-ELT—the European Extremely 
Large Telescope. Its mirror diameter of nearly 40 m 
means that E-ELT will combine unrivaled 

Studying this chapter will 
enable you to:

LO1 Describe how optical telescopes 
work, and specify the 
advantages of reflecting 
telescopes over refractors.

LO2 Explain why larger telescopes 
gather more light and can 
make more detailed images.

LO3 Describe how Earth’s 
atmosphere limits 
astronomical observations, 
and explain how astronomers 
overcome these limitations.

LO4 Outline the advantages and 
disadvantages of radio 
astronomy.

LO5 Explain how interferometry is 
used to improve astronomical 
observations.

LO6 Describe the design of 
infrared, ultraviolet, and high-
energy telescopes, and 
explain why some telescopes 
must be placed in space.

LO7 Explain the importance of 
making astronomical 
observations at many 
different wavelengths across 
the electromagnetic 
spectrum.

L e A r n i n g 
O u TcO m e s

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Telescopes are time machines, and astronomers, in a sense, are historians. Telescopes 
enhance our senses, enabling us to look far out in space—and hence far back in time. 
They allow us to explore objects at a much farther distance than would be possible with 
our unaided eyes and to perceive radiation at wavelengths far beyond human vision. 
Almost everything in this book would be unknown without these powerful and versatile 
instruments.

The Big PicTure
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3.1 Optical Telescopes
Simply put, a telescope is a “light bucket”—a device whose primary function 

is to capture as much radiation as possible from a given region of the sky 
and concentrate it into a focused beam for analysis. We begin our study of 
astronomical hardware with optical telescopes, designed to collect wave-
lengths visible to the human eye. Later, we will look at telescopes de-
signed to capture and analyze radiation in other, invisible regions of the 
electromagnetic spectrum. Throughout this text we will see how advances 

in our understanding of the universe have always gone hand in hand with 
technological improvements in both the sensitivity and the spectral range of 

our detectors. This combination of technology and science is as vital today as 
it was when Galileo first turned his telescope toward the skies.  (Sec. 1.2)

reflecting and refracting Telescopes
Optical telescopes fall into two basic categories—reflectors and refractors. Figure 
3.1 shows how a reflecting telescope uses a curved mirror to gather and 
concentrate a beam of light. This mirror, usually called the primary mirror 
because telescopes generally contain more than one, is constructed so that all 
light rays arriving parallel to its axis (the imaginary line through the center of 
and perpendicular to the mirror) are reflected to pass through a single point, 
called the focus. The distance between the primary mirror and the focus is the 
focal length. In astronomical contexts, the focus of the primary mirror is referred 
to as the prime focus.

A refracting telescope uses a lens instead of a mirror to focus the incoming 
light, relying on refraction rather than reflection to achieve its purpose. Refraction 
is the bending of a beam of light as it passes from one transparent medium (for 
example, air) into another (such as glass). Figure 3.2 (a) illustrates how a prism can 
be used to change the direction of a beam of light. As illustrated in Figure 3.2 (b), 
we can think of a lens as a series of prisms combined in such a way that all light 
rays striking the lens parallel to the axis are refracted to pass through the focus.

Astronomers often use telescopes to make images of their fields of view. 
Figure 3.3 illustrates how this is accomplished, in this case by the primary mir-
ror in a reflecting telescope. Light from a distant object reaches the telescope as 
nearly parallel rays. A ray of light entering the instrument parallel to the mirror 
axis is reflected through the focus. Light from a slightly different direction—
that is, at a slight angle to the axis—is focused to a slightly different point. In 
this way, an image is formed near the focus. Each point in the image corre-
sponds to a different angle in the field of view. Often, a lens known as an eye-
piece is used to magnify the image before it is viewed by eye or recorded using a 
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rays reflect
directly back.
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greater angles.
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Incoming
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Cured
mirror

Mirror

axis

Telescopes are “light
buckets” that collect 
photons, just as actual 
buckets collect raindrops 
falling into them.

 Figure 3.1 reflecting Mirror  Curved mirrors focus to 
a single point all rays of light arriving parallel to the mirror 
axis. The arrows indicate the directions of the incoming and 
reflected rays.
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 Figure 3.2 refracting Lens  
(a) Refraction by a prism changes 
the direction of a light ray. (b) A 
lens can be thought of as a series 
of prisms.
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camera. Figure 3.4 (a) shows how a simple reflecting telescope uses a small sec-
ondary mirror and an eyepiece to view the image. Figure 3.4 (b) illustrates how 
a refracting telescope accomplishes the same function.

The two telescope designs shown in Figure 3.4 achieve the same result—light from 
a distant object is captured and focused to form an image. However, as telescope 
size has steadily increased over the years (as discussed in Section 3.2) astronomers 
have come to favor reflecting instruments over refractor for a number of reasons:

 1. Just as a prism separates white light into its component colors, the lens in a 
refracting telescope focuses red and blue light differently (the blue focus 
lying closer to the lens). This deficiency is known as chromatic aberration. 
Careful design and choice of materials can largely correct this problem, but it 
is difficult to eliminate it entirely, and it requires the use of very high-quality 
glass for the body of the lens. Mirrors do not suffer from this defect.

 2. As light passes through the lens, some of it is absorbed by the glass. This 
absorption is a relatively minor problem for visible radiation, but it can be 
severe for infrared and ultraviolet observations because glass blocks most of 
the radiation in those regions of the electromagnetic spectrum. This problem 
obviously does not affect mirrors.

 Figure 3.3 image Formation  An image is formed by 
a mirror as rays of light coming from different points on a 
distant object focus to slightly different locations. Notice that 
the image is inverted (that is, upside down).

Image
formed

Prime focusImage of center

Image of bottom

Light from
center of sourceLight from

 top of source

Light from
 bottom of source

Light from 
top of source

Light from
 bottom of source

Image of top

Distant source

 Figure 3.4 reflectors and refractors  Comparison of  
(a) reflecting and (b) refracting telescopes. Both types are 
used to gather and focus electromagnetic radiation. The 
image is viewed with a small magnifying lens called an 
eyepiece.
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 3. A large lens can be quite heavy. Because it can be supported only around its 
edge (so as not to block the incoming radiation), the lens tends to deform 
under its own weight. A mirror does not have this drawback because it can be 
supported over its entire back surface.

 4. A lens has two surfaces that must be accurately machined and polished, 
which can be a difficult task. A mirror has only one surface.

For these reasons, all large modern optical telescopes are reflectors.

Types of reflecting Telescopes
Figure 3.5 shows some basic reflecting telescope designs. Radiation from a star 
enters the instrument, passes down the main tube, strikes the primary mirror, and 
is reflected back toward the prime focus, near the top of the tube. Sometimes 
astronomers place their recording instruments at the prime focus. However, it can 
be very inconvenient, or even impossible, to suspend bulky pieces of equipment 
there. More often, the light is intercepted on its path to the focus by a secondary 
mirror and redirected to a more convenient location, as in Figure 3.5 (b–d).

In a Newtonian telescope (named after Isaac Newton, who invented this 
design), the light is intercepted by a flat secondary mirror before it reaches the 
prime focus and deflected 90°, usually to an eyepiece at the side of the instrument 
(Figure 3.5b). This is a popular design for smaller reflecting telescopes, such as 
those used by amateur astronomers.

Alternatively, astronomers may choose to work on a rear platform where they 
can use detecting equipment too heavy or delicate to hoist to the prime focus. In 
this case, the light reflected by the primary mirror toward the prime focus is inter-
cepted by a convex secondary mirror, which reflects the light back down the tube 
and through a small hole at the center of the primary mirror (Figure 3.5c). This 
arrangement is known as a Cassegrain telescope (after Guillaume Cassegrain, a 
French lensmaker). The point behind the primary mirror where the light from the 
star finally converges is called the Cassegrain focus. A well-known example of a 
Cassegrain telescope is the Hubble Space Telescope (HST; see Discovery 3-1), named 
for one of America’s most notable astronomers, Edwin Hubble. The telescope’s 
detectors all lie directly behind the primary mirror and are capable of making 
measurements in the optical, infrared, and ultraviolet parts of the spectrum.

 Figure 3.5 reflecting Telescopes  Four reflect-
ing telescope designs: (a) prime focus, (b) Newtonian 
focus, (c) Cassegrain focus, and (d) Nasmyth or coudé 
focus. Each design uses a primary mirror at the bottom 
of the telescope to capture radiation, which is then 
directed along different paths for analysis.
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A more complex observational configuration requires starlight to be re-
flected by several mirrors. As in the Cassegrain design, light is first reflected by 
the primary mirror toward the prime focus and is then reflected back down the 
tube by a secondary mirror. Next, a third, much smaller, mirror reflects the light 
out of the telescope, where (depending on the details of the telescope’s construc-
tion) the beam may be analyzed by a detector mounted alongside, at the Nas-
myth focus, or it may be directed via a further series of mirrors into an 
environmentally controlled laboratory known as the coudé room (from the 
French word for “bent”). This laboratory is separate from the telescope itself, 
enabling astronomers to use very heavy and finely tuned equipment that cannot 
be placed at any of the other foci (all of which necessarily move with the tele-
scope). The arrangement of mirrors is such that the light path to the coudé room 
does not change as the telescope tracks objects across the sky.

Figure 3.6 (a) shows the twin 10-m-diameter optical/infrared telescopes of 
the Keck Observatory on Mauna Kea in Hawaii, operated jointly by the California 
Institute of Technology and the University of California. The diagram in part (b) 
illustrates the light paths and some of the foci. Observations may be made at the 
Cassegrain, Nasmyth, or coudé focus, depending on the needs of the user. As the 
size of the person in part (c) indicates, this is indeed a very large telescope—in 
fact, the two mirrors are currently among the very largest on Earth. We will see 
numerous examples throughout this text of Keck’s many important discoveries.

 Figure 3.6 Keck Telescope  (a) The two 10-m telescopes 
of the Keck Observatory atop a dormant volcano in Hawaii, 
high above the surrounding clouds. (b) Artist’s illustration 
of the telescope; the blue arrows show some of the paths 
starlight can take within the telescope and some of the loca-
tions where instruments may be placed. (c) One of the 10-m 
mirrors. Note the technician in orange coveralls at center.  
(W. M. Keck Observatory)
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The Hubble Space Telescope (HST) is the largest, most complex, 
most sensitive observatory ever deployed in space. At more than $8 
billion (including the cost of several missions to service and refur-
bish the system), it is also the most expensive scientific instrument 
ever built and operated. Built jointly by NASA and the European 
Space Agency, HST was designed to allow astronomers to probe 
the universe with at least 10 times finer resolution and with some 
30 times greater sensitivity to light than existing Earth-based de-
vices. The first figure shows the telescope being lifted out of the 
cargo bay of the space shuttle Discovery in the spring of 1990.

The accompanying “see-through” illustration displays HST ’ s 
main features. The telescope’s Cassegrain design (Section 3.1) re-
flects light from its 2.4-m-diameter primary mirror (the large bluish 
disk at center) back to a smaller, 0.3-m secondary mirror, which 

sends the light through a small opening in the center of the primary 
mirror, from where it can be directed to any of several instruments 
(shown here in various colors at left) arrayed in the aft bay of the 
spacecraft. The large red objects are sensors that guide the pointing 
of the telescope, and the huge blue panels collect light from the Sun 
to power everything onboard. For scale, each of the instruments is 
about the size of a refrigerator. They were designed to be main-
tained by NASA astronauts, and indeed most of the telescope’s orig-
inal instruments have been upgraded or replaced since HST was 
launched. The current detectors on the telescope span the visible, 
near-infrared, and near-ultraviolet regions of the electromagnetic 
spectrum, from about 100 nm (UV) to 2200 nm (IR).

Soon after launch, astronomers discovered that the tele-
scope’s primary mirror had been polished to the wrong shape. 
The mirror is too flat by 2 μm, about 1/50 the width of a human 
hair, making it impossible to focus light as well as expected. In 
1993, shuttle astronauts replaced Hubble’s gyroscopes to help the 
telescope point more accurately, installed sturdier versions of the 
solar panels that power the telescope’s electronics, and—most 
important—inserted an intricate set of small mirrors to compen-
sate for the faulty primary mirror. Hubble’s resolution is now 
close to the original design specifications, and the telescope has 
regained much of its lost sensitivity. Additional service missions 
were performed in 1997, 1999, 2002, and 2009 to replace instru-
ments and repair faulty systems.

A good example of Hubble’s scientific capabilities can be seen by 
comparing the two images of the spiral galaxy M100, shown below. 

(NASA)
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On the left is one of the best ground-based photographs of this beau-
tiful galaxy at the time of launch, showing rich detail and color in its 
spiral arms. On the right is an exquisitely detailed HST image of the 
galaxy’s core, showing great improvements in both resolution and 
sensitivity. However, its small coverage reminds us that the trade-off 
for Hubble’s highest resolution is a relatively limited field of view.

During its 25 years of operation, Hubble has revolutionized our 
view of the sky, helping to rewrite some theories of the universe 
along the way. By measuring the properties of stars and superno-
vae within distant galaxies, it has helped establish the size and the 
expansion rate of the cosmos and has provided insights into the 
past and future evolution of the universe. Hubble has studied new-
born galaxies almost at the limit of the observable universe with 
unprecedented clarity, allowing astronomers to see the interactions 
and collisions that may have shaped the evolution of our own 
Milky Way. Turning its gaze to the hearts of galaxies closer to home, 
Hubble has provided strong evidence for supermassive black holes 
in their cores. Within our own Galaxy, it has given astronomers 
stunning new insights into the physics of star formation and the 
evolution of stellar systems and stars of all sizes, from superlumi-
nous giants to objects barely more massive than planets. Finally, in 
our solar system, Hubble has given scientists new views of both the 
planets and their moons, and of the tiny fragments from which 
they formed long ago. Many spectacular examples of the telescope’s 
remarkable capabilities appear throughout this book.

With Hubble now well into its third decade of highly pro-
ductive service, NASA’s plans for the telescope’s successor are 
well underway. The James Webb Space Telescope (JWST), 
named after the administrator who led NASA’s Apollo program 
during the 1960s and 1970s, will dwarf Hubble in both scale 
and capability. Sporting a 6.5-m segmented mirror with seven 
times Hubble’s collecting area and containing a formidable 
array of detectors optimized for use at visible and infrared 
wavelengths, JWST will orbit the Sun some 1.5 million km 
outside Earth’s orbit, far beyond the Moon. NASA plans to 
launch the telescope in 2018. Its primary mission is to study 
the formation of the first stars and galaxies, measure the 
large-scale structure of the universe, and investigate the evo-
lution of planets, stars, and galaxies.

Note that the JWST launch schedule likely means an inter-
ruption of a few years in space-based astronomical observations 
at near-optical wavelengths. The 2009 servicing mission extended 
Hubble’s operating lifetime at least into 2015, but few astrono-
mers expect that the telescope will survive until JWST becomes 
fully operational. HST was designed to be retrieved by a shuttle 
and one day returned to Earth for placement in a museum, but 
the termination of the shuttle program in 2011 now means a 
much less glamorous end for the mission. Once the satellite is 
declared nonfunctional, it will be most likely be taken out of orbit 
by a robot tug and simply dropped into the ocean.

R I V U X G

(European Southern Observatory/VLT)
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detectors and image Processing
Most modern telescopes use electronic detectors known as charge-coupled 
devices, or CCDs, to record and store their data. A CCD (Figure 3.7) consists of a 
wafer of silicon divided into a two-dimensional grid of many tiny picture elements 
called pixels. When light strikes a pixel, an electric charge builds up on the device. 
The amount of charge is directly proportional to the number of photons striking 
each pixel—in other words, to the intensity of the light at that point. The charge 
buildup is monitored electronically, and a two-dimensional image is obtained (see 
Figures 3.7c and d). This is the same basic technology used in consumer video and 
digital cameras. A CCD is typically a few square centimeters in area and may con-
tain several million pixels. As technology continually improves, both the areas of 
CCDs and the number of pixels they contain are steadily increasing.

CCDs have two important advantages over photographic plates, which were 
the staple of astronomers for over a century. First, CCDs are much more efficient 
than photographic plates, recording as many as 75 percent of the photons strik-
ing them, compared with less than 5 percent for photographic methods. This 
means that a CCD instrument can image objects 10 to 20 times fainter—or the 
same object 10 to 20 times faster—than can a photographic plate. Second, CCDs 
produce a faithful representation of an image in a digital format that can be 
manipulated by software, stored on disk, or sent across the Internet as needed.

Astronomers use computer processing on digital CCD images to compensate 
for known instrumental defects and even partly remove unwanted background 
noise in the signal, allowing them to see features in their data that would other-
wise remain hidden. In addition, the computer can often carry out many of the 
tedious and time-consuming chores that must be performed before an image or 
spectrum reaches its final “clean” form. Figure 3.8 illustrates how computerized 
image-processing techniques were used to correct for known instrumental prob-
lems in the Hubble Space Telescope, allowing much of the planned resolution of 
the telescope to be recovered even before its repair in 1993.

 Figure 3.7 ccd chip  A charge-coupled device (CCD) consists of millions of tiny light-
sensitive cells called pixels. Light striking a pixel causes an electrical charge to build up on it. By 
electronically reading out the charge on each pixel, a computer can reconstruct the pattern of 
light—the image—falling on the chip. (a) Detail of a CCD array. (b) A CCD chip mounted for use at 
the focus of a telescope. (c) Typical data from the chip consist of an array of numbers, running from 
0 to 9 in this simplified example. Each number represents the intensity of the radiation striking that 
particular pixel. (d) The resulting image. (MIT Lincoln Lab; AURA)
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3.2 Telescope Size
Large telescopes have two main advantages over small ones—light-gathering power, 
the ability to capture light, and resolving power, the ability to distinguish fine detail.

Light-gathering Power
Astronomers spend much of their time observing very distant—and, hence, very 
faint—cosmic sources. In addition, they often want to obtain spectra, which entail 
spreading the incoming light out into its component colors.  (Sec. 2.5) In 
order to make such detailed observations, astronomers must collect as much light 
as possible for analysis by their detectors.

The two factors determining a telescope’s ability to collect light are exposure time 
and collecting area. Exposure time is simply the time spent gathering light from a 
source. Doubling the exposure time doubles the total amount of radiation captured. 
In Chapter 16 we will see an extreme example of a long-exposure image: constructed 
in 2003 from more than 300 hours of observations of the same small region of the 
sky, the so-called Hubble Ultra-Deep Field continues to provide astronomers with 
volumes of information on some of the most distant galaxies in the universe. How-
ever, such long exposures are rare. Access to telescopes and the sophisticated instru-
ments attached to them is a precious commodity, and observatories are reluctant to 
allocate large amounts of time to a single observation.

The second factor controlling a telescope’s light-gathering power is collecting 
area, the area capable of intercepting and focusing radiation—the “size of the 
bucket” (recall Figure 3.1). The larger the telescope’s reflecting mirror (or 
refracting lens), the more light it collects and the easier it is to measure and study 
an object’s radiative properties. The observed brightness of an astronomical 
object is directly proportional to the area of the telescope’s mirror and, hence, to 
the square of the mirror diameter (Figure 3.9). For example, a 5-m telescope 
produces an image 25 times brighter than a 1-m instrument because a 5-m mirror 

R I U X G
(a) (b) (c) (d)

V

40

 Figure 3.8 image processing  (a) Ground-based view of the star cluster R136, a group of 
stars in the Large Magellanic Cloud (a nearby galaxy). (b) The “raw” image of this same region 
as seen by the Hubble Space Telescope in 1990, before the first repair mission. (c) The same 
image after computer processing that partly compensated for imperfections in the mirror.  
(d) The same region as seen by the repaired HST in 1994, here observed at a somewhat bluer 
wavelength. (AURA/NASA)

 Figure 3.9 Sensitivity  Telescope size affects the image of a cosmic source, in this case 
the Andromeda galaxy. Both of these photographs had the same exposure time, but image 
(b) was taken with a telescope twice the size of that used to make image (a). Fainter detail 
can be seen as the diameter of the telescope mirror increases because larger telescopes are 
able to collect more photons per unit time. (Adapted from AURA)

(a)

R I V U X G
(b)
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(a) (b)

Keck 1Keck 2

Subaru
telescope 

United Kingdom
infrared telescope

Gemini North
telescope

Canada–France–
Hawaii telescope

NASA
infrared telescope

 Figure 3.10 Mauna 
Kea Observatory  (a) The 
world’s highest ground-
based observatory, at 
Mauna Kea, Hawaii, sits 
atop a dormant volcano 
some 4 km above sea level. 
Among the domes visible 
here are those housing the 
Canada–France–Hawaii 
3.6-m telescope, the 8.1-m 
Gemini North instrument, 
the 2.2-m telescope of the 
University of Hawaii, the 
UK’s 3.8-m infrared facility, 
and the twin 10-m Keck 
telescopes. To the right of 
the Kecks is the Japanese  
8.3-m Subaru telescope.  
(b) The Subaru mirror.
(R. Wainscoat; NAOJ)

concept check 

Why do the largest modern telescopes use 
mirrors to gather and focus light?

has 52 = 25 times the collecting area of a 1-m mirror. We can also think of this 
relationship in terms of the time required for a telescope to collect enough energy 
to create a recognizable image. A 5-m telescope produces an image 25 times 
faster than a 1-m device because it gathers energy at a rate 25 times greater. Put 
another way, a 1-hour time exposure with a 1-m telescope is roughly equivalent to 
a 2.4-minute (1/25 of an hour) time exposure with a 5-m instrument.

 Figure 3.11 VLT Observatory  Located at the Paranal 
Observatory in Atacama, Chile, the European Southern 
Observatory’s Very Large Telescope (VLT) is the world’s largest 
optical telescope. Four 8.2-m reflecting telescopes are used 
in tandem to create the effective area of a single 16-m mirror. 
(ESO)
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The twin Keck telescopes, shown in Figure 3.6 and in a larger view in  
Figure 3.10(a), are a case in point. Each telescope combines 36 hexagonal 1.8-m 
mirrors into the equivalent collecting area of a single 10-m reflector. The high 
altitude and large size of these telescopes makes them particularly well suited for 
detailed spectroscopic studies of very faint objects. To the right of the Keck 
domes in Figure 3.10(a) is the 8.3-m Subaru (the Japanese name for the Pleiades) 
telescope. Its mirror, shown in Figure 3.10 (b), is one of the largest single mirrors 
(as opposed to the segmented design used in Keck) yet built. In terms of total 
available collecting area, the largest telescope system now operating is the 
European Southern Observatory’s Very Large Telescope (VLT), located at Cerro 
Paranal, in Chile (Figure 3.11). Its four separate 8.2-m mirrors can function as a 
single instrument of equivalent diameter 16.4 m. Both Keck and the VLT are 
designed to operate in the optical and near-infrared parts of the electromagnetic 
spectrum.

With 10-meter-class telescopes now almost routine, astronomers are turning 
their attention to the next generation of ground-based systems, the so-called 
extremely large telescopes, with mirrors tens of meters in diameter. All employ 
multimirror designs and real-time image enhancement technology; the first 
should come online early in the 2020s. The largest (so far) is the European 
Extremely Large Telescope, shown in the chapter-opening image on p. 70.

Resolving Power
The second advantage of large telescopes over smaller instruments is their 
superior angular resolution. In general, resolution refers to the ability of any 
device, such as a camera or a telescope, to form distinct, separate images of 
objects lying close together in the field of view. The finer the resolution, the 
better we can distinguish the objects and the more detail we can see. In 
astronomy, where we are always concerned with angular measurement, “close 
together” means “separated by a small angle on the sky,” so angular resolution is 
the factor that determines our ability to see fine structure (see More Precisely 0-1 
for more detail on angular measure). Astronomers typically need to resolve 
objects only a few arc seconds (″) across. Figure 3.12 illustrates the result of 
increasing resolving power with views of the Andromeda galaxy at several 
different resolutions.

One important factor limiting a telescope’s resolution is diffraction, the tendency 
of light—and all waves, for that matter—to “bend” around corners.  (Sec. 2.2) 
Diffraction introduces a certain fuzziness, or loss of resolution, into the system. 
The degree of fuzziness—the minimum angular separation that can be distin-
guished—determines the angular resolution of the telescope.

As discussed in More Precisely 3-1, the amount of diffraction is directly pro-
portional to the wavelength of the radiation and inversely proportional to the di-
ameter of the telescope mirror. For light of any given wavelength, large telescopes 
produce less diffraction than small ones. The resolution given by the formula in 
More Precisely 3-1 is known as the diffraction-limited resolution of the tele-
scope. Thus, a 5-m telescope observing in blue light has a diffraction-limited reso-
lution of about 0.02″. A 1-m telescope would have a diffraction limit of 0.1″ at the 
same wavelength, and so on. For comparison, the angular resolution of the 
human eye in the middle of the visual range is about 0.5′.

(c)

(d)
R I V U X G

(a)

(b)

 FiguRe 3.12 Resolution  Detail becomes clearer in the Andromeda galaxy as the angu-
lar resolution is improved some 600 times, from (a) 10′, to (b) 1′, (c) 5″, and (d) 1″. (Adapted 
from AURA)
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3.3 high-resolution Astronomy
Even large telescopes have limitations. For example, according to the discussion 
in the preceding section, the 10-m Keck telescope should have an angular resolu-
tion of around 0.01″ in blue light. In practice, however, without the technological 
advances discussed in this section, it could not do better than about 1″. In fact, 
apart from instruments using special techniques developed to examine some par-
ticularly bright stars, no ground-based optical telescope built before 1990 can 
resolve astronomical objects to much better than 1″. The reason is turbulence in 
Earth’s atmosphere—small-scale eddies of swirling air all along the line of sight, 
which blur the image of a star even before the light reaches our instruments.

Atmospheric Blurring
As we observe a star, atmospheric turbulence produces continuous small changes 
in the optical properties of the air between the star and our telescope (or eye). The 
light from the star is refracted slightly, again and again, and the stellar image 
dances around on the detector (or retina). This is the cause of the well-known 
twinkling of stars. The same basic process makes objects appear to shimmer when 
viewed across a hot roadway on a summer day because turbulent hot air just 
above the road surface constantly deflects and distorts the light rays reaching us.

On a typical night at a good observing site, the maximum deflection 
produced by the atmosphere is around 1″. Consider taking a photograph of a 

diffraction and Telescope resolution

3.1 M o r e  p r e c i s e ly

The resolution of a telescope is ultimately controlled by 
diffraction, the process where light spreads out as it passes a 
corner or through an opening.  (Sec. 2.2) Because of diffrac-
tion, it is impossible to focus a parallel beam of light to a sharp 
point, even with a perfectly constructed mirror. As illustrated in 
the accompanying figure, a wave passing through a gap is dif-
fracted, creating a “fuzzy” shadow on the screen at right. Light 
and dark gradations represent crests and troughs of the wave, 
which define the wavelength (see Figure 2.3). In the absence of 
any diffraction, the shadow would be perfectly sharp—but that 
never happens in reality.

The amount of diffraction—that is, the amount of “fuzziness” 
introduced into an instrument—depends both on the wavelength 
of the radiation and the size of the opening (in our case, the 
diameter of the primary mirror). For a circular mirror and 
otherwise perfect optics, the angular resolution of a telescope (in 
convenient units) is

angular resolution (arc seconds) = 0.25 
wavelength (mm)

mirror diameter (m)
 ,

where 1 μm (micrometer) = 10 - 6 m = 1000 nm. (Recall that 
the symbol μ is the Greek letter mu.)

Thus, the best possible angular resolution that can be ob-
tained using a 1-m telescope in blue light (with a wavelength of 
400 nm = 0.4 mm) is about 0.25 (0.4>1)″ = 0.1″. But if we were 
to use our 1-m telescope to make observations in the near infra-
red, at a wavelength of 10 μm (10,000 nm), the best resolution we 
could obtain would be only 0.25 (10>1)″ = 2.5″. Observations in 
the infrared or radio range are often limited by the effects of dif-
fraction. A 1-m radio telescope operating at a wavelength of 1 cm 
would have an angular resolution of just under 1°.

This is what is seen on the
screen when the light hits it.

Fuzzy
shadow

TroughCrest

Screen

Wall

Wavelength

Wave

direction
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star under such conditions. After a few minutes’ exposure time (long enough for 
the intervening atmosphere to have undergone many small, random changes), 
the dancing sharp image of the star has been smeared out over a roughly circu-
lar region 1″ or so in diameter (Figure 3.13). Astronomers use the term seeing to 
describe the effects of atmospheric turbulence. The circle over which a star’s 
light is spread is called the seeing disk. In this jargon, “good seeing” means that 
the air is relatively stable and the seeing disk is small—as little as a few tenths of 
an arc second across in some exceptional cases.

To achieve the best possible seeing, telescopes are sited on mountaintops  
(to get above as much of the atmosphere as possible) in locations where the at-
mosphere is known to be fairly stable and relatively free of dust, moisture, and 
light pollution from cities. In the continental United States, these sites tend to be 
in the desert Southwest. The U.S. National Observatory for optical astronomy in 
the Northern Hemisphere is located high on Kitt Peak near Tucson, Arizona. The 
site was chosen because of its many dry, clear nights, and typical seeing of around 
1″. Even better conditions are found on Mauna Kea in Hawaii (Figure 3.10) and 
in the Andes Mountains of Chile (Figure 3.11), which is why so many large tele-
scopes have recently been constructed at those two exceptionally clear sites.

A telescope placed above the atmosphere, in Earth orbit, can achieve 
resolution close to the diffraction limit, subject only to the engineering restrictions 
of building and placing large structures in space. The Hubble Space Telescope 
(Discovery 3-1) has a 2.4-m mirror and a diffraction limit of 0.05″ (in blue light).

new Telescope design
In addition to using high-quality optics and selecting the best observing sites, as-
tronomers have developed other techniques to produce the sharpest possible im-
ages. By analyzing the image while the light is still being collected, it is possible to 
adjust the telescope from moment to moment to reduce the effects of mirror dis-
tortion, temperature changes, and bad seeing. By these means, an increasing 
number of large telescopes, including Keck and the VLT, can now achieve resolu-
tions close to their theoretical diffraction limits.

The collection of techniques aimed at controlling environmental and 
mechanical fluctuations in the properties of the telescope itself is known as 

This seeing disk contains a smeared-out
image of the star.

Individual sharp images of
the star, each lasting for
fractions of a secondRays deflect slightly while

passing through Earth’s
turbulent atmosphere.

Parrallel rays of light

from a distant star

 Figure 3.13 Atmospheric Turbulence  Light 
rays from a distant star strike a telescope detector 
at slightly different locations because of turbulence 
in Earth’s atmosphere. Over time, the light covers a 
roughly circular region on the detector, and even the 
point-like image of a star is recorded as a small disk, 
called the seeing disk.

concept check 

give two reasons why astronomers need to build 
very large telescopes.

AniMATiOn/VideO

Adaptive Optics 
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active optics. Active optics systems often include improved dome design to 
control airflow, precise control of the mirror temperature, and the use of 
actuators (pistons) behind the mirror to maintain its precise shape at all times 
(Figure 3.14a). Figure 3.14 (b) illustrates dramatically how active optics can 
improve image resolution.

An even more ambitious approach is known as adaptive optics. This technique 
deforms the shape of a mirror’s surface under computer control while the image is 
being exposed in order to undo the effects of atmospheric turbulence. In the system 
shown in Figure 3.15 (a), lasers probe the atmosphere above the telescope, return-
ing information about the air’s swirling motion to a computer that modifies the mir-
ror thousands of times per second to compensate for poor seeing. Other adaptive 
optics systems monitor standard stars in the field of view, constantly adjusting the 
mirror’s shape to preserve those stars’ appearance. Figure 3.15 (b) presents an ex-
ample of the improvement in image quality that can be obtained by these means.

Many of the world’s largest telescopes now incorporate sophisticated adaptive 
optics systems, and resolutions as fine as a few hundredths of an arc second have 
been reported for observations in the near-infrared, significantly better than the 
resolution of the much smaller HST at the same wavelengths. Adaptive optics sys-
tems are giving astronomers the best of both worlds, achieving with large ground-
based optical telescopes the kind of resolution once attainable only from space.

3.4 radio Astronomy
In addition to the visible radiation that penetrates Earth’s atmosphere on a 
clear day, radio radiation also reaches the ground, and astronomers have built 
many ground-based radio telescopes capable of detecting cosmic radio 
waves.  (Sec. 2.3) These devices have all been constructed since the 1950s—
radio astronomy is a much younger field than optical astronomy.

essentials of radio Telescopes
Figure 3.16 shows the world’s largest steerable radio telescope, the large 
105-m-diameter (340-foot-diameter) telescope located at the National Radio 
Astronomy Observatory in West Virginia. Conceptually, the operation of a 
radio telescope is the same as a prime-focus optical reflector (Figure 3.5a). It 

(a) (b)

50

R I V U X G

 Figure 3.14 Active Optics  Infrared images of 
part of the star cluster R136 (see also Figure 3.8) con-
trast the resolution obtained (a) without and (b) with an 
active-optics system. (ESO)

concept check 

Why is earth’s atmosphere a problem for optical 
astronomers? What can they do about it?
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has a large, horseshoe-shaped mount supporting a huge, curved metal dish 
that serves as the collecting area. The dish captures cosmic radio waves and 
reflects them to the focus, where a receiver detects the signals and channels 
them to a computer.

Radio telescopes are built large in part because cosmic radio sources are 
extremely faint. Many sources simply don’t emit many radio photons (see for 
example Figure 2.11), the photons don’t carry much energy, and the sources 
themselves are often very distant.  (Sec. 2.6) In fact, the total amount of radio 
energy received by Earth’s entire surface is less than a trillionth of a watt. 
Compare this with the roughly 10 million watts our planet’s surface receives in 
the form of infrared and visible light from any of the bright stars visible in the 
night sky. In order to capture enough radio energy to allow detailed measurements 
to be made, a large collecting area is essential.

Because of diffraction, the angular resolution of radio telescopes is generally 
quite poor compared with that of their optical counterparts. Typical wavelengths 
of radio waves are about a million times longer than those of visible light, and 

(b)

(a)

R I V U X GR I V U X G

 Figure 3.15 Adaptive Optics  (a) In this test at the 
Lick Observatory’s 3-m Shane telescope in California, a 
laser is used to create an “artificial star” to improve guid-
ing. The laser beam probes the atmosphere above the 
telescope, allowing tiny computer-controlled changes to 
be made to the shape of the mirror surface thousands of 
times each second. (b) Clarity of view is very important in 
astronomy. The uncorrected, visible-light image (left) of 
the star cluster NGC 6934 is resolved to a little less than 
1”. With adaptive optics applied (right), the resolution 
in the infrared is improved to nearly 10 times better, and 
more stars are seen more clearly. (L. Hatch/Lick Observa-
tory; NOAO)
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even the enormous sizes of radio dishes only partly offset this effect. The 105-m 
telescope shown in Figure 3.16 can achieve resolution of about 1′ at a wavelength 
of 3 cm, although the instrument was designed to be most sensitive to wave-
lengths around 1 cm, where the resolution is approximately 20′. The best angular 
resolution obtainable with a single radio telescope is about 10″ (for the largest 
instruments operating at millimeter wavelengths), about 100 times coarser than 
the capabilities of the best optical mirrors.

Figure 3.17 shows the world’s largest radio telescope, built in 1963 in Arecibo, 
Puerto Rico. Approximately 300 m in diameter, the telescope’s reflecting surface 
lies in a natural depression in a hillside and spans nearly 20 acres. The receiver is 
strung among several limestone hills. Its enormous collecting area makes this tel-
escope the most sensitive on Earth. The huge but fixed dish creates one distinct 
disadvantage, however. The Arecibo telescope cannot be pointed to follow cosmic 
objects across the sky. Its observations are limited to those objects that happen to 
pass within about 20° of overhead as Earth rotates.

The Value of radio Astronomy
Despite the inherent disadvantage of relatively poor angular resolution, radio 
astronomy enjoys some advantages too. Unlike visible light, radio waves are not 
deflected or scattered by Earth’s atmosphere, and the Sun itself is a relatively 
weak source of radio energy. As a result, radio observations can cover almost the 
entire sky, 24 hours a day. Only within a few degrees of the Sun does solar 
radiation swamp radio observations of more distant objects. In addition, radio 
observations can often be made through cloudy skies, and radio telescopes can 
detect the longest-wavelength radio waves even during rain or snowstorms.

However, perhaps the greatest value of radio astronomy—and all invisible 
astronomies—is that it opens up a whole new window on the universe. There are 

Incoming
radiation

Collecting
area

Focus

Detector

(a) (b)

 Figure 3.16 radio Telescope  (a) The world’s largest fully steerable radio telescope, the 105-m-diameter device at the  
National Radio Astronomy Observatory in Green Bank, West Virginia, is 150 m tall—taller than the Statue of Liberty and nearly as  
tall as the Washington Monument. (b) A schematic diagram shows the path taken by an incoming beam of radio radiation  
(colored blue). (NRAO)
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two main reasons for this. First, just as objects that are bright in the visible part 
of the spectrum (the Sun, for example) are not necessarily strong radio emitters, 
many of the strongest radio sources in the universe emit little or no visible light. 
Second, visible light may be strongly absorbed by interstellar dust along the line 
of sight to a source. Radio waves, on the other hand, are generally unaffected by 
intervening matter. Many parts of the universe cannot be seen at all by optical 
means but are easily detectable at radio wavelengths. Radio observations 
therefore allow us to see whole new classes of objects that would otherwise be 
completely unknown.

Figure 3.18 shows a visible-light photograph of a distant galaxy called 
Centaurus A. Superimposed on the optical image is a radio map of the same region. 
The radio image is represented in false color, a technique commonly used for 
displaying images taken in nonvisible light. The colors do not represent the actual 
wavelength of the radiation emitted, but instead some other property of the source, 
in this case intensity, descending from red to yellow, green, and blue. Notice just 
how different the galaxy looks at radio and optical wavelengths. The visible galaxy 
emits little or no radio energy, while the large blobs (called radio lobes, and thought 
to have been ejected from the center of the galaxy by explosive events long ago) are 
completely invisible. Centaurus A is an example of a radio galaxy (to be studied in 
more detail in Chapter 15). It actually emits far more energy in the form of radio 
waves than it does as visible light, but without radio astronomy we would be 
entirely ignorant of this fact, and of the galaxy’s violent past.

Receivers at the focus are
suspended nearly 150 m
(about 45 stories) above
the dish’s center.

Detector

Collecting area

 Figure 3.17 Arecibo Observatory  The 300-m-diameter 
dish at the National Astronomy and Ionospheric Center near 
Arecibo, Puerto Rico. The two insets show close-ups of the 
receivers hanging high above the dish (left) and technicians 
adjusting the dish surface to make it smoother (right).  
(D. Parker/T. Acevedo/NAIC; Cornell University)

concept check 

cosmic radio waves are very weak, and the 
resolution of radio telescopes is often poor, so 
what can astronomers hope to learn from radio 
astronomy?
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interferometry
Radio astronomers can sometimes improve angular 
resolution by using a technique known as 
interferometry, making it possible to produce radio 
images of much higher angular resolution than can be 
achieved with even the best optical telescopes, on 
Earth or in space. In interferometry, two or more radio 
telescopes are used in tandem to observe the same 
object at the same wavelength and at the same time. 
The combined instruments together make up an 
interferometer (Figure 3.19). By means of electronic 
cables or radio links, the signals received by each 
antenna in the array making up the interferometer are 
sent to a central computer that combines and stores 
the data as the antennas track their target.

Radio
emission

Visible
galaxy

I U X GR V

 Figure 3.18 radio galaxy  This is a composite image of 
the Centaurus galaxy, showing its optical view at center and 
its radio emission in lobes well beyond (here shown in false 
color, with red indicating greatest radio intensity, blue the 
least). (J. Burns)

(a)

(b)

Interferometry works by analyzing how the signals interfere with each other 
when added together.  (Sec. 2.2) Consider an incoming wave striking two de-
tectors (Figure 3.20). Because the detectors lie at different distances from the 
source, the signals they record will, in general, be out of step with one another 
and, when combined, will interfere destructively, partly canceling each other out. 
Notice that the amount of interference depends on the direction in which the 
wave is traveling relative to the line joining the detectors. As Earth rotates and the 
antennae track their target, careful computer analysis of the combined signal re-
sults in a detailed image of the distant object.

Figure 3.21 shows the most powerful interferometer yet constructed. The 
Atacama Large Millimeter Array (ALMA) is the largest astronomical instrument 

 Figure 3.19 VLA interferometer  (a) This large interferometer, called the Very  
Large Array, or VLA for short, is located on the plain of San Augustin in New Mexico. It 
comprises 27 dishes spread along a Y-shaped pattern about 30 km across. (b) The dishes 
are mounted on railroad tracks so that they can be repositioned easily. (Another powerful 
interferometer is shown in the Chapter Opener photo on page 70.)  (NRAO)
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on Earth, sited at an altitude of about 5000 m in the Atacama Desert in northern 
Chile. Completed in 2014, the system’s 66 antennas, most of them 12 m in 
diameter, operate at millimeter wavelengths, between 0.3 and 10 mm. ALMA is 
expected to be a telescopic workhorse for the next generation of astronomers, 
opening a whole new window on the universe and capturing never-before-seen 
details about the stars, galaxies, and planetary systems beyond our own solar 
system.

A

B

Waves arrive in step
=  constructive interference

A

B

Incoming waves
in step

Incoming waves

out of step

A

B

Waves arrive out of step
=  destructive interference

 Figure 3.20 interferometry  Two telescopes, A and 
B, record different signals from the same incoming wave 
because of the time it takes the radiation to traverse the 
distance between them. When the signals are combined, 
the amount of interference depends on the wave’s direction 
of motion, providing a means of measuring the position of 
the source in the sky. Here, the dark blue waves come from 
a source high in the sky and are out of phase, thus causing de-
structive interference. But when the same source has moved 
because of Earth’s rotation (light-blue waves), the interference 
can be constructive.

 Figure 3.21 The ALMA Array.  Built by an international 
consortium of astronomers and engineers from the United 
States, Canada, Europe, East Asia, and Chile, and completed 
in 2014, the ALMA interferometer scans the universe at millim-
eter wavelengths from one of the remotest and driest places 
on our planet, without clouds, radio interference, or light 
pollution. This single most powerful telescope ever built is 
designed to probe one of astronomy’s last observational fron-
tiers. The inset shows the instrument’s control room, where 
one of the fastest supercomputers on the planet is used to 
analyze the incoming data and reconstruct images of the field 
of view. (ESO/NAOJ/NRAO; STScI)
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As far as resolving power is concerned, the effective diameter of an interfer-
ometer is the distance between its outermost dishes. In other words, two small 
dishes can act as opposite ends of an imaginary but huge single radio telescope, 
dramatically improving the angular resolution. Large interferometers made up of 
many dishes, like the Very Large Array (VLA) shown in Figure 3.19, can attain 
radio resolution of a few arc seconds, comparable to that of many ground-based 
optical instruments (without adaptive optics). ALMA’s best resolution is about  
0.1″, similar to that of HST or VLT. Figure 3.22 compares an ALMA radio map of 
a nearby galaxy with a photograph of that same galaxy made using a large optical 
telescope. (The radio image in Figure 3.18 was also obtained by interferometric 
means.) The larger the distance (or baseline) separating the telescopes, the better 
the resolution attainable. Very-long-baseline interferometry (VLBI), using instru-
ments separated by thousands of kilometers, can achieve resolution in the milli-
arcsecond (0.001″) range.

Although the technique was originally developed by radio astronomers, inter-
ferometry is no longer restricted to the long-wavelength domain. Radio interfer-
ometry became feasible when electronic equipment and computers achieved 
speeds great enough to combine and analyze radio signals from separate radio 
detectors without loss of data. As the technology has improved, it has become 
possible to apply the same methods to higher-frequency radiation. Even before 
ALMA, millimeter-wavelength interferometry had already become an established 
and important observational technique. Both the Keck and VLT telescopes are 
now used for both infrared and optical interferometric work.

3.5 Space-Based Astronomy
As we saw in Chapter 2, Earth’s atmosphere is opaque to electromagnetic radia-
tion outside of the radio, infrared, and optical windows.  (Sec. 2.3) Most other 
wavelengths can only be studied from space. The rise of these “other astronomies” 
has therefore been closely tied to the development of the space program.

infrared and ultraviolet Astronomy
Infrared studies are a very important component of modern observational as-
tronomy. Much of the gas between the stars has a temperature between a few 
tens and a few hundreds of kelvins, and Wien’s law tells us that the infrared 
domain is the natural portion of the electromagnetic spectrum in which to 
study this material.  (Sec. 2.4) Generally, infrared telescopes resemble op-
tical telescopes, but the infrared detectors are sensitive to longer-wavelength 
radiation. Although most infrared radiation is absorbed by the atmosphere 
(primarily by water vapor), there are a few windows in the high-frequency part 
of the infrared spectrum where the opacity is low enough to permit ground-
based observations.  (Fig. 2.9) As we have seen, some of the most useful in-
frared observing is done from the ground using large telescopes equipped with 
adaptive optics systems.

For most infrared observations, astronomers must place their instruments 
above most or all of Earth’s atmosphere. Improvements in balloon-, aircraft-, 

100,000 light-years

R

V
(b)

(a)
I V U X G

IR U X G

 Figure 3.22  radio—Optical comparison  (a) This ALMA image of the colliding 
Antennae galaxies was made using just 12 of the system’s antennae operating close 
together and has an angular resolution of a few arc seconds. The full ALMA system is 
capable of resolution some 10 times higher than shown here. (b) A visible-light photograph 
of that same galaxy, made with the HST and displayed on the same scale as  
(a). (ESO NAOJ/ NRAO; STScI)
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rocket-, and satellite-based telescope technologies have made infrared research a 
powerful tool for studying the universe (Figure 3.23). As might be expected, the 
infrared telescopes that can be carried above the atmosphere are considerably 
smaller than the massive instruments found in ground-based observatories. Never-
theless, their infrared view penetrates the clouds of dust and gas surrounding 
many cosmic objects, allowing astronomers to study regions of space that are 
completely obscured at visible wavelengths and revolutionizing our understanding 
of the universe. Figure 3.24 shows some terrestrial and astronomical examples of 
advantages gained by viewing the infrared part of the spectrum.

In 2003, NASA launched the 0.85-m Spitzer Space Telescope (SST, shown in 
Figure 3.23b), named in honor of Lyman Spitzer, Jr., a renowned astrophysicist 
and the first person to propose (in 1946) that a large telescope be located in space. 
The facility’s detectors are designed to operate at wavelengths between 3.6 and 
160 μm. Unlike previous space-based observatories, SST does not orbit Earth, but 
instead follows our planet in its orbit around the Sun, trailing millions of 
kilometers behind to minimize Earth’s heating effect on its detectors. The 
spacecraft is currently drifting away from Earth at the rate of 0.1 AU per year. The 
detectors were cooled to near absolute zero in order to observe infrared signals 
from space without interference from the telescope’s own heat. Figure 3.25 shows 
some examples of the spectacular imagery obtained from NASA’s latest eye on the 
universe; many more of its images are seen throughout this book.

(a) (b)

Gondola

Balloon

 Figure 3.23 infrared telescopes  (a) A gondola containing a 1-m infrared telescope 
is readied for its balloon-borne ascent to an altitude of about 30 km, where it will capture 
infrared radiation that cannot penetrate Earth’s atmosphere. (b) This artist’s conception 
shows the Spitzer Space Telescope orbiting in an Earth-trailing orbit around the Sun while 
surveying the infrared sky at wavelengths ranging from 3 to 200 μm. Note the large baffle at 
left protecting the telescope from the Sun’s heat. (SAO; JPL)
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Unfortunately, the liquid helium keeping SST ’s detectors cool could not be 
confined indefinitely, and it slowly leaked away into space. In early 2009, Spitzer 
entered a new “warm” phase of operation as its temperature increased to roughly 
30K—still very cool by Earth standards, but warm enough for the telescope’s own 
thermal emission to overwhelm the long-wavelength detectors on board. (Recall 
how Wien’s law tells us that the thermal emission of a 30-K object peaks at a 
wavelength of roughly 100 μm.)  (Sec. 2.4) However, the craft’s shorter-wave-
length detectors (at around 3.6 and 4.5 μm) are still operational and will continue 
to be an important astronomical resource until the telescope drifts out of range of 
Earth controllers.

To the short-wavelength, higher-energy side of the visible spectrum lies the 
ultraviolet domain. This region of the spectrum, extending in wavelength from 
400 nm (blue light) down to a few nanometers (the soft, or low-energy, end of the 
X-ray region), has only recently begun to be explored. Because Earth’s atmosphere 
is partially opaque to radiation below 400 nm and is totally opaque to radiation 
below about 300 nm, astronomers cannot conduct any useful ultraviolet 
observations from the ground, not even from the highest mountaintop. Rockets, 
balloons, or satellites are therefore essential to any ultraviolet telescope—a 
device designed to capture and analyze this high-frequency radiation.

These foggy optical views . . . . . . are much clearer when viewed in the infrared.

(a) (b)

(c) (d)

R I V U X GR I V U X G

R I V U X GR I V U X G

 Figure 3.24 infrared images 
(a) An optical photograph taken near 
San Jose, California, and (b) an infrared 
photo of the same area taken at the 
same time. Infrared radiation can 
penetrate smog much better than 
short-wavelength visible light. The 
same advantage pertains to astronomi-
cal observations (c). An optical view of 
an especially dusty part of the central 
region of the Orion Nebula is more 
clearly revealed (d) in this infrared im-
age showing a cluster of stars behind 
the obscuring dust. (Lick Observatory; 
NASA)

M04_CHAI7702_08_SE_C03.indd   92 14/11/15   9:01 AM



 SecTiOn 3.5   space-Based Astronomy 93

Figure 3.26 (a) shows an image of a supernova remnant—the remains of a 
violent stellar explosion that occurred some 12,000 years ago (see Chapter 12)—
obtained by the Extreme Ultraviolet Explorer (EUVE) satellite, launched in 1992. 
Since its launch, EUVE has mapped out our local cosmic neighborhood as it pre-
sents itself in the far ultraviolet and has radically changed astronomers’ concep-
tion of interstellar space in the vicinity of the Sun. The Hubble Space Telescope, 
best known as an optical telescope, is also a superb ultraviolet instrument, as is 
the Galaxy Evolution Explorer (GALEX) satellite, launched in 2003, one of whose 
images is seen in Figure 3.26 (b).

process of science check 

Describe some of the kinds of observations that 
astronomers make across the entire 
electromagnetic spectrum. Why are such 
observations necessary?

(a) (b)
R V U X GI

 Figure 3.25 Spitzer images  Images from the Spitzer Space Telescope show its superb capabilities. (a) The magnificent spiral 
galaxy M81 is about 12 million light-years away. (b) Its companion, M82, is not so serene, rather resembling a smoking hot cigar. (JPL)

(b)(a)
R I V U X G

 Figure 3.26 ultraviolet images  (a) A camera on board the Extreme Ultraviolet Explorer satellite captured this image of the 
Cygnus Loop supernova remnant, the result of a massive star having exploded. The glowing field of debris lies some 1500 light-
years from Earth. Based on the velocity of the outflowing debris, astronomers estimate that the explosion occurred about 12,000 
years ago. (b) This false-color image of the galaxies M81 and M82 (the same ones as in Figure 3.25), made here by the Galaxy 
Evolution Explorer satellite, reveals stars forming in the blue arms well away from the galaxy’s center. (NASA/GALEX)
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high-energy Astronomy
High-energy astronomy studies the universe as it presents itself to us in X-rays 
and gamma rays—the types of radiation whose photons have the highest frequen-
cies and, hence, the greatest energies. How do we detect radiation of such short 
wavelengths? First, it must be captured high above Earth’s atmosphere because 
none of it reaches the ground. Second, its detection requires the use of equipment 
basically different from that used to capture the relatively low-energy radiation 
discussed up to this point.

The difference in the design of high-energy telescopes comes about because 
X-rays and gamma rays cannot be reflected easily by any kind of surface. Rather, 
these rays tend to either pass straight through or else be absorbed by any material 
they strike. When X-rays barely graze a surface, however, they can be reflected 
from it in a way that yields an image, although the mirror design is fairly complex 
(Figure 3.27). High-quality data from imaging X-ray telescopes have driven major 
advances in our understanding of high-energy phenomena throughout the 
universe.

In 1999, NASA launched the Chandra X-Ray Observatory (named in honor of 
the Indian astrophysicist Subramanyan Chandrasekhar and shown in Figure 3.27c). 
With greater sensitivity, a wider field of view, and better resolution than any pre-
vious X-ray telescope, Chandra is providing high-energy astronomers with new 
levels of observational detail. Figure 3.28 shows the first image returned by Chan-
dra—a supernova remnant known as Cas A, all that now remains of a star in the 
constellation Cassiopeia that was observed to explode about 320 years ago. The 
false-color image shows 50 million-kelvin gas in the wisps of ejected stellar mate-
rial; the bright white point at the very center of the debris may be a black hole. 

X-rays (blue) enter
here and are gently
guided to a focus.

Nested
cylindrical

mirrors
Focus

(a) (b) (c)

 Figure 3.27 X-ray Telescope  (a) The arrangement of nested mirrors in an X-ray telescope allows the rays to be reflected at grazing angles and 
focused to form an image. (b) A cutaway 3D rendition of the mirrors, showing their shape more clearly. (c) The Chandra X-ray telescope, shown here dur-
ing the final stages of its construction, has an effective angular resolution of 1″, allowing it to produce images of quality comparable to those of optical 
photographs. (NASA)

The colors here indicate different intensities of X-rays
and also different amounts
of heavy elements.

I U X GR V

 Figure 3.28 X-ray image  A false-color Chandra X-ray image of the supernova 
remnant Cassiopeia A, a debris field of scattered, hot gases that were once part of a mas-
sive star. Roughly 10,000 light-years from Earth and barely visible in the optical part of the 
spectrum, Cas A is awash in brilliantly glowing X-rays spread across some 10 light-years. 
(CXC/SAO)

AniMATiOn/VideO

Chandra Light and Data Paths
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The European X-Ray Multi-Mirror satellite (now known as XMM-Newton) was 
launched in 1999. XMM-Newton is more sensitive than Chandra (that is, it can 
detect fainter X-ray sources), but it has significantly poorer angular resolution  
(5′, compared with 0.5″ for Chandra), making the two missions complementary 
to one another.

Gamma-ray astronomy is the youngest entrant into the observational arena. 
For gamma rays, no method of producing a true image (in the sense of Section 3.1) 
has yet been devised—present-day gamma-ray telescopes simply point in a speci-
fied direction and count photons received. As a result, only fairly coarse  
(1° resolution) observations can be made. Nevertheless, even at this resolution, 
there is much to be learned. Cosmic gamma rays were originally detected in the 
1960s by the U.S. Vela series of satellites, whose primary mission was to monitor 
illegal nuclear detonations on Earth. Since then, several X-ray telescopes have 
also been equipped with gamma-ray detectors.

Gamma-ray astronomy traces the most violent events in the universe, on 
scales ranging from stars to galaxies. NASA’s Compton Gamma-Ray Observatory 
(CGRO), placed in orbit in 1991, scanned the sky and studied individual objects 
in much greater detail than ever before. The CGRO mission ended in 2000 
following a failure of one of the spacecraft’s three gyroscopes. In 2008, NASA 
launched the Fermi Gamma-Ray Space Telescope. With greater sensitivity to a 
broader range of gamma-ray energies than CGRO, Fermi’s capabilities have 
greatly expanded astronomers’ view of the high-energy universe. Figure 3.29 

R I V U GX

 Figure 3.29 gamma-ray image  A false-color gamma-ray image from the Fermi 
telescope, showing the remains of a violent event (a supernova) in a region named IC443. 
The gamma rays are shown mainly in magenta and are superimposed on infrared  
(blue/green) and optical (yellow) images of the region. (NASA)

table 3.1  Astronomy at Many Wavelengths

radiation general considerations common Applications (chapter reference)

Radio Can penetrate dusty regions of interstellar space.
Earth’s atmosphere largely transparent to radio wavelengths.
Can be observed day or night.
High resolution at long wavelengths requires very large telescopes.

Radar studies of planets (1, 6)
Planetary magnetic fields (7)
Interstellar gas clouds (11)
Center of Milky Way Galaxy (14)
Galactic structure (14, 15)
Active galaxies (15)
Cosmic background radiation (17)

Infrared Can penetrate dusty regions of interstellar space.
Earth’s atmosphere only partially transparent to infrared radiation, so 
some observations must be made from space.

Star formation (11)
Cool stars (11, 12)
Center of Milky Way Galaxy (14)
Active galaxies (15)
Large-scale structure of the universe (16, 17)

Visible Earth’s atmosphere transparent to visible light. Planets (6, 7)
Stars and stellar evolution (9, 10, 12)
Galactic structure (14, 15)
Large-scale structure of the universe (16, 17)

Ultraviolet
Earth’s atmosphere opaque to UV radiation, so observations must be 
made from space.

Interstellar medium (11)
Hot stars (12)

X-ray Earth’s atmosphere opaque to X-rays, so observations must be made from 
space.
Special mirror configurations needed to form images.

Stellar atmospheres (9)
Neutron stars and black holes (13)
Active galactic nuclei (15)
Hot gas in galaxy clusters (16)

Gamma ray Earth’s atmosphere opaque to gamma rays, so observations must be 
made from space.
Cannot form images.

Neutron stars (13)
Active galactic nuclei (15)

concept check 

List two scientific benefits of placing telescopes in 
space. What might be some drawbacks?
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shows a Fermi image of the aftermath of a vast stellar explosion, the kind of 
violent event that emits much of its energy in the form of gamma rays. An all-sky 
image from Fermi appears in Figure 3.30 (e).

Full-Spectrum coverage
Table 3.1 lists the basic regions of the electromagnetic spectrum and describes 
objects typically studied in each frequency range. Bear in mind that the list is far 
from exhaustive and that many astronomical objects are now routinely observed 
at many different electromagnetic wavelengths. As we proceed through the text, 
we will discuss more fully the wealth of information that high-precision astro-
nomical instruments can provide us.

As an illustration of the sort of comparison that full-spectrum coverage 
allows, Figure 3.30 shows a series of images of the Milky Way Galaxy. They were 
made by several instruments, at wavelengths ranging from radio to gamma ray, 
over a period of about 5 years. By comparing the features visible in each, we 
immediately see how multiwavelength observations can complement each other, 
greatly extending our perception of the universe around us.

I V U X GR(a)

R I V U GX(d)

R I V U X G(e)

R I U X GV(c)

R V U X GI(b)

 Figure 3.30 Multiple Wavelengths  The Milky Way Galaxy as it appears at (a) radio, 
(b) infrared, (c) visible, (d) X-ray, and (e) gamma-ray wavelengths. Each frame is a panoramic 
view covering the entire sky, with the center of our Galaxy at the center of each map.  
ESA; UMass/Caltech; A. Mellinger; MPI; NASA

The Big QueSTiOn

Astronomy is a data-driven science. The most stunning discoveries are 
often made as new telescopes come online; some instruments are bigger, 
others operate in orbit, and almost all are better than anything available 
previously. The biggest advances have been made by instruments built to 
sense new domains of the electromagnetic spectrum. Today, astronomers 
are opening new, nonelectromagnetic windows, in the form of neutrinos 
(Chapter 9) and gravitational radiation (Chapter 13). What will we learn 
from them, and are there other, as yet unknown, channels still awaiting 
discovery?
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LO1 A telescope (p. 72) is a device 
designed to collect as much light as 
possible from some distant source 
and deliver it to a detector for 
detailed study. Astronomers prefer 
reflecting telescopes  
(p. 72) because large mirrors are 
lighter and much easier to construct than large lenses, and 
they also suffer from fewer optical defects. Instruments may 
be placed inside the telescope at the prime focus  
(p. 72), or a secondary mirror may be used to reflect the 
light to an external detector. Most modern telescopes use 
charge-coupled devices (p. 78) to collect and store data in 
digital form for later analysis.

LO2  The light-gathering power of a telescope 
depends on its collecting area (p. 79), 
which is proportional to the square of the 
mirror diameter. To study the faintest 
sources of radiation, astronomers must use 
large telescopes. Large telescopes also suffer 
least from the effects of diffraction and, hence, can achieve 
better angular resolution (p. 81) once the blurring effects of 
Earth’s atmosphere are overcome. The amount of diffraction is 
proportional to the wavelength of the radiation under study and 
inversely proportional to the size of the mirror.

LO3 The resolution of most ground-
based optical telescopes is limited 
by seeing (p. 83)—the blurring 
effect of Earth’s turbulent 
atmosphere, which smears the 
point-like images of a star into a 
seeing disk (p. 83) a few arc 
seconds in diameter. Astronomers can improve a telescope’s 
resolution by using active optics (p. 84), in which a 
telescope’s environment and focus are carefully monitored and 
controlled, and adaptive optics (p. 84), in which the 
blurring effects of atmospheric turbulence are corrected for in 
real time.

LO4 Radio telescopes (p. 84) are 
conceptually similar in 
construction to optical reflect- 
ing telescopes, although they  
are generally much larger than 
optical instruments, in part 
because so little radio energy 
reaches Earth from space. Their 
main disadvantage is that diffraction of long-wavelength radio 

waves limits their resolution. Their principal advantage is that 
they allow astronomers to explore a new part of the 
electromagnetic spectrum and of the universe—many 
astronomical radio emitters are completely undetectable in 
visible light. In addition, radio observations are largely unaffected 
by Earth’s atmosphere, weather, and the location of the Sun.

LO5 To increase the effective area of a 
telescope, and, hence, improve its 
resolution, several instruments may 
be combined into an 
interferometer  
(p. 88), in which the interference 
pattern of radiation received by two or more detectors is used 
to reconstruct a high-precision map of the source. Using 
interferometry (p. 88), radio telescopes can produce 
images much sharper than those from the best optical 
equipment.

LO6 Infrared (p. 90) and ultraviolet 
telescopes (p. 92) are similar 
in basic design to optical 
systems. High-energy 
telescopes (p. 94) study the 
X-ray and gamma-ray regions 
of the electromagnetic 
spectrum. X-ray telescopes can 
form images of their field of 
view, although the mirror 
design is more complex than for lower-energy instruments. 
Gamma-ray telescopes simply point in a certain direction and 
count photons received. Infrared studies in some parts of the 
infrared range can be carried out using large ground-based 
systems. However, because of atmospheric opacity, most 
infrared, and all ultraviolet, X-ray, and gamma-ray observations 
must be made from space.

LO7 Different physical processes can 
produce very different kinds of 
electromagnetic radiation, and 
the image of a given object in 
long-wavelength, low-energy 
radio waves may bear little 
resemblance to its appearance in 
high-energy X-rays or gamma 
rays. Observations at 
wavelengths spanning the 
electromagnetic spectrum are 
essential to a complete 
understanding of astronomical events.
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW And diScuSSiOn
 1. LO1 List three advantages of reflecting telescopes over refract-

ing telescopes.

 2. LO2 What are the largest optical telescopes in use today? Why 
do astronomers want their telescopes to be as large as 
possible?

 3. How does Earth’s atmosphere affect what is seen through an 
optical telescope?

 4. What advantages does the Hubble Space Telescope have over 
ground-based telescopes? List some disadvantages.

 5. What are the advantages of a CCD over a photograph?

 6. LO3 Is the resolution of a 2-m telescope on Earth’s surface lim-
ited more by atmospheric turbulence or by the effects of 
diffraction?

 7. Why do radio telescopes have to be very large?

 8. LO4 Which astronomical objects are best studied with radio 
techniques?

 9. LO5 What is interferometry, and what problem in radio astron-
omy does it address?

 10. Compare the highest resolution attainable with optical 
telescopes to the highest resolution attainable with radio 
telescopes (including interferometers).

 11. What special conditions are required to conduct observations 
in the infrared?

 12. In what ways do the mirrors in X-ray telescopes differ from 
those found in optical instruments?

 13. LO6 Why was Fermi placed in space, rather than on the ground?

 14. LO7 POS What are the main advantages of studying objects at 
many different wavelengths of radiation?

 15. POS Our eyes can see light with an angular resolution of about 
1′—equivalent to about a third of a millimeter at arm’s length. 
Suppose our eyes detected only infrared radiation, with 1° 
angular resolution. Would we be able to make our way around 
on Earth’s surface? To read? To sculpt? To create technology?

cOncePTuAL SeLF-TeST: True Or FALSe/MuLTiPLe chOice
 1. The main advantage to using the HST is the increased amount 

of “nighttime” viewing it affords. (T/F)

 2. The term “seeing” is used to describe how faint an object can 
be detected by a telescope. (T/F)

 3. One of the primary advantages of CCDs over photographic 
plates is the former’s high efficiency in detecting light. (T/F)

 4. Radio telescopes are large in part to improve their angular res-
olution, which is poor because of the long wavelengths at 
which they are used to observe the skies. (T/F)

 5. Infrared astronomy can only be done from space. (T/F)

 6. Gamma-ray telescopes employ the same basic design that opti-
cal instruments use. (T/F)

 7. Because gamma rays have very short wavelengths, gamma-ray 
telescopes can achieve extremely high angular resolution. (T/F)

 8. The main reason that most professional research telescopes are 
reflectors is that (a) mirrors produce sharper images than 
lenses do;  (b)their images are inverted; (c)they do not suffer 
from the effects of seeing; (d)large mirrors are easier to build 
than large lenses.

 9. If telescope mirrors could be made in odd sizes, the one with 
the most light-gathering power would be a triangle with 1-m 
sides; a square with 1-m sides; a circle 1 m in diameter; a rect-
angle with two 1-m sides and two 2-m sides.

10. The primary reason professional observatories are built on the 
highest mountaintops is to (a) get away from city lights; (b) be 

above the rain clouds; (c) reduce atmospheric blurring; (d) im-
prove chromatic aberration. 

 11. When multiple radio telescopes are used for interferometry, 
resolving power is most improved by increasing (a) the distance 
between telescopes; (b) the number of telescopes in a given 
area; (c) the diameter of each telescope; (d) the electrical power 
supplied to each telescope.

 12. The Spitzer Space Telescope is stationed far from Earth because 
(a) this increases the telescope’s field of view; (b) the telescope 
is sensitive to electromagnetic interference from terrestrial 
radio stations; (c) doing so avoids the obscuring effects of 
Earth’s atmosphere; (d) Earth is a heat source and the tele-
scope must be kept very cool.

 13. The best way to study young stars hidden behind interstellar 
dust clouds would be to use (a) X-rays; (b) infrared light;  
(c) ultraviolet light; (d) blue light.

 14. ViS The image shown in Figure 3.12 (Resolution) is sharpest 
when the ratio of wavelength to telescope size is (a) large;  
(b) small; (c) close to 1; (d) none of these.

 15. ViS Table 3.1 (Astronomy at Many Wavelengths) suggests that 
the best frequency range in which to study the hot (million-
kelvin) gas found among the galaxies in the Virgo cluster would 
be (a) at radio frequencies; (b) in the infrared; (c) in X-rays;  
(d) in gamma rays.
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PrOBLeMS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  A certain telescope has a 10′ * 10′ field of view that is re-
corded using a CCD chip having 2048 * 2048  pixels. What 
angle on the sky corresponds to 1 pixel? What would be the di-
ameter of a typical seeing disk (1″ radius), in pixels?

 2.  The SST ’s planned operating temperature is 5.5 K. At what 
wavelength (in micrometers, μm) does the telescope’s own 
blackbody emission peak? How does this wavelength compare 
with the wavelength range in which the telescope is designed to 
operate? (  More Precisely 2-2)

 3.  A 2-m telescope can collect a given amount of light in 1 hour. 
Under the same observing conditions, how much time would 
be required for a 6-m telescope to perform the same task? A 
12-m telescope?

 4.  A space-based telescope can achieve a diffraction-limited 
angular resolution of 0.05″ for red light (wavelength 700 nm). 
What would the resolution of the instrument be (a) in the 
infrared, at wavelength 3.5 μm, and (b) in the ultraviolet, at 
wavelength 140 nm?

 5.  Two identical stars are moving in a circular orbit around 
one another with an orbital separation of 2 AU. The system lies 
200 light-years from Earth. If we happen to view the orbit 

head-on, how large a telescope would we need to resolve the 
stars, assuming diffraction-limited optics at a wavelength of  
2 μm?

 6.  What is the greatest distance at which HST, operating in 
blue light (400 nm), could resolve the stars in the previous 
question?

 7.  The photographic equipment on a telescope is replaced by a 
CCD. If the photographic plate records 5 percent of the light 
reaching it, but the CCD records 90 percent, how much time 
will the new system take to collect as much information as the 
old detector recorded in a 1-hour exposure?

 8.  The Andromeda galaxy lies about 2.5 million light-years away. 
To what distances do the angular resolutions of SST (3″), HST 
(0.05″), and a radio interferometer (0.001″) correspond at that 
distance?

 9.  What would be the equivalent single-mirror diameter of a 
telescope constructed from two separate 10-m mirrors? Four 
separate 8-m mirrors?

 10.  Estimate the angular resolutions of (a) a radio interferometer 
with a 5000-km baseline, operating at a frequency of 5 GHz, 
and (b) an infrared interferometer with a baseline of 50 m, op-
erating at a wavelength of 1 μm.

AcTiViTieS
collaborative
 1. Determine the maximum size interferometer your group could 

build if you placed 2-m radio telescopes at each of your homes. 
What would be its resolution at a wavelength of 1 cm?

 2. Your group has been assigned to observe the region of the sky 
around Orion to look for hot, bright young stars hidden in mo-
lecular clouds. Explain which of the telescopes described in 
the text would be your best choice, and estimate the level of 
detail you might expect to see.

individual
 1. Take some photographs of the night sky. You will need a loca-

tion with a clear, dark sky, a good digital camera that lets you 
control the exposure time, a tripod and cable release, and a 
watch with a seconds display visible in the dark. Set your 

camera to the “manual” setting for the exposure and attach the 
cable release so you can control it. Set the focus on infinity. 
Point the camera at the desired constellation, seen through the 
viewfinder, and take a 20- to 30-second exposure. Don’t touch 
any part of the camera or hold on to the cable release during the 
exposure to minimize all vibration. Keep a log of your shots.

 2. For some variation, vary your exposure times, take hours-long 
exposures for star trails, use different lenses such as wide-angle 
or telephoto, or place the camera piggyback on a telescope 
tracking an object in the sky so you can take exposures that are 
a few minutes long. Experiment and have fun!

 3. Which image of the Milky Way Galaxy in Figure 3.30 (Multiple 
Wavelengths) provides the most interesting information? 
Explain your reasoning.
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P a r t  2 

Our Planetary System
s our study of astronomy expands, we 
embark on the next in a series of 

increasingly larger steps that will ultimately take  
us to the limits of the observable universe. This 
journey begins with Earth, progresses to the  
study of other planets, and continues on to the 
magnificent Sun. The dimension of our planetary 
family is so large that more than a million Earths 
could be stacked side by side across the whole 
solar system.

Part 2 relates our present understanding of our 
extended, complex home in space. That 
understanding is still a work in progress, but the 
results thus far have revolutionized our knowledge 
both of our present cosmic neighborhood and of 
Earth’s rich natural history.

The images here illustrate the range of sizes 
encountered in Part 2, from the scattered debris of 
asteroids and comets to the central Sun.

A
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Much of what we know about the planets  
was discovered during the last few decades.
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The Solar System
Interplanetary Matter and the  
Birth of the Planets

4

Our own solar system formed some 4.5 billion years ago, a time so ancient that it is 
virtually impossible to reconstruct the details of that singular event. Ironically, studies of 
other planetary systems far beyond our own are now helping us decipher, like Rosetta 
stones, our own origins. Just as comparative planetology of our own eight planets 
guides our understanding of Earth’s formation and history, extrasolar planets have much 
to teach us about how planetary systems form and evolve.

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

The Big PicTure

Studying this chapter will 
enable you to:

LO1 Describe the scale and 
structure of the solar system, 
and list the basic differences 
between terrestrial and jovian 
planets.

LO2 Summarize the orbital and 
physical properties of 
asteroids.

LO3 Describe the composition and 
structure of a typical comet, 
and explain what a comet’s 
orbit tells us about its 
probable origin.

LO4 Summarize the orbital and 
physical properties of 
meteoroids, and explain how 
these bodies are related to 
asteroids and comets.

LO5 List the major facts and 
exceptions that any theory of 
solar system formation must 
explain.

LO6 Outline the condensation 
theory of planetary formation, 
and indicate how it accounts 
for the major features of the 
solar system.

LO7 Explain how the condensation 
theory accounts for the 
terrestrial and jovian planets, 
as well as the smaller bodies 
scattered throughout the 
solar system.

LO8 Describe the main methods 
by which astronomers have 
detected planets beyond the 
solar system.

LO9 Outline the properties of the 
known extrasolar planets and 
relate to current theories of 
solar system formation.

In less than a generation, we have learned more about our solar system—the Sun and 

everything that orbits it—than in all previous centuries. By studying the planets, their 

moons, and the countless fragments of material that orbit in interplanetary space, 

astronomers have gained a richer outlook on our own home in space. The discoveries of 

the past few decades have revolutionized our understanding not only of the present state 

of our cosmic neighborhood, but also of its history, for our solar system is filled with 

clues to its own origin and evolution. Paradoxically, the richest sources of information 

about the earliest days of the solar system are not the large bodies orbiting the Sun, but 

rather the asteroids, comets, and meteoroids that pepper interplanetary space. Far more 

than the planets themselves, these fragments hold a record of the formative stages of our 

planetary system and have much to teach us about the origin of our world.

 Comets are small but vital components of our 
planetary system, dating back to the earliest times 
and in many cases containing pristine material largely 
unchanged since the solar system formed. They are 
one of the few direct links we have with the processes 
that formed the Sun and the planets. This image 
shows comet 67 P/Churyumov – Gerasimenko, a  
4-km-wide chunk of ice that orbits between Earth  

and Jupiter. It was taken by the European Rosetta 
spacecraft, which went into orbit around the comet 
in 2014 and remained with it during its closest 
approach to the Sun in 2015. Rosetta carried out 
detailed measurements of the comet’s interior and 
environment, and soft-landed a small probe on the 
surface, providing by far the best view of a comet 
ever obtained. (ESA/Rosetta/MPS)

L e a r n I n g 
O u tcO M e s
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4.1 An inventory of the Solar System
Our solar system contains one star (the Sun), eight planets orbiting that star, 173 
moons (at last count) orbiting those planets, five dwarf planets, seven asteroids 
and more than 100 Kuiper belt objects larger than 300 km (200 miles) in diameter, 
tens of thousands of smaller (but well-studied) asteroids and Kuiper belt objects, 
myriad comets a few kilometers in diameter, and countless meteoroids less than 
100 m across. This list will undoubtedly grow as we continue to explore our cos-
mic neighborhood.

Planetary Properties
The overall arrangement of the solar system is shown in 
Figure 4.1. Mercury is the planet closest to the Sun, followed 
by Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. 
The asteroids lie mainly in a broad belt between the orbits of 
Mars and Jupiter, the Kuiper belt beyond Neptune.

The planets’ distances from the Sun are known from 
their periods and Kepler’s laws once the scale of the solar 
system is set by radar ranging on Venus.  (Sec. 1.3) The 
distance from the Sun to Neptune is about 30 AU, some 
700,000 times Earth’s radius and roughly 12,000 times the 
distance from Earth to the Moon. Yet despite this vast 
extent, the planets all lie very close to the Sun, 
astronomically speaking. The diameter of Neptune’s orbit is 
less than 1/3000 of a light-year, while the next nearest star 
to the Sun is several light-years distant. Note that the 
planetary orbits are not evenly spaced. Roughly speaking, 
the spacing between adjacent orbits doubles as we move 
outward from the Sun.

All the planets orbit the Sun counterclockwise as seen 
from above Earth’s North Pole and in nearly the same plane 
as Earth (the ecliptic plane).  (Sec. 1.1) Mercury deviates 
slightly from this rule—its orbital plane lies at 7° to the eclip-
tic. Still, as illustrated in Figure 4.1(b), we can think of the 
solar system as being remarkably flat. Figure 4.2 is a photo-
graph of the planets Mercury, Venus, Mars, Jupiter, and 
Saturn, taken during an April 2002 planetary alignment. 
These five planets can (occasionally) be found in the same 
region of the sky in large part because their orbits lie nearly 
in the same plane in space.

Table 4.1 lists some basic orbital and physical properties 
of the eight planets, with a few other solar system objects in-
cluded for comparison.

Earth’s radius has long been known through conven-
tional surveying techniques and, more recently, by satellite 
measurements.  (Discovery 0-1) Other planetary radii 
are found by measuring the planets’ angular sizes and then 
employing elementary geometry, as discussed in More 
Precisely 4-1. Figure 4.3 illustrates the sizes of the planets 
relative to the Sun.

This edge-on view shows the slight inclinations
of the planetary orbits to the ecliptic.

This is a face-on view from directly
above the ecliptic plane.

Saturn

Mars

Earth

Asteroid belt

Venus
Mercury

Jupiter

Uranus

Sun

10 AU

Ecliptic

Sun

All other planets

Mercury

(a)

(b)

Neptune

Kuiper belt

AnimATiOn/VideO

an astronomical ruler 

 Figure 4.1 Solar System  Major bodies of the solar system include the Sun, 
planets, and asteroids. Except for Mercury, the orbits of the planets are almost 
circular (a) and lie nearly in the same plane (b). The entire solar system, including 
the Kuiper belt, spans nearly 100 AU.
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A planet’s mass is determined by observing its gravitational influence on 
some nearby object and applying Newton’s laws of motion and gravity.  (More 
Precisely 1-1) Before the Space Age, astronomers calculated planetary masses 
either by tracking the orbits of the planets’ moons (if any) or by measuring the 
small but detectable distortions the planets produce in each other’s orbits. Today 
astronomers can accurately determine the masses of most of the objects listed in 
Table 4.1 through their gravitational effects on artificial satellites and space 
probes launched from Earth. With nearly 99.9 percent of the total mass, the Sun 
is clearly the “senior partner” in the solar system. Its gravity dominates the mo-
tion of everything else.

The final column in Table 4.1 lists a quantity called density, a measure of 
the “compactness” of an object, computed by dividing the object’s mass (in 
kilograms) by its volume (in cubic meters). Earth’s average density is 5500 
kg/m3. For comparison, the density of water is 1000 kg/m3, rocks on Earth’s 
surface have densities in the range 2000–3000 kg/m3, and iron has a density 
of about 8000 kg/m3. Earth’s atmosphere at sea level has a density of about  
1 kg/m3.

Mercury

Venus

Mars

Saturn

Jupiter

We saw in Chapter 1 how astronomers use parallax, radar rang-
ing, and Kepler’s laws to determine the distances to objects in the 
solar system.  (Sec. 1.3) Knowing the distance, we can con-
vert a body’s angular size into its physical size using a simple ar-
gument first made by the Greek geometer Euclid.

Distant
object

Observer

Circumference =  2p *  distance

3608

Angular diameter

Diameter
(unknown)

Distance
(known)

The accompanying figure shows an observer measuring the 
angular diameter of an object of known distance; we have added 
a large circle centered on the observer and passing through the 
object. To compute the object’s size, we note that the ratio of its 
actual diameter to the circumference of the circle (2p times the 
distance to the object) must be equal to the ratio of the observed 
angular diameter to one full revolution, 360°:

diameter
2p * distance

=
angular diameter

360°
.

Note the basic similarity of this reasoning to that presented in 
Chapter 0.  (Discovery 0-1) From the above equation we find

diameter = distance *
angular diameter

57.3°
.

For example, radar ranging on the Moon tells us that its distance is 
384,000 km. The Moon’s angular diameter is measured to be about 31 
arc minutes—a little over half a degree. It therefore follows that the 
Moon’s actual diameter is 384,000 km * (31/60)° 57.3° = 3460 km. 
A more precise measurement gives 3476 km.

Although the observations are straightforward and the geo-
metrical reasoning elementary, simple measurements such as 
these form the basis for almost every statement made in this 
book about size and scale in the universe.

measuring Sizes with geometry

4.1 M o r e  P r e c i s e ly

 Figure 4.2 Planetary Alignment  Six planets—Mercury, Venus, Mars, Jupiter, Saturn, 
and Earth—are shown during a planetary alignment in April 2002. The Sun and Moon are 
just below the horizon. (J. Lodriguss)
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Terrestrial and Jovian Planets
Astronomers can infer a planet’s bulk composition from a combination of space-
craft data and theoretical calculations (see Chapters 5–8). Based on these, we can 
draw a clear distinction between the inner and outer members of our planetary 
system. Simply put, the inner planets—Mercury, Venus, Earth, and Mars—are 
small, dense, and rocky in composition. The outer worlds—Jupiter, Saturn, Ura-
nus, and Neptune—are large, of low density, and gaseous.

Because the physical and chemical properties of Mercury, Venus, and Mars 
are somewhat similar to Earth’s, the four innermost planets are called the 
terrestrial planets. (The word terrestrial derives from the Latin word terra, 
meaning “land” or “earth.”) The larger outer planets—Jupiter, Saturn, Uranus, 
and Neptune—are all similar to one another chemically and physically (and very 
different from the terrestrial worlds). They are labeled the jovian planets, after 
Jupiter, the largest member of the group. The Roman god Jupiter was also known 
as Jove. The jovian worlds are all much larger than the terrestrials and quite 

Table 4.1  Properties of Some Solar System Objects

Object
Orbital Semimajor 

Axis (Au)
Orbital Period 
(earth Years)

mass (earth 
masses)

radius (earth 
radii)

number of  
Known moons

Average density

(kg/m3) (earth = 1)

mercury 0.39 0.24 0.055 0.38 0 5400 0.98

Venus 0.72 0.62 0.82 0.95 0 5200 0.95

earth 1.0 1.0 1.0 1.0 1 5500 1.00

moon — — 0.012 0.27 — 3300 0.60

mars 1.5 1.9 0.11 0.53 2 3900 0.71

ceres (asteroid) 2.8 4.7 0.00015 0.073 0 2700 0.49

Jupiter 5.2 11.9 318 11.2 67 1300 0.24

Saturn 9.5 29.4 95 9.5 62 700 0.13

uranus 19.2 84 15 4.0 27 1300 0.24

neptune 30.1 164 17 3.9 14 1600 0.29

Pluto (Kuiper-belt object) 39.5 249 0.002 0.2 5 2100 0.38

comet hale-Bopp 180 2400 1.0 * 10-9 0.004 — 100 0.02

Sun — — 332,000 109 — 1400 0.25

AnimATiOn/VideO

the gas giants 

AnimATiOn/VideO

size and scale of the terrestrial Planets I 

Mercury

Venus
Earth

Moon
Mars

Sun

Jupiter

Saturn

Uranus

Neptune

 Figure 4.3 Sun and Planets  Relative sizes of the planets 
and our Sun. Notice that Jupiter, Saturn, Uranus, and Neptune 
are much larger than Earth and the other inner planets. 
However, even these large planets are dwarfed by the still 
larger Sun.
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different from them in both composition and structure. Table 4.2 compares and 
contrasts some key properties of these two distinct planetary classes.

There are important variations within each category. For example, when we 
correct for how gravity compresses their interiors, we find that the uncompressed 
densities of the terrestrial planets decrease steadily with increasing distance from 
the Sun, so these planets’ compositions depend on their location in the solar sys-
tem. Similarly, all four jovian worlds have large, dense “terrestrial” cores of up to 
20 times the mass of Earth, but these cores account for an increasing fraction of 
the jovian planets’ total mass as we move outward.

Solar System debris
One of the principal goals of planetary science is to understand how the solar system 
formed and to explain the physical conditions now found on Earth and elsewhere in 
our planetary system. Ironically, studies of the most accessible planet—Earth itself—
do not help us much in our quest because information about our planet’s early 
stages was obliterated long ago by atmospheric erosion and geological activity, such 
as earthquakes and volcanoes. Similar statements hold for the other planets. The 
problem is that the large bodies of the solar system have all evolved significantly 
since they formed, making it difficult to decipher the circumstances of their births.

A much better place to look for hints of conditions in the early solar system is 
on its small bodies—the planetary moons and the asteroids, meteoroids, Kuiper 
belt objects, and comets that make up interplanetary debris—for nearly all such 
fragments contain traces of solid and gaseous matter from the earliest times. 
They represent truly ancient material—many have scarcely changed since they 
formed along the rest of the solar system billions of years ago.

4.2 interplanetary matter
In the vast space among the eight known planets move countless small chunks of 
matter, ranging in size from a few hundred kilometers in diameter down to tiny 
grains of dust. The major constituents of this cosmic debris are asteroids, comets, 
Kuiper belt objects, and meteoroids. Asteroids and meteoroids are fragments of 
rocky material, somewhat similar in composition to the outer layers of the terres-
trial planets. The distinction between the two is simply their size—anything larger 
than 100 m in diameter (corresponding to a mass exceeding 10,000 tons) is con-
ventionally called an asteroid; anything smaller is a meteoroid. Comets are 
predominantly icy rather than rocky in composition (although they do contain 
some rocky material) and have typical diameters in the 1- to 10-km range. The 
Kuiper belt is an “outer asteroid belt” of sorts, also consisting of icy bodies, 
including the former planet Pluto. Comets and Kuiper belt objects are quite simi-
lar in chemical makeup to some of the icy moons of the outer planets—and may 
very well be the progenitors of those small bodies.

In 2006, the International Astronomical Union, the organization that oversees 
the rules for astronomical terminology, introduced a new category of solar system 
object: A dwarf planet is a body that orbits the Sun and is massive enough for its 
gravity to have pulled it into a spherical shape, but not so massive that it has cleared 
the region around its orbit of smaller bodies. By this definition, the three largest 
“small bodies” in the solar system—the asteroid Ceres, three Kuiper belt objects, in-
cluding Pluto, and the “trans-Neptunian object” Eris—are all dwarf planets.

Together, these small bodies account for a negligible fraction of the total mass 
of the solar system—just a few millionths the mass of the Sun—and they are irrele-
vant to the present-day workings of the planets and their moons. Yet they are are key 
to answering some very fundamental questions about our planetary environment.

concePT check 

Why do astronomers draw such a clear distinction 
between the inner and the outer planets?

Table 4.2  comparison Between the  
Terrestrial and Jovian Planets

Terrestrial Jovian

close to the Sun far from the Sun

closely spaced orbits widely spaced orbits

small masses large masses

small radii large radii

predominantly rocky predominantly gaseous

solid surface no solid surface

high density low density

slower rotation faster rotation

weak magnetic fields strong magnetic fields

no rings many rings

few moons many moons
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Asteroid Orbits
The name asteroid comes from the Greek word asteroeides, which means “like a 
star,” but asteroids are definitely not stars. They are too small even to be classified 
as planets. Astronomers often refer to them as minor planets. Researchers have 
so far cataloged well over 400,000 asteroids with well-determined orbits. The 
total number of known asteroids (that is, including those whose orbits are not yet 
known with sufficient accuracy to make them “official”) is now approaching  
1 million. As sketched in Figure 4.4, the vast majority are found in a region of the 
solar system known as the asteroid belt, located between 2.1 and 3.3 AU from 
the Sun, roughly midway between the orbits of Mars (at 1.5 AU) and Jupiter (at 
5.2 AU). All but one of the known asteroids revolve about the Sun in prograde 
orbits—in the same sense (direction) as Earth and the other planets. Again like 
the planets, most asteroids have orbits fairly close to the ecliptic plane (with incli-
nations less than 10–20°). Unlike the almost circular paths of the major planets, 
however, asteroid orbits are generally noticeably elliptical in shape.

In addition to the main-belt asteroids, a few hundred Trojan asteroids share 
an orbit with Jupiter, remaining a constant 60° ahead of or behind that planet as 
it circles the Sun. This peculiar orbital behavior is not a matter of chance—the 
Trojan asteroids are held in place by a stable balance between the gravitational 
fields of Jupiter and the Sun. Calculations first performed by the 18th-century 
French mathematician Joseph Louis Lagrange show that interplanetary matter 
that strays into one of the two regions of space now occupied by the Trojan aster-
oids can remain there indefinitely, perfectly synchronized with Jupiter’s motion.

The orbits of most asteroids have eccentricities lying in the range 0.05–0.3, 
ensuring that they always remain between the orbits of Mars and Jupiter. How-
ever, some Earth-crossing asteroids move on orbits that intersect Earth’s orbit, 
most likely because the gravitational field of Mars or Jupiter has deflected these 
small bodies into the inner solar system. Currently, some 12,000 Earth-crossing 
asteroids are known. Most have been discovered since the late 1990s, when sys-
tematic searches for such objects began. The mile-wide Earth-crossing asteroid 
Icarus is shown (as the white streak) in Figure 4.5.

Roughly 1600 Earth crossers are officially designated “potentially hazard-
ous,” meaning that they are more than about 150 m in diameter (three times the 
size of the impactor responsible for the Barringer crater shown in Figure 4.19) 
and move in orbits that could bring them within 0.05 AU (7.5 million kilometer) 
of our planet. All told, between 2005 and 2015, some 200 asteroids (that we know 
of!) passed within 0.05 AU of our planet, a couple of them coming within the orbit 
of the Moon. Similar numbers are expected during the next decade. None of the 
currently known potentially hazardous asteroids is expected to impact Earth dur-
ing the next century—the closest predicted near miss will occur in April 2029, 
when the 350-m asteroid Apophis will pass approximately 30,000 km above our 
planet’s surface.

Calculations indicate that most Earth-crossing asteroids will eventually col-
lide with Earth and that during any given million-year period, roughly three as-
teroids strike our planet. Several dozen large basins and eroded craters on Earth 
are thought to be sites of ancient asteroid collisions. The many large impact 
craters on the Moon, Venus, and Mars are direct evidence of similar events on 
other worlds. Such an impact could be catastrophic by human standards. Even 
a 1-km object carries more than 100 times more energy than all the nuclear 
weapons currently in existence on Earth and would devastate an area hundreds 
of kilometers in diameter. Should a sufficiently large asteroid hit our planet, it 
might even cause the extinction of an entire species. Indeed, many scientists 
think that the extinction of the dinosaurs was the result of just such an impact. 

 (Discovery 4-1)
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 Figure 4.4 inner Solar System  The main asteroid belt, 
along with the orbits of Earth, Mars, and Jupiter. Note the 
Trojan asteroids clumped at two locations in Jupiter’s orbit. 
The orbits of the main-belt asteroids generally lie within the 
belt region of the figure. The red ellipse shows the orbit of an 
Earth-crossing asteroid.
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 Figure 4.5 Asteroids, from earth interactive  The 
Earth-crossing asteroid Icarus has an orbit that passes within 
0.2 AU of the Sun, well within Earth’s orbit. Icarus occasion-
ally comes close to Earth, making it one of the best-studied 
asteroids in the solar system. Its motion relative to the stars 
makes it appear as a streak (marked) in this long-exposure 
photograph. (Palomar Observatory/Caltech)
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Asteroid Properties
Most asteroids are too small to resolve with even the largest Earth-based tele-
scopes.  (Sec. 3.2) Astronomers generally estimate asteroid sizes from the 
amount of sunlight they reflect and the heat they radiate. Occasionally, an aster-
oid passes directly in front of a star, allowing astronomers to determine its size 
and shape with great accuracy. The largest asteroid, the dwarf planet Ceres, has 
a diameter of 940 km. Only about two dozen asteroids are larger than 200 km 
across; most are far smaller. Large asteroids are roughly spherical because (as 
with planets) gravity is the dominant force determining their shape. Smaller 
bodies can be highly irregular in shape. The gravitational effect of an asteroid on 
its neighbors is very small and hard to measure accurately, so astronomers have 
measured the masses of only a few of them. The mass of Ceres is just 1/10,000 
the mass of Earth. The total mass of all the known asteroids probably amounts 
to less than one-tenth the mass of the Moon.

Asteroid compositions are inferred from spectroscopic and other measure-
ments in the infrared, visible, and ultraviolet parts of the spectrum. The darkest 
(least reflective) carbonaceous asteroids contain significant amounts of water ice 
and other volatile substances and are rich in organic (carbon-based) molecules. The 
more reflective silicate asteroids are composed primarily of rocky material. Silicate 
asteroids predominate in the inner parts of the asteroid belt, but carbonaceous as-
teroids are more common overall, and their fraction increases as we move outward.

Several asteroids have been visited by space probes. Figure 4.6(a) shows as-
teroid Ida, as seen by the Galileo probe en route to Jupiter in 1993. Ida is an ir-
regularly shaped, cratered body some 30 km across, covered with layers of dust of 
variable thickness. It is thought to be a fragment of a larger object that broke up 
following a violent collision hundreds of millions of years ago. It also has a small 
moon (named Dactyl) orbiting it. By studying Dactyl’s orbit and applying 
Newton’s laws, astronomers were able to estimate Ida’s mass at about 4–5 3 1016 
kg and infer a density of 2100–3100 kg/m3.  (Sec. 1.4) For comparison, the 
density of surface rock on Earth is around 3000 kg/m3.

In 1997 the Near Earth Asteroid Rendezvous (NEAR) spacecraft flew by the 
60-km wide asteroid Mathilde (Figure 4.6b). By sensing its gravitational pull, 
NEAR measured Mathilde’s mass at about 1017 kg, implying a density of just 
1300 kg/m3. To account for this low density, scientists speculate that the aster-
oid’s interior must be quite porous. Indeed, many asteroids seem to be more like 

250 m30 km30 km

(a) (b)
R I U X G

(c)
V

 Figure 4.6 Asteroids, close-up  (a) Asteroid Ida photographed by the space probe Galileo from a distance of 3400 km. (Ida’s moon, Dactyl, 
is visible at right.) Resolution is about 100 m. (b) Asteroid Mathilde, imaged by the NEAR spacecraft on its way to the asteroid Eros. The largest 
craters in this image are about 20 km across—much larger than those seen on Ida. The reason may be Mathilde’s low density and rather soft 
composition. (c) A typical “rubble pile” asteroid, Itokawa, as seen by the Japanese Hayabusa spacecraft. It has few craters and is thought to have 
formed from fragments that coalesced over time. (NASA; JAXA)
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The name dinosaur derives from the Greek words deinos (terri-
ble) and sauros (lizard), but dinosaurs were no ordinary reptiles. 
In their prime, they were the rulers of Earth. Their fossilized 
remains have been found on every continent. They dominated 
Earth for well over 100 million years (for comparison, humans 
have been around for a little over 2 million years). Yet according 
to the fossil record, these creatures vanished from Earth quite 
suddenly about 65 million years ago. What happened to them?

Many explanations have been offered for the 
extinction of these creatures. Devastating 
plagues, magnetic field reversals, increased geo-
logical activity, severe climate change, and super-
nova explosions (see Chapter 12) have all been 
proposed. In the 1980s, it was suggested that a 
large extraterrestrial object—a 10- to 15-km-wide 
asteroid or comet—struck Earth 65 million years 
ago, and this is now (arguably) the leading expla-
nation for the demise of the dinosaurs. Sketched 
in the first figure, the impact released millions of 
times more energy than the largest nuclear 
bombs ever constructed by humans and kicked 
huge quantities of dust high into the atmosphere. 
The dust may have shrouded our planet for years, 
virtually extinguishing the Sun’s rays. On the 
darkened surface, plants could not survive. The 
entire food chain was disrupted, and the dino-
saurs, at the top of that chain, became extinct.

Although we have no direct astronomical evidence for or 
against this idea, we can estimate the chances that a large asteroid 
or comet will strike Earth today on the basis of the number of ob-
jects presently on Earth-crossing orbits. The second figure shows 
the likelihood of an impact as a function of the size of the impact-
ing body. The horizontal scale indicates the energy released by the 
collision, measured in megatons of TNT. The megaton—4.2 3 1016 
joules, the explosive yield of a large nuclear warhead—is the only 
common terrestrial measure of energy adequate to describe the 
violence of these events.  (More Precisely 2-2)

We see that 100 million-megaton impacts, like the planet-
wide catastrophe thought to have wiped out the dinosaurs, are 
very rare, occurring only once every 10 million years or so. How-
ever, smaller impacts, equivalent to “only” a few tens of kilotons 
of TNT (roughly equivalent to the bomb that destroyed Hiro-
shima in 1945), could happen every few years. The most recent 
large impact was the Tunguska explosion in Siberia in 1908, 
which packed a roughly 1-megaton punch (see Figure 4.21).

The main geological evidence supporting this theory is a layer 
of clay enriched with the element iridium, found in 65 million-
year-old rocky sediments all around our planet. Iridium is rare on 
Earth’s surface because most of it sank into our planet’s interior 

long ago. The abundance of iridium in this clay layer is about  
10 times greater than in other terrestrial rocks, but it matches 
closely the abundance of iridium found in meteorites (and, we as-
sume, in asteroids and comets too). The site of the catastrophic 
impact has also been tentatively identified near Chicxulub, in the 
Yucatan Peninsula in Mexico, where evidence of a heavily eroded 
crater of just the right size and age has been found.

The idea that extraterrestrial events could cause catastrophic 
change on Earth was rapidly accepted by most 
astronomers, but it was controversial among 
paleontologists and geologists. Opponents argued 
that the amount of iridium in the clay layer varies 
greatly from place to place across the globe, and 
there is no complete explanation of why that 
should be so. Perhaps, they suggested, the irid-
ium was produced by volcanoes and had nothing 
to do with an extraterrestrial impact at all.

Still, in the decades since the idea was first 
suggested, the focus of the debate seems to have 
shifted. As is often the case in science, the de-
bate has evolved, sometimes erratically, as new 
data have been obtained, but the reality of a 
major impact 65 million years ago has become 
widely accepted.  (Sec. 0.5) Much of the ar-
gument now revolves around the question of 
whether that event actually caused the extinc-

tion of the dinosaurs or merely accelerated a proc-
ess already under way. The realization that catastrophic impacts 
can and do occur marked an important milestone in our under-
standing of planetary evolution (see also Discovery 7-2).

As a general rule, we can expect that global catastrophes are 
bad for the dominant species on a planet. As the dominant spe-
cies on Earth, we are the ones who now stand to lose the most.

What Killed the dinosaurs?

4.1 D i s c o v e r y

(D. Hardy)
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 Figure 4.7  Asteroid eros  The asteroid Eros, as seen by the NEAR-Shoemaker probe. 
Craters of all sizes, ranging from 50 m (the resolution of the image) to 5 km, pit the surface.
The inset shows a close-up image of a “younger” section of the surface, where loose material 
from recent impacts has apparently filled in and erased all trace of older craters. (JHU/NASA)
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 Figure 4.8 Vesta and ceres  (a) Vesta, the 
solar system’s second largest asteroid, as seen here 
by NASA’s Dawn spacecraft, is 500 km across and 
orbits between Mars and Jupiter. Note the deep 
grooves at top that span much of this rocky body 
and the towering mountain near the bottom. (b) Part 
of Ceres’s heavily cratered southern hemisphere, 
imaged by Dawn in 2015. The inset shows crater 
Occator, home to a collection of an intriguing but 
poorly understood complex of bright spots. (NASA)

loosely bound rubble piles than pieces of solid rock. Figure 4.6(c) shows another 
rubble pile, the tiny (0.5-km long) asteroid Itokawa, which was visited in 2005 by 
the Japanese spacecraft Hayabusa. Itokawa’s average density is 1900 kg/m3, but 
ground-based measurements indicate that the density of the left end is signifi-
cantly greater, about 2900 kg/m3, suggesting that the asteroid may be the result 
of a collision in the relatively recent past. Hayabusa soft-landed on Itokawa, 
scooped up some rocky debris, and returned it to Earth in 2010. Analysis of the 
debris provided strong evidence that asteroids like Itokawa are the source of 
most meteorites—the oldest matter in the solar system.

On February 14, 2000, the NEAR spacecraft (by then renamed NEAR-Shoemaker) 
went into orbit around the asteroid Eros, sending back high-resolution images and 
making detailed measurements of the asteroid’s size, shape, gravitational and mag-
netic fields, composition, and structure (Figure 4.7). Eros is a heavily cratered, rocky 
body, with mass 7 3 1015 kg and a roughly uniform density of around 2400 kg/m3. It 
is extensively fractured, apparently due to innumerable impacts in its past.

In 2011, NASA’s Dawn probe entered orbit around Vesta, the second largest 
asteroid in the solar system. Vesta’s most striking surface features (Figure 4.8a) 
are a set of deep troughs girdling the equator and one of the largest mountains in 
the solar system—a peak some 22 km high near the south pole. Age estimates 
based on the extent of cratering (see Section 5.6) indicate that Vesta’s southern 
hemisphere is much younger than the north, suggesting that the major surface 
features may have been formed by an impact with another large body 1–2 billion 
years ago. The solar system is a violent place!

Dawn’s next target was the dwarf planet Ceres, where it arrived in 2015. This 
small body appears to have a mainly rocky central core surrounded by an icy 
outer mantle and an icy/rocky surface. Figure 4.8(b) shows a portion of Ceres’s 
southern hemisphere. The dwarf planet’s heavily cratered surface actually shows 
fewer craters than had been expected, given its orbit in the crowded asteroid belt, 
perhaps indicating that past surface activity has obliterated some older features. 
The surface is also punctuated by a dozen or so bright white regions (one of them 
shown in the inset to Figure 4.8b), of unknown origin and composition.
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comets
Comets are usually discovered as faint, fuzzy patches of light on the sky while still 
several astronomical units away from the Sun. Traveling in a highly elliptical 
orbit, a comet brightens and develops an extended tail as it nears the Sun. (The 
name comet derives from the Greek word kome, meaning “hair.”) As the comet 
departs from the Sun’s vicinity, its brightness and its tail diminish until it once 
again becomes a faint point of light receding into the distance.

Probably the most famous comet of all is Halley’s Comet (Figure 4.9a), whose 
appearance at 76-year intervals has been documented at every passage since 240 
b.c. Its most recent appearance was in 1986. A spectacular show, the tail of 
Halley’s Comet can reach almost a full astronomical unit in length, stretching 
many tens of degrees across the sky. More recently, in 1997, comet Hale-Bopp, an 
unusually large and bright comet with a 40°-long tail, was almost certainly the 
most-watched comet in history (Figure 4.10).

The various parts of a typical comet are shown in Figure 4.9(b). Like the plan-
ets, comets emit no visible light of their own—they shine by reflected (or reemitted) 
sunlight. The nucleus, or main solid body, of a comet is only a few kilometers in 
diameter. During most of the comet’s orbit, far from the Sun, only this frozen nu-
cleus exists. But if a comet comes within a few astronomical units of the Sun, its icy 
surface becomes too warm to remain stable. Part of it becomes gaseous and ex-
pands into space, forming a diffuse coma (halo) of dust and evaporated gas around 
the nucleus. The inset to Figure 4.9(a) shows the nucleus of Halley’s comet, as seen 
by the European Giotto spacecraft, which approached within 600 km of the nucleus 
in 1986. The coma gets larger and brighter as the comet nears the Sun. At maxi-
mum size, it can measure 100,000 km in diameter—as large as Jupiter or Saturn. 
Engulfing the coma, an invisible hydrogen envelope stretches across millions of 
kilometers of space. The comet’s tail, most pronounced when the comet is closest to 
the Sun, is larger still, sometimes spanning as much as 1 AU. From Earth, only the 
coma and tail of a comet are visible to the naked eye. Most of the comet’s light 
comes from the coma. However, most of the mass resides in the nucleus.
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(b)
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 Figure 4.9 halley’s comet  (a) Halley’s Comet in 1986, 
about 1 month before it rounded the Sun. (b) Diagram of a 
typical comet, showing the nucleus, coma, hydrogen 
envelope, and tail, approximately to the same scale as in part 
(a). (c) The inset is Halley’s nucleus, as seen by the European 
Giotto spacecraft, showing it to be very dark. The Sun is 
toward the left in this image. The brightest areas are jets of 
evaporated gas and dust spewing from the comet’s nucleus. 
(NOAO ESA/Max Planck Institute)
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 Figure 4.10 comet Tails  In 1997, comet Hale-Bopp displayed both an ion tail (dark blue) 
and a dust tail (white blue), showing the gentle curvature and inherent fuzziness of the dust. At 
the comet’s closest approach to the Sun, its tail stretched nearly 40° across the sky. (W. Pacholka)
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Comet tails always point
away from the Sun on both 
inbound and outbound paths.
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Comets can have two types of tail. An ion tail is approximately straight, 
and often made of glowing, linear streamers like those shown toward the top 
of Figure 4.10. Its emission spectrum indicates numerous ionized atoms and 
molecules that have lost some of their normal complement of electrons. 

 (Sec. 2.6) A dust tail is usually broad, diffuse, and gently curved, as 
shown clearly at the center of Figure 4.10. It is rich in microscopic dust 
particles that reflect sunlight, making the tail visible from afar.

Both types of tails are in all cases directed away from the Sun by the solar 
wind, an invisible stream of matter and radiation escaping from the Sun. (In 
fact, astronomers first inferred the existence of the solar wind from observations 
of comet tails.) Consequently, as depicted in Figure 4.11, the tail, be it ion or dust, 
always lies outside a comet’s orbit and actually leads the comet when it is out-
bound from the Sun. The light particles that make up the ion tails are more 
strongly influenced by the solar wind than by the Sun’s gravity, so those tails al-
ways point directly away from the Sun. The heavier dust particles are less affected 
by the pressure of the solar wind and tend to follow the comet’s orbit around the 
Sun, giving rise to the slight curvature of the dust tails.

The nucleus of a comet is composed of dust particles and small rocky fragments 
all trapped within a loosely packed mixture of methane, ammonia, carbon dioxide, 
and ordinary water ice, the density of the mixture being about 100 kg/m3. Comets 
are often described as “dirty snowballs.” Even as atoms, molecules, and dust parti-
cles boil off into space, creating a comet’s coma and tail, the nucleus remains frozen 
at a temperature of only a few tens of kelvins. Estimates of typical cometary masses 
range from 1012 to 1016 kg, comparable to the masses of small asteroids.

In 2004, NASA’s Stardust mission approached within 150 km of the nucleus of 
comet P/Wild 2, collecting cometary particles in a specially designed foam-like 
aerogel dust detector (see Figure 4.12). The comet was chosen because it is a rela-
tive newcomer to the inner solar system, having been deflected onto its present 
orbit by an encounter with Jupiter in 1974. It has therefore not undergone signifi-
cant solar heating or evaporation and hasn’t changed significantly since our solar 
system formed. On its return to Earth in 2006, Stardust provided researchers with 
the first-ever samples of cometary material. Detailed chemical analysis revealed 
organic material apparently formed in deep space, as well as the unexpected pres-
ence of silicate (rocky) materials that should only have formed at high tempera-
tures, challenging astronomers’ models of solar system formation.

The next year saw a much more violent encounter, when a 400-kg projectile 
from NASA’s Deep Impact spacecraft crashed into comet Tempel 1 at more than 10 
km/s (23,000 mph), blasting gas and debris from the comet’s interior out into in-
terplanetary space, while the spacecraft itself watched from a distance of 500 km. 

 Figure 4.11 comet Trajectory  As it approaches the 
Sun, a comet develops an ion tail, which is directed away from 
the Sun. Closer in, the dust tail displays marked curvature and 
tends to lag behind the ion tail. Compare this to comet Hale-
Bopp (Figure 4.10).
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 Figure 4.12 Stardust at Wild-2 interactive  (a) The Stardust spacecraft captured this image (a) of comet P/Wild-2 in 2004, just before the craft passed 
through the comet’s coma. (b) Onboard is a detector made of a foam-like jelly (called aerogel) that is 99.8% air, yet is strong enough to stop and store cometary 
dust particles as they hit the spacecraft. (c) Upon return of the craft to Earth in 2006, analysis began of the minute tracks in the aerogel, the ends of which contain 
captured comet dust fragments. (NASA)
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Figure 4.13 shows the mothership’s spectacular view of the explosion about 1 min-
ute after impact. Spectroscopic analysis of the ejected gas has provided scientists 
with their clearest view yet of the internal composition of a comet, confirming the 
presence of water ice and many organic molecules.  (Sec. 2.8) Observations of 
the crater suggest a low-density “fluffy” internal composition, consistent with the 
“snowball” picture of cometary structure just described.

In August 2014, after a 10-year journey that took it almost as far as the orbit 
of Jupiter, the European Rosetta spacecraft rendezvoused with, and went into 
orbit around, a 4-km-wide comet called 67 P/Churyumov–Gerasimenko while it 
was still several astronomical units from the Sun. Like comet P/Wild 2, comet 
67P was chosen because it is a relative newcomer to the inner solar system, hav-
ing been placed on its current 3.5 AU orbit by a series of kicks from the planet 
Jupiter over the last 2 centuries. The chapter-opening image shows a detailed 
view of the comet from Rosetta shortly after arrival.

Rosetta carried an array of 12 sensors designed to study the comet’s surface, 
interior, atmosphere, and chemical and magnetic environment. Already (see 
Section 4.3), some of its measurements of water on and near the comet may have 
upended some long-held theories of planet formation. However, the star of the show 
was a 100-kg lander called Philae, which made the first ever soft landing on a comet 
in November 2014 and returned data from the surface for several days before its 
power supply was depleted. Figure 4.14(a) shows another view of comet 67P, with 

 Figure 4.13 deep impact  The 5-km-sized nucleus of Comet Tempel 1 is shown at top 
before impact in 2005 and at bottom shortly after collision with a small projectile launched 
from the Deep Impact robot spacecraft.(NASA)

1 km(a)
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 Figure 4.14 comet close-up  (a) This Rosetta image of 
comet 67 P/Churyumov – Gerasimenko shows the comet 
almost end-on (the view is roughly right to left along the 
chapter-opening image). The inset highlights the landing site 
of the Philae lander. (b) Philae’s view of the surface of this alien 
world. One of the lander’s feet can be seen at the bottom of 
this panoramic image. (ESA/Rosetta/MPS)
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the landing site enlarged; Figure 4.14(b) shows Philae’s view from the surface. 
Following the landing, Rosetta continued to orbit the comet as it rounded the Sun in 
August 2015, studying the evolving surface as the Sun’s heat warmed and vaporized it.

comet Orbits
Their highly elliptical orbits take most comets far beyond Pluto, where, in accord-
ance with Kepler’s second law, they spend most of their time.  (Sec. 1.3)  The 
majority take hundreds of thousands, even millions, of years to complete a single 
orbit around the Sun. Unlike the orbits of other solar system objects, most comet 
orbits are not confined to within a few degrees of the ecliptic plane. Rather, they 
exhibit all inclinations and orientations, roughly uniformly distributed in all direc-
tions from the Sun. Only a tiny portion of a cometary orbit can lie within the inner 
solar system, so it follows that for every comet we see, there must be many more 
similar objects far from the Sun.

Thus, astronomers reason, there must be a huge cloud of comets lying far be-
yond the orbit of Pluto, completely surrounding the Sun in all directions (Figure 
4.15a). It is named the Oort cloud, after the Dutch astronomer Jan Oort, who first 
wrote in the 1950s of the possibility of such a vast reservoir of inactive, frozen 
comets. Researchers think that the Oort cloud may be up to 100,000 AU (0.5 light-
years) in diameter. However, most Oort cloud comets never come anywhere near 
the Sun. Indeed, Oort cloud comets rarely approach even the orbit of Pluto. Only 
when the gravity of a passing star happens to deflect a comet into an extremely ec-
centric orbit that passes through the inner solar system do we get to see it at all.

A few short-period comets (conventionally defined as those having orbital 
periods of less than 200 years) are exceptions to the above general statements. 
According to Kepler’s third law, these bodies never venture far beyond the orbit of 
Pluto. Their orbital orientations also differ from the norm—they tend to be prograde 
and lie close to the ecliptic plane, like the orbits of the planets and most asteroids.

Short-period comets originate beyond the orbit of Neptune in or near a region 
of the outer solar system called the Kuiper belt (after Gerard Kuiper, a pioneer in 
infrared and planetary astronomy). A little like the asteroids in the inner solar 
system, most Kuiper belt objects move in roughly circular orbits between about 30 
and 100 AU from the Sun, always remaining outside the orbits of the jovian planets 
(Figure 4.15b). Occasionally, either a chance encounter between two objects or 
(more likely) the gravitational influence of Neptune “kicks” a Kuiper belt object into 
an eccentric orbit that brings it into the inner solar system and into our view. The 
observed orbits of these comets reflect the flattened structure of the Kuiper belt.

More than 1000 Kuiper belt objects are currently known. Because they are so 
small and distant, only a tiny fraction of the total has so far been observed. 
Researchers estimate that the total mass of the Kuiper belt may exceed that of the 
asteroid belt by a factor of 100 or more (although it is probably still less than the 
mass of Earth). The best-known Kuiper belt object is the former planet Pluto, but 
larger bodies orbit beyond Neptune. In 2005, astronomers discovered an object 
(since named Eris) some 10 percent larger and 30 percent more massive than 
Pluto, moving on an eccentric orbit with a semimajor axis of 70 AU. The discovery 
of Eris was a major factor in Pluto’s demotion from major planet status in 2006.

meteoroids
On a clear night it is possible to see a few meteors—shooting stars—every hour. A 
meteor is a sudden streak of light in the night sky caused by friction between air 
molecules in Earth’s atmosphere and an incoming piece of asteroid, meteoroid, 
or comet. This friction heats and excites the air molecules, which then emit light 
as they return to their ground states, producing the characteristic bright streak 

 Figure 4.15 comet reservoirs  (a) Diagram of the Oort 
cloud, showing a few cometary orbits. The solar system is 
smaller than the overlaid box at the center of the figure.  
(b) The Kuiper belt, the source of short-period comets, whose 
orbits hug the ecliptic plane.
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shown in Figure 4.16. Note that the brief flash that is a meteor is in no way simi-
lar to the broad, steady swath of light associated with a comet’s tail. A meteor is a 
fleeting event in Earth’s atmosphere, whereas a comet tail exists in deep space 
and can remain visible in the sky for weeks or even months.

Before encountering the atmosphere, the chunk of debris causing a meteor 
was almost certainly a meteoroid, simply because these small interplanetary frag-
ments are far more common than either asteroids or comets. Any piece of inter-
planetary debris that survives its fiery passage through our atmosphere and finds 
its way to the ground is called a meteorite.

The smallest meteoroids are mainly the rocky remains of broken-up comets. 
Each time a comet passes near the Sun, some fragments dislodge from the main 
body. The fragments initially travel in a tightly knit group of dust or pebble-sized 
objects called a meteoroid swarm, moving in nearly the same orbit as the parent 
comet. Over the course of time, the swarm gradually disperses along the orbit, so 
that eventually the micrometeoroids, as these small meteoroids are known, 
become more or less smoothly spread around the parent comet’s orbit. If Earth’s 
orbit happens to intersect the orbit of such a young cluster of meteoroids, a spec-
tacular meteor shower can result. Earth’s motion takes it across a given comet’s 
orbit at most twice a year (depending on the precise orbit of each body). Because 
the intersection occurs at the same time each year (Figure 4.17), the appearance 
of certain meteor showers is a regular and (fairly) predictable event (Table 4.3).

Meteor showers are named for their radiant, the constellation from whose 
direction they appear to come (Figure 4.18). For example, the Perseid shower 
appears to emanate from the constellation Perseus. It can last for several days but 
reaches its maximum every year on the morning of August 12, when upward of 
50 meteors per hour can be observed. Astronomers use the speed and direction of 
a meteor’s flight to compute its interplanetary trajectory. This is how some 
meteoroid swarms have come to be identified with well-known cometary orbits.

Larger meteoroids—those more than a few centimeters in diameter—are usu-
ally not associated with comets. They are more likely small bodies that have 
strayed from the asteroid belt, possibly as the result of asteroid collisions. Their 

 Figure 4.16 meteor 
Trails  A bright streak  
of light called a meteor  
is produced when a 
fragment of interplanetary 
debris plunges into the 
atmosphere, heating  
the air to incandescence. 
(a) A small meteor 
photographed against a 
backdrop of stars and the 
Northern Lights. (b) These 
meteors (one with a red 
smoke trail) streaked  
across the sky during the 
height of the Leonid 
meteor storm in November 
2001. (P. Parviainen,  
J. Lodriguss)

 Figure 4.17 meteor Showers  A meteoroid swarm associated with a given comet 
intersects Earth’s orbit at specific locations, giving rise to meteor showers at specific times of 
the year. If the comet’s path happens to intersect Earth’s, the result is a meteor shower each 
time Earth passes through the intersection (point 4).

(a) (b)
R I V U X G

Comet debris
continues to
disperse.

Fragments continue
along the comet orbit
as it begins to break up.

Comet breaks up as
it rounds the Sun.

2

Earth

Sun

4

1

3

Meteor
showers occur 
when cometary 
debris hits Earth.
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orbits can sometimes be reconstructed in a manner similar to that used to deter-
mine the orbits of meteor showers. In most cases, their computed orbits do indeed 
intersect the asteroid belt, providing the strongest evidence we have that this is 
where they originated. These objects are responsible for most of the cratering on 
the surfaces of the Moon, Mercury, Venus, Mars, and some of the moons of the jo-
vian planets. A few meteorites have been identified as originating on the Moon or 
Mars, blasted off the surfaces of those bodies by some impact long ago.

Meteoroids smaller than about a meter across (roughly a ton in mass) gener-
ally burn up in Earth’s atmosphere. Larger bodies reach the surface, where they 
can cause significant damage, such as the kilometer-wide Barringer Crater shown 
in Figure 4.19. From the size of this crater, we can estimate that the meteoroid re-
sponsible must have had a mass of about 200,000 tons and a diameter of perhaps 
50 m. Only 25 tons of iron meteorite fragments have been found at the crash site. 
The remaining mass must have been scattered by the explosion at impact, broken 
down by subsequent erosion or buried in the ground. Currently, Earth 
is scarred with nearly 100 craters larger than 0.1 km in diameter. Most 
of these are so heavily eroded by weather and geological activity that 
they can be identified only in satellite photography, as in Figure 4.20. 
Fortunately, such major collisions between Earth and large meteor-
oids are thought to be rare events now. On average, they occur only 
once every few hundred thousand years (see Discovery 4-1).

One of the most recent documented meteoritic events occurred 
in central Siberia on June 30, 1908 (Figure 4.21). The presence of 
only a shallow depression as well as a complete lack of fragments 
implies that this intruder exploded several kilometers above the 
ground, leaving a blasted depression at ground level but no well-
formed crater. Recent calculations suggest that the object in question 

Observer

Radiant

(a)

(b)

Meteoroid
swarm

The view from the side

Meteors coming at you face-on

Meteor swarms
coming at you face-on 

are analogous to parallel 
train tracks that seem to 

converge in the distance.

 Figure 4.18 radiant  (a) A group of meteoroids approaches 
an observer, all of them moving in the same direction at the same 
speed. (b) From an observer’s viewpoint, the trajectories of the 
meteoroids (and the meteor shower they produce) appear to 
spread out from a central point, called the radiant.

morning of  
maximum Activity Shower name/radiant

rough hourly 
count Parent comet

Jan. 3 Quadrantid/Bootes 40 —

Apr. 21 Lyrid/Lyra 10 1861I (Thatcher)

May 4 Eta Aquarid/Aquarius 20 Halley

June 30 Beta Taurid/Taurus 25 Encke

July 30 Delta Aquarid/Aquarius/
Capricorn

20 —

Aug. 12 Perseid/Perseus 50 1862III 
(Swift-Tuttle)

Oct. 9 Draconid/Draco up to 500 Giacobini-Zimmer

Oct. 20 Orionid/Orion 30 Halley

Nov. 7 Taurid/Taurus 10 Encke

Nov. 16 Leonid/Leo 121 1866I (Tuttle)

Dec. 13 Geminid/Gemini 50 3200 Phaeton2

1Every 33 years (most recently in 1999 and 2000), as Earth passes through the densest region of this 
meteoroid swarm, we see intense showers, reaching 1000 meteors per minute for brief periods of time.
2Phaeton is an asteroid with no cometary activity, but its orbit matches the meteoroid paths very well.

Table 4.3  Some Prominent meteor Showers

 Figure 4.19  Barringer crater  The Barringer Meteor Crater, near Winslow, 
Arizona, 1.2 km in diameter and 0.2 km deep, resulted from a meteorite 
impact about 25,000 years ago. The meteoroid was probably about 50 m 
across and likely weighed around 200,000 tons. (U.S. Geological Survey)
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30 km30 km

 Figure 4.20 manicouagan reservoir  This photograph, 
taken from orbit by the U.S. Skylab space station, shows the 
ancient impact basin that forms Quebec’s Manicouagan 
Reservoir. A large meteorite landed there about 200 million 
years ago. (NASA)

 Figure 4.21 
Tunguska debris  The 
Tunguska event of 1908 
leveled trees over a vast 
area. Although the 
impact of the blast was 
tremendous and its 
sound audible for 
hundreds of kilometers, 
this Siberian site is so 
remote that little was 
known about the event 
until scientific 
expeditions arrived to 
study it many years 
later. (Sovfoto/Eastfoto)

(a) (b)

 Figure 4.22 meteorite 
Samples  (a) A stony 
(silicate) meteorite often 
has a dark crust, created 
when its surface is melted 
by the tremendous heat 
generated during its 
passage through the 
atmosphere. The coin at 
the bottom is for scale.  
(b) Iron meteorites are 
much rarer than the stony 
variety. Most, like the one 
in this photo, show 
characteristic crystalline 
patterns when their surfaces 
are cut, polished, and 
etched with acid. (Science 
Graphics)

was a rocky meteoroid about 30 m across. The explosion, estimated to have been 
equal in energy to a 10-megaton nuclear detonation, was heard hundreds of kilo-
meters away and produced measurable increases in atmospheric dust levels all 
across the Northern Hemisphere.

Most meteorites are rocky (Figure 4.22a), although a few are composed 
mainly of iron and nickel (Figure 4.22b). Their composition is much like that of 
the rocky inner planets or the Moon, except that some of their lighter elements—
such as hydrogen and oxygen—are depleted. Scientists think that the rocky mete-
orites are associated with the rocky, silicate asteroids and that their light elements 
boiled away when the bodies on which they originated were wholly or partially 
molten. Some meteorites do show evidence of strong heating in the past, most 
likely during the collisions that liberated them from their parent asteroids. Others 
show no evidence of past heating and may date back to the formation of the solar 
system. Oldest of all are the carbonaceous meteorites, black or dark gray in color 
and very likely related to the carbonaceous asteroids.

Finally, almost all meteorites are old. Radioactive dating shows most of them 
to be between 4.4 and 4.6 billion years old—roughly the age of the oldest Moon 
rocks brought back to Earth by Apollo astronauts (Chapter 5). Meteorites, along 
with asteroids, comets, and some lunar rocks, provide essential clues to the original 
state of matter in the solar neighborhood and to the birth of our planetary system.

concePT check 

Why are astronomers so interested in 
interplanetary matter?

M06_CHAI7702_08_SE_C04.indd   118 14/11/15   9:07 AM



 SecTiOn 4.3   Formation of the solar system 119

4.3 Formation of the Solar System
You might be struck by the vast range of physical and chemical properties found 
in the solar system. Our astronomical neighborhood may seem more like a great 
junkyard than a smoothly running planetary system. Is there some underlying 
principle that unifies the facts just outlined? Remarkably, the answer is yes. The 
origin of the solar system is a complex and as yet incompletely solved puzzle, but 
(we think!) the basic outlines are at last becoming understood.

A comprehensive theory of the formation of the solar system has been a 
dream of astronomers for centuries. Its development is a case study in the 
scientific method, on a par with the sweep of ideas presented in Chapters 1 and 2, 
although in this case the final form of the theory remains to be determined. 

 (Sec. 0.5) As we will see, competing hypotheses have risen, fallen, and in 
some cases risen again in response to improved observations of our planetary 
environment. Nevertheless, we now seem to have a coherent picture of how our 
solar system formed.

Until the mid-1990s, theories of planetary system formation concentrated 
almost exclusively on our own solar system, for the very good reason that as-
tronomers had no other examples of planetary systems on which to test their 
ideas. However, all that has now changed. We currently know of about 700 extr-
asolar planets—planets orbiting stars other than the Sun (Figure 4.23)—to chal-
lenge our theories. And challenge them they do! As we will see in Section 4.4, the 
new planetary systems discovered so far seem to have properties quite different 
from our own and may require us to rethink in some radical ways our concept of 
how stars and planets form.

Still, we currently have only limited information on these systems—little 
more than orbits and mass estimates for the largest planets. Accordingly, we 
begin our study by outlining the comprehensive theory that accounts, in detail, 
for most of the observed properties of our own planetary system: the solar sys-
tem. Bear in mind, though, that no part of the scenario we describe here is in any 
way unique to our own system. The same basic processes should have occurred 
during the formative stages of many of the stars in our Galaxy. Later we will see 
how our theories hold up in the face of the new extrasolar data.

model requirements
Based on the measured ages of the oldest meteorites, as well as the ages of Earth 
and lunar rocks, planetary scientists think that the age of the solar system is  
4.6 billion years—an enormous period of time (although still far less than the 14 
billion-year age of the universe—see Chapter 17). What happened so long ago to 
create the planetary system we see today? And what evidence survives from those 
early times to constrain our theories? Any theory of the origin and architecture of 
our planetary system must adhere to these 10 known facts:

 1. Each planet is relatively isolated in space. The planets orbit at progressively 
larger distances from the central Sun; they are not bunched together.

 2. The orbits of the planets are nearly circular. With the exception of Mercury, 
which we will argue is a special case, each planetary orbit closely describes a 
perfect circle.

 3. The orbits of the planets all lie in nearly the same plane. The planes swept out 
by the planets’ orbits are accurately aligned to within a few degrees. Again, 
Mercury is a slight exception.

 4. The planets all orbit the Sun in the same direction (counterclockwise as viewed 
from above Earth’s North Pole). Virtually all the large-scale motions in the solar 

50 AU

R I V U X G

 Figure 4.23 extrasolar Planet  Most known extrasolar 
planets are too faint to be detectable against the glare of 
their parent stars. However, in this system, called 2M1207, the 
parent itself (centered) is very faint—a so-called brown dwarf 
(see Chapter 12)—allowing the planet (lower left) to be 
detected in the infrared. This planet has a mass about five 
times that of Jupiter and orbits 55 AU from the star, which is 
230 light-years away. (VLT/ESO)
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system (other than cometary orbits) are in the same plane and in the same sense. 
The plane is that of the Sun’s equator, and the sense is that of the Sun’s rotation.

 5. Most planets rotate on their axis in roughly the same sense as the Sun. Excep-
tions are Venus and Uranus.

 6. Most of the known moons revolve about their parent planet in the same direc-
tion as the planet rotates on its axis. Of the large moons in the solar system, 
only Neptune’s moon Triton is an exception.

 7. Our planetary system is highly differentiated. The terrestrial planets are char-
acterized by high densities, moderate atmospheres, slow rotation rates, and 
few or no moons. The jovian planets have low densities, thick atmospheres, 
rapid rotation rates, and many moons.

 8. Asteroids are very old and exhibit a range of properties not characteristic of 
either the terrestrial or the jovian planets or their moons. Asteroids share, in 
rough terms, the bulk orbital properties of the planets. However, they appear 
to be made of primitive, unevolved material, and the meteorites that strike 
Earth are the oldest rocks known.

 9. The Kuiper belt is a collection of asteroid-sized icy bodies orbiting beyond 
Neptune. Pluto is now considered such a Kuiper belt object.

 10. The Oort cloud comets are primitive, icy fragments that do not orbit in the plane 
of the ecliptic and reside primarily at large distances from the Sun. While simi-
lar to the Kuiper belt in composition, the Oort cloud is a completely distinct 
part of the outer solar system.

These 10 facts strongly suggest a high degree of order in our solar system. The 
large-scale architecture is too neat, and the ages of the components too uniform, 
to be the result of random chaotic events. The overall organization points toward 
a single formation, an ancient but one-time event 4.6 billion years ago.

In the next few chapters we will see that some planetary properties (such as 
atmospheric composition and interior structure) have gradually evolved into their 
present states during the billions of years since the planets formed. However, no 
such evolutionary explanation exists for the items in the preceding list. For exam-
ple, Newton’s laws imply that the planets must move in elliptical orbits with the 
Sun at one focus, but they offer no explanation of why the observed orbits should 
be roughly circular, coplanar, and prograde. We know of no way in which the plan-
ets could have started off in random paths, then later evolved into the orbits we see 
today. Their basic orbital properties must have been established at the outset.

In addition to its many regularities, our solar system also has many notable 
irregularities, some of which we have already mentioned. Far from threatening 
our theory, however, these irregularities are important facts for us to consider in 
shaping our explanations. For example, any theory explaining solar system for-
mation must not insist that all planets rotate in the same sense or have only pro-
grade moons, because that is not what we observe. Instead, the theory should 
provide strong reasons for the observed planetary characteristics yet be flexible 
enough to allow for and explain the deviations, too. And, of course, the existence 
of the asteroids and comets that tell us so much about our past must be an inte-
gral part of the picture. That’s a tall order, yet many researchers now think we 
are close to that level of understanding.

nebular contraction
Modern theory holds that planets are by-products of the process of star formation 
(Chapter 11). Imagine a large cloud of interstellar dust and gas—called a nebula—a 
light-year or so across. Now suppose that due to some external influence, such as a 
collision with another interstellar cloud or perhaps the explosion of a nearby star, 
the nebula starts to contract under the influence of its own gravity. As it contracts, it 
becomes denser and hotter, eventually forming a star—the Sun—at its center.

Process of science check 

Why is it important that a theory of solar system 
formation make clear statements about how 
planets arose yet not be too rigid in its 
predictions?

AnimATiOn/VideO

Beta Pictoris Warp
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In 1796 the French mathematician-astronomer Pierre Simon de Laplace 
showed mathematically that conservation of angular momentum (objects spin 
faster as they shrink—see More Precisely 4-2) demands that our hypothetical neb-
ula must spin faster as it contracts. The increase in rotation speed, in turn, causes 
the nebula’s shape to change as it shrinks. Centrifugal forces (the outward “push” 
due to rotation) tend to oppose the contraction in directions perpendicular to the 
rotation axis, with the result that the nebula collapses most rapidly along the 
rotation axis. As shown in Figure 4.24, by the time it has shrunk to about 100 AU, 
the cloud has flattened into a pancake-shaped disk. This swirling mass destined 
to become our solar system is usually referred to as the solar nebula.

If we now suppose that planets form out of this spinning disk, we can begin 
to understand the origin of much of the architecture observed in our planetary 
system today, such as the near-circularity of the planets’ orbits and the fact that 
they move in the same sense in almost the same plane. The idea that planets form 
from such a disk is called the nebular theory.

Astronomers are fairly confident that the solar nebula formed such a disk 
because we can see similar disks around other stars. Figure 4.25(a) shows a 
visible-light image of the region around the star Beta Pictoris, which lies about 
50 light-years from the Sun. When the light from Beta Pictoris itself is removed 
and the resulting image enhanced by a computer, a faint disk of matter (viewed 
almost edge-on here) can be seen. This particular disk is roughly 1000 AU 
across—about 10 times the diameter of the Kuiper belt. Astronomers think 
that Beta Pictoris is a very young star, perhaps only 100 million years old, and 
that we are witnessing it pass through an evolutionary stage similar to that ex-
perienced by our own Sun 4.6 billion years ago. Figure 4.25(b) shows an artist’s 
conception of the disk.

As we saw in Chapter 0,  scientific theories must continually be tested and 
refined as new data become available.  (Sec. 1.5) Unfortunately for the original 
nebular theory, while Laplace’s description of the collapse and flattening of the 

As a cloud contracts c

cit spins up and forms a disk.

(a)

(b)

 Figure 4.24 Angular momentum interactive  (a) Conservation of angular momen-
tum demands that a contracting, rotating cloud must spin faster as its size decreases.  
(b) Eventually, a small part of it destined to become the solar system came to resemble a 
gigantic pancake. The large blob at the center ultimately became the Sun.

(a)

Solar system to scale

Size of Kuiper belt

(b)
R I U X GV

 Figure 4.25 Beta Pictoris  (a) A computer-enhanced view of a disk of warm matter surrounding the star Beta Pictoris.  
False color is used here to accentuate the details. The bottom image is a close-up of the inner part of the disk, whose warp is 
possibly caused by the gravitational pull of unseen companions. In both images, the overwhelmingly bright central star has been 
covered to let us see the much fainter disk surrounding it. (b) An artist’s conception of the disk of clumped matter, showing 
the warm disk with a young star at the center and several comet-sized or larger bodies already forming. Mottled dust is seen 
throughout—such protoplanetary regions are probably very “dirty.” (NASA; D. Berry)

AnimATiOn/VideO

the Formation of the solar system 
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solar nebula was essentially correct, we now know that a disk of gas would not 
form clumps of matter that would subsequently evolve into planets. In fact, 
modern computer calculations predict just the opposite: Any clumps in the gas 
would tend to disperse, not contract further. However, the model currently favored 
by most astronomers, known as the condensation theory, rests squarely on the 
old nebular theory, combining its basic physical reasoning with new information 
about interstellar chemistry to avoid most of the original theory’s problems.

The key new ingredient is interstellar dust in the solar nebula. Astronomers 
now recognize that the space between the stars is strewn with microscopic dust 
grains, an accumulation of the ejected matter of many long-dead stars. These dust 
particles probably formed in the cool atmospheres of old stars, then grew by ac-
cumulating more atoms and molecules from the interstellar gas. The end result is 

The concept of Angular momentum

4.2  M o r e  P r e c i s e ly

Most celestial objects rotate. Planets, moons, stars, and galaxies 
all have some angular momentum, which we may define loosely 
as the tendency of a body to keep spinning or moving in a circle, 
or, equivalently, how much effort must be expended to stop it. 
Angular momentum is a fundamental property of any rotating 
object, as important a quantity as its mass or its energy.

Intuitively, we know that the more massive an object, or the 
larger it is, or the faster it spins, the harder it is to stop. In fact, 
angular momentum depends on the object’s mass, rotation rate 
(measured in, say, revolutions per second), and radius, in a very 
specific way:

angular momentum ∝ mass * rotation rate * radius2.

Recall that the symbol ∝ means “is proportional to.” The con-
stant of proportionality depends on the details of how the object’s 
mass is distributed.

According to Newton’s laws of motion, angular momentum is 
conserved at all times—that is, it must remain constant before, 
during, and after a physical change in any object, so long as no 
external forces act. This allows us to relate changes in size to 
changes in rotation rate. As illustrated in the accompanying 
figure, if a spherical object having some spin begins to contract, 
the above relationship demands that it spin faster, so that the 
product mass * angular speed * radius2 remains constant. The 
sphere’s mass does not change during the contraction, but its 
radius clearly decreases. The rotation speed must therefore 

increase in order to keep the total angular momentum unchanged. 
Figure skaters use this principle to spin faster by drawing in their 
arms and slow down by extending them (as shown in the second 
accompanying figure). The mass of the human body remains the 
same, but its overall radius changes, causing the body’s rotation 
rate to change in order to keep the angular momentum constant.

To take an example from the text, suppose that the interstel-
lar gas cloud from which our solar system formed was initially  
1 light-year across and rotating very slowly—once every 10 mil-
lion years, say. The cloud’s mass doesn’t change (we assume) dur-
ing the contraction, but its radius decreases. The rotation rate 
must therefore increase in order to keep the total angular mo-
mentum unchanged. By the time it has collapsed to a radius of 
100 AU, its radius has shrunk by a factor of (1 light-year/100 AU) 
≈  9.5 * 1012 km/1.5 * 1010 ≈ 630. Conservation of angular mo-
mentum then implies that its (average) spin rate increases by a 
factor of 6302 ≈ 400,000, to roughly one revolution every 25 
years, close to the orbital period of Saturn. 

Large radius

Slow rotation

Small radius

Rapid rotation

D. Lefranc/Gamma-Rapho/Getty Images
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that interstellar space is littered with tiny chunks of icy and rocky matter, having 
typical diameters of about 10-5 m. Figure 4.26 shows one of many such dusty re-
gions in the vicinity of the Sun.

Dust grains play an important role in the evolution of any gas cloud. Dust helps 
to cool warm matter by efficiently radiating heat away in the form of infrared 
radiation. When the cloud cools, its molecules move around more slowly, reducing 
the internal pressure and allowing the nebula to collapse more easily.  (More 
Precisely 2-1) Furthermore, the dust grains greatly speed up the process of collecting 
enough atoms to form a planet. They act as condensation nuclei—microscopic 
platforms to which other atoms can attach, forming larger and larger balls of matter. 
This is similar to the way raindrops form in Earth’s atmosphere; dust and soot in the 
air act as condensation nuclei around which water molecules cluster.

Planet Formation
According to the condensation theory, the planets formed from the solar nebula 
(Figure 4.27a) in three distinct stages. The first two apply to all planets, the third 
only to the giant jovian worlds.

The first stage of planet formation began when dust grains in the solar neb-
ula formed condensation nuclei around which matter began to accumulate (Fig-
ure 4.27b). This vital step greatly hastened the critical process of forming the first 
small clumps of matter. Once these clumps formed, they grew rapidly by sticking 
to other clumps. (Imagine a snowball thrown through a fierce snowstorm, grow-
ing bigger as it encounters more snowflakes.)

As the clumps grew larger, their surface areas increased, and consequently, the 
rate at which they swept up new material accelerated. They gradually formed 
larger and larger objects, the size of pebbles, baseballs, basketballs, and boulders. 
Figure 4.28 shows radio and infrared views of two young stars whose protostellar 
disks are thought to be in just this state. Eventually, this process of accretion—the 
gradual growth of small objects by collision and sticking—created objects a few 
hundred kilometers across.

At the end of the first stage of planet formation, the solar system was made up 
of hydrogen and helium gas and millions of planetesimals—objects the size of 
small moons, having gravitational fields just strong enough to affect their neigh-
bors. By then, their gravity was strong enough to sweep up material that would 
otherwise not have collided with them, so their rate of growth became faster still. 
During this second phase of planet formation, gravitational forces between plane-
tesimals caused them to collide and merge, forming larger and larger objects. Be-
cause larger bodies exert stronger gravitational pulls, eventually almost all the 
planetesimal material was swept up into a few large protoplanets—accumula-
tions of matter that would eventually evolve into the planets we know today.

1 light-year

R I V U X G

 Figure 4.26 dark clouds  Glowing interstellar gas and dark dust clouds mark this 
region of star formation. These opaque dense dust clouds, called globules, are silhouetted 
here against bright emission and newborn stars in the star-forming region IC 2944. (NASA)

(a) Nebula initially

(b)

(d)

(e) 100 million years later

(c) Few million years later
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 Figure 4.27 Solar System Formation  The condensation theory of planet formation.  
(a) The solar nebula after it has contracted and flattened to form a spinning disk (Figure 4.24b). 
The large red blob in the center will become the Sun. Smaller blobs in the outer regions may 
become jovian planets (see Figure 4.29). (b) Dust grains act as condensation nuclei, form-
ing clumps of matter that collide, stick together, and grow into moon-sized planetesimals. 
(c) After a few million years, strong winds from the still-forming Sun begin expelling nebular 
gas, and some massive planetesimals in the outer solar system have already captured gas  
from the nebula. (d) With the gas ejected, planetesimals continue to collide and grow.  
(e) Over the course of a hundred million years or so, planetesimals are accreted or ejected, 
leaving a few large planets that travel in roughly circular orbits.
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As the protoplanets grew, a competing process became important. Their strong 
gravitational fields produced many high-speed collisions between planetesimals 
and protoplanets. These collisions led to fragmentation as small objects broke 
into still smaller chunks that were then swept up by the protoplanets. Only a rela-
tively small number of 10- to 100-km fragments escaped capture by a planet or a 
moon and became the asteroids and comets.

After about 100 million years, the primitive solar system had evolved into 
eight protoplanets, dozens of protomoons, and a glowing protosun at the center. 
Roughly a billion more years were required to sweep the system clear of inter-
planetary trash. This was a period of intense meteoritic bombardment whose 
effects on the Moon and elsewhere are still evident today (see Chapter 5).

making the Jovian Planets
The two-stage accretion picture just described has become the accepted model for 
the formation of the terrestrial planets in the inner solar system. However, the ori-
gin of the giant jovian worlds is less clear. Two somewhat different views, with im-
portant consequences for our understanding of extrasolar planets, have emerged.

In the first, more conventional scenario depicted in Figures 4.27(c and d), the 
four largest protoplanets in the outer solar system grew rapidly and became massive 
enough to enter a third phase of planetary development—their strong gravitational 
fields swept up large amounts of gas directly from the solar nebula. As we will see, 
there was a lot more raw material available for planet building in the outer solar sys-
tem, so protoplanets grew much faster there. In this scenario, the cores of the jovian 
planets reached the point where they could capture nebular gas in less than a few 
million years. Compare this to the inner solar system, where the smaller, terrestrial 
protoplanets never reached this stage. Their growth was slow, taking 100 million 
years to form the planets we know today, and their masses remained relatively low.

In the second scenario, the giant planets formed through instabilities in the 
cool outer regions of the solar nebula—not so different from Laplace’s original 
idea—mimicking on small scales the collapse of the initial interstellar cloud. In 
this view, the jovian protoplanets formed directly and very rapidly, skipping the 
initial accretion stage and perhaps taking less than a thousand years to acquire 
much of their mass. These first protoplanets had gravitational fields strong 
enough to scoop up gas and dust from the solar nebula, allowing them to grow 
into the giants we see today. Figure 4.29 illustrates this alternative formation path.

AnimATiOn/VideO

Protoplanetary Disk Destruction 

AnimATiOn/VideO

Protoplanetary Disks in the Orion nebula 

100 AU

R I V U X G R I V U X G

50 AU

 Figure 4.28 newborn Solar 
Systems?  (a) This infrared image, taken by 
the Spitzer Space Telescope, of the bright star 
Fomalhaut, some 25 light-years from Earth, 
shows a circumstellar disk in which the process 
of accretion is underway. The star itself is well 
inside the yellowish blob at center. (b) This 
ALMA image of the disk around the star HL 
Tauri, 450 light-years away, shows fine 
structure in the gas thought to be caused by 
still-forming planets. The angular resolution is 
a remarkable 35 milliarcseconds—finer than 
available even using HST. (NASA)
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Ongoing studies of planetary composition and internal structure (for exam-
ple, the size of the protoplanetary core), as well as observations of extrasolar 
planets, may one day allow us to distinguish between these competing theories. 
In either case, once the jovian protoplanets reached the critical size at which 
they could capture nebular gas, they grew rapidly. Their growth rate increased 
further as their gravitational fields intensified, and they reached their present 
masses in just a few million years.

Many of the jovian moons probably also formed by accretion, but on a 
smaller scale, in the gravitational fields of their parent planets. Once nebular gas 
began to flow onto the large jovian protoplanets, conditions probably resembled 
a miniature solar nebula, with condensation and accretion continuing to occur. 
The large moons of the outer planets almost certainly formed in this way. Some 
of the smaller moons may be captured planetesimals.

What of the gas that made up most of the original cloud? Why don’t we see it 
today throughout the planetary system? All young stars apparently experience a 
highly active evolutionary stage known as the T-Tauri phase (see Chapter 11), dur-
ing which their radiation emission and stellar winds are very intense. When our 
Sun entered this phase, a few million years after the solar nebula formed, any gas 
remaining between the planets was blown away into interstellar space by the 
solar wind and the Sun’s radiation pressure. Afterward, all that remained were 
protoplanets and planetesimal fragments, ready to continue their long evolution 
into the solar system we know today. Note that the evolution of the Sun sets the 
time frame for the formation of the jovian planets. The outer planets must have 
formed before the nebula dispersed.

differentiation of the Solar System
The condensation theory explains the basic composition differences among the ter-
restrial and jovian planets and the smaller bodies that constitute the solar system. 
Indeed, it is in this context that the term condensation derives its true meaning.

As the solar nebula contracted under the influence of gravity, it heated up as 
it flattened into a disk. The density and temperature were greatest near the cen-
tral protosun and much lower in the outlying regions. In the hot inner regions, 
dust grains broke apart into molecules, which in turn split into atoms. Most of 
the original dust in the inner solar system disappeared at this stage, although the 
grains in the outermost parts probably remained largely intact.

The destruction of the dust in the inner solar nebula introduced an important 
new ingredient into the theoretical mix, one that we omitted from our earlier dis-
cussion. With the passage of time, the gas radiated away its heat, and the tempera-
ture decreased at all locations except in the very core, where the Sun was forming. 
Everywhere beyond the protosun new dust grains began to condense out, much as 
raindrops, snowflakes, and hailstones condense from moist, cooling air here on 
Earth. It may seem strange that although there was plenty of interstellar dust early 
on, it was mostly destroyed, only to form again later. However, a critical change 
had occurred. Initially, the nebular gas was uniformly peppered with dust grains. 
When the dust re-formed later, the distribution of grains was very different.

Figure 4.30 shows the temperature in various parts of the primitive solar sys-
tem just before the onset of accretion. At any given location, the only materials to 
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 Figure 4.29 Jovian condensation interactive  As an alternative to the growth of 
massive protoplanetary cores followed by accretion of nebular gas, some or all of the giant 
planets may have formed directly by instabilities in the cool gas of the outer solar nebula. 
Part (a) shows the same instant as Figure 4.27(a). (b) Only a few thousand years later, four gas 
giants have formed (red blobs), circumventing the accretion process sketched in Figure 4.27. 
With the nebula gone (c), the giant planets have taken their place in the outer solar system.
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 Figure 4.30 Temperature in the early Solar nebula   
(a) Theoretically computed variation of temperature across the 
primitive solar nebula illustrated in part (b), which shows half 
of the disk in Figure 4.27(b).
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condense out were those able to survive the temperature there. In the innermost 
regions, around Mercury’s present orbit, only metallic grains could form—it was 
simply too hot for anything else to exist. Farther out, at about 1 AU, it was possible 
for rocky, silicate grains to form, too. Beyond about 3 or 4 AU, water ice could exist, 
and so on. More and more material could condense out at greater and greater dis-
tances from the Sun. The composition of the grains at any given distance from the 
Sun determined the type of planetesimal—and ultimately planet—that formed 
there. The present-day structure of the asteroid belt, with rocky silicates more com-
mon in the inner regions and carbonaceous bodies, descendents of icier planetesi-
mals, most prevalent at larger radii, still reflects these early conditions.

Beyond about 5 AU from the center, the temperature was low enough to allow 
several abundant gases—water vapor, ammonia, and methane—to condense into 
solid form. As we will see, these compounds are still important constituents of 
jovian atmospheres. Consequently, the planetesimals destined to become the 
cores of the jovian planets were formed under cold conditions out of low-density, 
icy material. Because more material could condense out of the solar nebula at 
these radii than in the inner regions near the protosun, accretion began sooner, 
with more resources to draw on. If they hadn’t already formed through instabili-
ties in the cold nebular gas, the outer planets grew rapidly to the point where they 
could accrete not just grains, but nebular gas also, and the eventual result was the 
hydrogen-rich jovian worlds we see today.

In the inner regions of the primitive solar system, the environment was too hot 
for ices to survive. Many of the abundant heavier elements, such as silicon, iron, 
magnesium, and aluminum, combined with oxygen to produce a variety of rocky 
materials. Planetesimals in the inner solar system were therefore rocky or metallic, 
as were the protoplanets and planets they ultimately formed. Here is an additional 
reason why the jovian planets grew so much bigger than the terrestrial worlds. The 
inner regions of the nebula had to wait for the temperature to drop so that a few 
rocky grains could appear and begin the accretion process, whereas accretion in 
the outer solar system began almost as soon as the solar nebula collapsed to a disk.

The heavier materials condensed into grains in the outer solar system, too, of 
course. However, there they would have been vastly outnumbered by the far more 
abundant light elements. The outer solar system is not deficient in heavy ele-
ments—rather, the inner solar system is underrepresented in light material.

Asteroids and comets
In the inner solar system, most rocky planetesimals collided with or were ejected 
by the growing terrestrial planets. Only a few remain today as the asteroid belt. 
Planetesimals beyond the orbit of Mars failed to accumulate into a protoplanet 
because the huge gravitational field of nearby Jupiter continuously disturbed their 
motion, nudging and pulling at them, preventing them from aggregating into a 
planet. Many of the Trojan asteroids have likely been locked in their odd orbits by 
the combined gravitational pulls of Jupiter and the Sun since those earliest times.

Once the jovian planets formed, they exerted strong gravitational forces on 
the planetesimals in the outer solar system. Over a period of hundreds of millions 
of years, and after repeated gravitational “kicks” from the giant planets, particu-
larly Jupiter and Saturn, most of the interplanetary fragments in the outer solar 
system were flung into orbits taking them far from the Sun (Figure 4.31). Those 
fragments now make up the Oort cloud. Interactions with Uranus and Neptune 
were gentler, and generally did not eject planetesimals to large distances. Rather, 
these encounters tended to deflect small bodies into eccentric orbits that carried 
them into the inner solar system, where they collided with a planet or were kicked 
into the Oort cloud by Jupiter or Saturn. Most of the original planetesimals 
formed beyond the orbit of Neptune are still there, making up the Kuiper belt.
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The interactions that cleared the outer solar system of comets also caused 
significant changes in the orbits of the planets themselves. Computer simulations 
indicate that, during the ejection process, Jupiter moved slightly closer to the 
Sun, its orbital semimajor axis decreasing by a few tenths of an astronomical 
unit, while the other giant planets migrated outward—possibly by as much as 10 
AU in the case of Neptune (Figure 4.31b).

The deflection of icy planetesimals into the inner solar system may have 
played an important role in the evolution of the terrestrial planets too. A long-
standing puzzle in the condensation theory’s account of the formation of the 
inner planets was the origin of the water and other volatile gases on Earth and 
elsewhere. At formation, the inner planets’ surface temperatures were far too 
high, and their gravity too low, to capture and retain those gases. The answer may 
be that the comets from the outer solar system bombarded the newly born inner 
planets, supplying them with water after their formation.

This theory has been a leading, if controversial, explanation for Earth’s water 
for some time, but recent data from Rosetta has cast doubt on it. Rosetta’s sensors 
found that the amount of deuterium (a heavy form of hydrogen) in the ice and 
water vapor surrounding comet 67P is three times greater than is found in Earth’s 
oceans, implying that comets like 67P from the outer solar system could not be 
responsible for our planet’s water. Meteorites from the asteroid belt do match 
Earth’s deuterium levels, however, suggesting that bombardment by asteroids, 
rather than comets, could have been the source of water on Earth.

Solar System regularities and irregularities
The condensation theory accounts for the 10 facts listed at the start of this section. 
The growth of planetesimals throughout the solar nebula, with each protoplanet ul-
timately sweeping up the material near it, accounts for the planets’ wide spacing 
(point 1, although the theory does not adequately explain the regularity of the 
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 Figure 4.31 Planetesimal ejection interactive  The ejection of icy planetesimals to form the Oort cloud and Kuiper belt. 
(a) Initially, once the giant planets had formed, leftover planetesimals were found throughout the solar system. Interactions with 
Jupiter and Saturn apparently “kicked” planetesimals out to very large radii (the Oort cloud). (b) After hundreds of millions of 
years and as a result of the inward and outward “traffic,” the orbits of all four giant planets were significantly modified by the time 
the planetesimals inside Neptune’s orbit had been ejected. As depicted here, Neptune was affected most and may have moved 
outward by as much as 10 AU.
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spacing). That the planets’ orbits are circular (2), in the same plane (3), and in the 
same direction as the Sun’s rotation on its axis (4) is a direct consequence of the 
solar nebula’s shape and rotation. The rotation of the planets (5) and the orbits of 
the moon systems (6) are due to the tendency of smaller structures to inherit the 
overall sense of rotation of their parent. The heating of the nebula and the Sun’s ig-
nition resulted in the observed differentiation (7), while the debris from the accre-
tion–fragmentation stage naturally accounts for the asteroids (8) and comets (9).

We mentioned earlier that an important aspect of any theory of solar system 
formation is its ability to accommodate deviations. In the condensation theory, 
that capacity is provided by the randomness inherent in the encounters that com-
bined planetesimals into protoplanets. As the numbers of large bodies decreased 
and their masses increased, individual collisions acquired greater and greater 
importance. The effects of these collisions can still be seen today in many parts of 
the solar system.

We will discuss many solar system irregularities in the next few chapters; most 
can be explained as the results of random collisions. A case in point is the anoma-
lously slow and retrograde rotation of Venus (Chapter 6), which can be explained if 
we assume that the last major collision in the formation history of that planet just 
happened to involve a near head-on encounter between two protoplanets of com-
parable mass. A similar encounter, this time involving Earth, may have formed our 
Moon (Chapter 5). Scientists usually do not like to invoke random events to explain 
observations. However, there seem to be many instances where pure chance has 
played an important role in determining the present state of the universe.

4.4 Planets Beyond the Solar System
The condensation theory was developed to explain just one planetary system—
our own. But a critical test of any scientific theory is its applicability and predic-
tive power outside the context in which it was originally conceived.  (Sec. 0.5) 
The discovery in recent years of numerous planets orbiting other stars presents 
astronomers with the opportunity—indeed, the scientific obligation—to confront 
their theories of solar system formation against a new body of observational data.

detecting extrasolar Planets
The past few years have seen enormous strides in the search for extrasolar plan-
ets. These advances have been achieved through steady improvements in both 
telescope and detector technology and computerized data analysis. With few 
exceptions it is not yet possible to obtain images of these newly discovered worlds. 
The techniques used to find them are generally indirect, based on analysis of light 
from the parent star, not from the unseen planet.

To date, some 600 planets have been discovered via their gravitational effect 
on their parent star. As a planet orbits a star, gravitationally pulling one way and 
then the other, the star “wobbles” slightly. The more massive the planet or the 
closer its orbit to the star, the greater its gravitational pull and hence the star’s 
movement. If the wobble happens to occur along our line of sight to the star, then 
we see small fluctuations in the star’s radial velocity, which astronomers can 
measure using the Doppler effect.  (Sec. 2.7)

Figure 4.32 shows two sets of radial velocity data that betray the presence of 
planets orbiting other stars. Part (a) shows the line-of-sight velocity of the star 51 
Pegasi, a near-twin to our Sun some 40 light-years away. These data were acquired 
in 1994 by Swiss astronomers using the 1.9-m telescope at Haute-Provence Observa-
tory in France, and they were the first firm evidence for an extrasolar planet orbiting 
a Sun-like star. The regular 50 m/s fluctuations in the star’s velocity have since been 
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confirmed by several groups of astronomers and imply that a planet of at least half 
the mass of Jupiter orbits 51 Pegasi in a circular orbit with a period of 4.2 days.

Figure 4.32(b) shows another set of Doppler data, this time revealing a much 
more complex planetary system—a triple-planet system orbiting another nearby 
Sun-like star named Upsilon Andromedae. The three planets have minimum masses 
of 0.7, 2.1, and 4.3 times the mass of Jupiter, and orbital semimajor axes of 0.06, 
0.83, and 2.6 AU, respectively. Figure 4.32(c) sketches their orbits, with the orbits of 
the solar system terrestrial planets shown for scale.

The Doppler technique suffers from the limitation that the angle between the 
line of sight and the planet’s orbital plane cannot be determined. Simply put, we 
cannot distinguish between a low-speed orbit seen edge-on and a high-speed orbit 
seen almost face-on (so only a small component of the orbital motion contributes to 
the line-of-sight Doppler effect). However, in some systems this is not the case. For 
example, observations of the solar-type star HD 209458, lying some 150 light-years 
from Earth, reveal a small (1.7 percent) but clear drop in brightness each time its 
0.6-Jupiter-mass companion, orbiting just 7 million km (0.05 AU) away, passes be-
tween the star and Earth (Figure 4.33). The drop in brightness occurs every  
3.5 days—the orbital period inferred from radial-velocity measurements. Such plan-
etary transits are relatively rare because they require us to see the orbit almost ex-
actly edge-on, but when they do occur, taken in conjunction with radial velocity 
measurements, they allow an unambiguous determination of the planet’s mass and 
radius. In this case, the resulting density of the planet is just 200 kg/m3, consistent 
with a high-temperature gas giant planet orbiting very close to its parent star.

Only a small fraction of planetary systems are oriented in just the right way to 
show transits, so planet hunters adopt the strategy of repeatedly surveying thousands 
of stars in the hope of detecting a transit should one occur. Space-based telescopes are 
particularly well suited to this task, as they can stare continuously at a given region of 
the sky, making simultaneous, high-precision observations of the target stars. Orbiting 
instruments can measure the tiny brightness changes (less than 1 part in 104) needed 
to detect an Earth-like planet orbiting a Sun-like star. NASA’s Kepler mission, launched 
in 2009, has been spectacularly successful in finding exoplanets among the hundreds 
of thousands of stars it has monitored. It has produced more than 4000 exoplanet can-
didates, of which more than 1000 have so far been confirmed, including some of the 
smallest (i.e., Earth-sized) exoplanets yet discovered. Suspended in 2013 following the 
failure of a gyroscope needed to accurately point the spacecraft, the mission was rede-
fined in 2014 to monitor planets orbiting low-mass stars.

In total, some 1200 confirmed extrasolar planets have been detected by the 
transit method. Unfortunately, in most cases, radial velocity measurements are 
not available, so we know these planets’ orbits and radii, but not their masses.

exoplanet Properties
To date (as of mid-2015), astronomers have confirmed almost 2000 extrasolar 
planets orbiting more than 1000 stars. Most lie within 500 light years of the Sun, 
although many of the planets discovered by Kepler lie at much greater distances. 
About 10 percent of the nearby stars surveyed to date have been found to host 
planets. In most cases only a single planet has been detected, but roughly 500 
multiple-planet systems are also known. Most astronomers expect both the 

1 AU

Mercury

Venus

Mars

Earth

50

0

–50

0 2.1 4.2

51 Pegasi

R
ad

ia
l v

el
oc

ity
 (m

/s
)

Time (days)(a)

–100

–50

0

50

100

1994 1996 1998 2000

R
ad

ia
l v

el
oc

ity
 (m

/s
)

Time (years)

Upsilon
Andromedae

(b)

(c)

The blue lines
show the
maximum 
possible signal
produced by
Jupiter orbiting
the Sun.

 Figure 4.32 Planets revealed interactive  (a) Discovery data of the Doppler shift of 
the star 51 Pegasi reveal a clear periodic signal indicating the presence of a planetary com-
panion of mass  at least half the mass of Jupiter. (b) Radial velocity data for Upsilon Androme-
dae are more complex, but are well fit (solid line) by a three-planet system orbiting the star. 
(c) A sketch of the inferred orbits of the three planets in the Upsilon Andromedae system (in 
orange) with the orbits of the terrestrial planets superimposed for comparison (in white).
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fraction of stars with planets and the number of planets per star to increase as 
detection and data analysis technology continue to improve.

Figure 4.34 presents the observed masses and semimajor axes of about 1000 
extrasolar planets. Each dot in the figure represents a planet, and we have added 
points corresponding to Earth, Neptune, and Jupiter in our own solar system. Mas-
sive exoplanets are often referred to as Jupiters, while less massive, but still “jovian” 
planets are called Neptunes. The dividing line between Jupiters and Neptunes is 
somewhat arbitrary, but is often taken at about twice the mass of Neptune, or 0.1 
Jupiter masses. The terminology is intended to distinguish between planets that are 
mostly gas, like Jupiter, and those that have substantial rocky cores, like Neptune, 
but bear in mind that the division is based only on mass—we have no information 
on most of these planets’ composition or internal structure.

Planets having masses between roughly 2 and 10 Earth masses (about half the 
mass of Neptune) are known as super-Earths. The upper limit in this case is signifi-
cant, as theorists think that 10 Earth masses represents the minimum mass of a plan-
etary core needed for it to accrete large amounts of nebular gas and begin to form a 
gas giant (Section 4.3). Below 2 Earth masses, exoplanets are simply called Earths.

As just mentioned, many transiting exoplanets have known radii but do not 
have measured masses. Making reasonable assumptions about planet properties, 
astronomers conventionally extend the above definitions as follows: Jupiters have 
radii greater than 5 Earth radii, Neptunes are between 2 and 5 Earth radii, super-
Earths between 1.25 and 2 Earth radii, and Earths less than 1.25 Earth radii.

Exoplanets are further subdivided depending on their distances from their 
parent stars. Planets with orbital semimajor axes less than 0.1 AU are said to be 
hot, while those on wider orbits are called cold. Again, the dividing line is arbi-
trary—the actual temperature of a planet depends not just on its orbit, but also 
on the composition of the planet’s atmosphere and the temperature and bright-
ness of the central star.

Most of the planets observed so far fall into the “cold Jupiter” or “cold Neptune” 
categories, like the jovian planets in our own solar system, although their orbits are 
generally somewhat smaller than those of the jovian planets—less than a few astro-
nomical units across—and much more eccentric. Fewer than 20 percent have eccen-
tricities less than 0.1, whereas no jovian planet in our solar system has an eccentricity 
greater than 0.06. Figure 4.35 plots the actual orbits of some of these planets, with 
Earth’s orbit superimposed for comparison. A sizable minority—about a third—of 
all observed exoplanets move in “hot” orbits very close to their parent stars and have 
surface temperatures as high as 1000–2000 K. The most massive ones were the first 
to be discovered, and they were quickly dubbed hot Jupiters. They represent a new 
class of planet and have no counterparts in our own solar system.

More than 300 confirmed super-Earths are currently known. They are found in 
both hot and cold orbits. Some, especially the lower-mass ones, might be large ter-
restrial planets. Others could be icy planetary cores that never managed to accrete 
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 Figure 4.34 extrasolar Planetary Parameters  Masses 
and orbital semimajor axes of roughly 1000 extrasolar planets. 
Each point represents one planetary orbit. Corresponding 
points for Earth, Jupiter, and Neptune in our solar system are 
also shown. Planets are classified by familiar solar system 
names, depending on mass, and as hot or cold, depending 
on distance from their parent star.

AnimATiOn/VideO

survey for transiting extrasolar Planets 

cbut the total light from the
two objects dims as in this plot.

The dark planet cannot actually be
seen against the bright star c

In
te

ns
ity

Time

 Figure 4.33 extrasolar Transit interactive  As an 
extrasolar planet passes between us and its parent star, 
the light from the star dims in a characteristic way. The 
planet orbiting a Sun-like star known as HD 209458 is 
200,000 km across and transits every 3.5 days, blocking 
about 2 percent of the star’s light each time it does so.
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significant amounts of nebular gas. Still others may have 
substantial atmospheres of light gases but never grew to 
“Neptune” status—they are sometimes referred to as gas 
dwarfs. These latter two categories, if real, would be new 
classes of planet unknown in the solar system. So far, 
some 150 confirmed exo-Earths have been found. Most 
move on hot orbits close to their parent stars and are un-
likely to resemble anything we’d want to call home. How-
ever, a few Earths and more than a dozen super-Earths 
are of great interest, as their orbits may lead to relatively 
balmy surface conditions possibly conducive to life. We 
discuss them in more detail below.

The fact that we see relatively few low-mass plan-
ets on wide orbits (i.e., toward the right or lower part of 
Figure 4.34) is not too surprising. It is what astrono-
mers call a selection effect. Lightweight and/or distant 
planets simply don’t produce large enough velocity 
fluctuations for them to be easily detectable. Generally 
speaking, the methods currently employed are biased 
toward finding large and/or massive objects orbiting 
close to their parent stars.

exoplanet composition
As mentioned earlier, if we have radial velocity data on a transiting exoplanet, we 
can determine both its mass and its radius, and hence estimate its density and pos-
sibly even its composition. More than 200 transiting hot Jupiters have been meas-
ured in this way. But when astronomers calculate their densities, the numbers they 
obtain are generally much lower than predicted by theory. The computed densities 
range from around 1500 kg/m3 (slightly more than the density of Jupiter) down to 
just 200 kg/m3 (roughly the density of styrofoam) and are generally inconsistent, by 
a wide margin, with theoretical models, even assuming the lightest possible compo-
sition of pure hydrogen and helium. The leading explanation for this discrepancy is 
that the heat of the nearby parent star has puffed these planets up far beyond their 
normal sizes. However, no current model can account for the observed range in den-
sities, and for now a complete explanation of this phenomenon eludes astronomers.

Currently, some 30 Earths and super-Earths have masses and radii measured 
well enough for approximate densities to be derived. The results range from roughly 
500 to more than 9000 kg/m3. The low end of this range suggests planets harboring 
large amounts of light gases, probably with rocky/icy cores and hydrogen/helium 
atmosphere—gas dwarfs. The high end suggests mainly rocky composition—com-
pressed Earths. The intermediate densities suggest planets composed of water and/
or other ices. Figure 4.36 presents a visual comparison of Earth, Neptune, and two 
super-Earths whose physical properties are relatively well known. CoRoT 7b is 4.8 
times more massive and 1.7 times larger than Earth, implying a mean density of 
5300 kg/m3—very similar to that of Earth, although since this planet orbits just 0.02 
AU from its parent Sun-like star, surface conditions are much more extreme than 
those on Earth. Meanwhile, the planet GJ 1214b has a mass 5.7 times that of Earth 
and a radius of 2.7 Earth radii, for a mean density of 1600 kg/m3. Definitely not 
rocky, this planet may be composed mainly of water and/or ice, possibly surround-
ing a small rocky core, with an atmosphere of hydrogen and helium.

The composition, structure, and history of Earths and super-Earths are of great 
interest to astronomers as they seek to understand how these bodies form—and why 
they are absent in our solar system. Transit times, once measured, can be accurately 
predicted, and astronomers can then time their observations to obtain spectroscopic 
and other information on the starlit face of the planet during its “quarter” phase, 

 Figure 4.35 extrasolar Orbits  The orbits of many 
extrasolar planets residing more than 0.15 AU from their 
parent star, superimposed on a single plot, with Earth’s orbit 
shown for comparison (as dashed white). All the extrasolar 
planets shown are comparable in mass to Jupiter. A plot of all 
known extrasolar planets would be too cluttered to show.
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allowing them to probe the planet’s atmospheric 
composition and dynamics.  (Sec. 2.5) Since 
planets—even the hot ones—are cooler than their 
parent stars, their reflected light is most easily 
distinguished from the background starlight at 
infrared wavelengths, and the Spitzer Space Tele-
scope has played a vital role in these studies. 

 (Secs. 2.4, 3.5) So far, hydrogen, sodium, 
methane (CH4), carbon dioxide (CO2), and water 
vapor have been detected. Observations such as 
these are critical in pinning down the content 
and structure of exoplanet atmospheres.

Spectroscopic observations of the parent 
stars reveal what may be a crucial piece in the 
puzzle of extrasolar planet formation. Stars hav-
ing compositions similar to that of the Sun are 
statistically much more likely to have planets or-
biting them than are stars containing smaller 
fractions of the key elements carbon, nitrogen, 
oxygen, silicon, and iron. Because the elements 
found in a star reflect the composition of the 
nebula from which it formed, and the elements 
just listed are the main ingredients of interstel-
lar dust, this finding provides strong support for 
the condensation theory (Section 4.3). Dusty 
disks really are more likely to form planets.

is Our Solar System unusual?
Not so long ago, many astronomers argued that the condensation scenario de-
scribed earlier in this chapter was in no way unique to our own system. Today we 
know that planetary systems are common, but, by and large, the ones we see don’t 
look much like ours! We can legitimately ask whether our solar system really is 
unusual, and whether the observations described above undermine the current 
theory of solar system formation.

Most cold extrasolar Jupiters and Neptunes move in orbits that are considera-
bly more eccentric than the orbits of the jovian planets in the solar system. Does 
this make our system fundamentally different from the others? Probably not. To a 
large extent, this discrepancy can be explained by the selection effect just de-
scribed—eccentric orbits tend to produce larger velocities and hence are more 
readily discovered. As search techniques improve, astronomers are finding more 
and more Jupiter-mass (and lower-mass) planets on wider and less eccentric orbits. 
Figure 4.37 shows evidence for one of the most “Jupiter-like” planets yet detected: a 
0.95-Jupiter-mass object moving on a roughly circular orbit around a near-twin of 
our own Sun. The planet’s period is 9.1 years. It is too early to say whether cold 
Jupiters on nearly circular orbits will turn out to be unusual or common among 
exoplanets, but they clearly exist among the systems already observed.

Are the eccentric extrasolar orbits we see consistent with the condensation 
theory? The answer is yes. The theory actually allows many ways in which massive 
planets can end up in eccentric orbits. Indeed, an important aspect of solar system 
formation not mentioned in our earlier discussion is the fact that many theorists 
worried about how Jupiter could have remained in a circular orbit after it formed 
in the protosolar disk! Jupiter-sized planets may be knocked into eccentric orbits 
by interactions with other Jupiter-sized planets or by the effects of nearby stars. 
And if they formed by gravitational instability, they could have had eccentric 

 Figure 4.36 Super-earth comparison  Two transiting 
super-Earths whose masses and radii are accurately known are 
shown here compared with Earth and Neptune. Based on 
their average densities, these two new worlds seem to be very 
different from one another—one is rocky, somewhat like Earth 
or Neptune’s core, but the other may be composed 
predominantly of water and ice. Seven potentially habitable 
exo-Earths (see Figure 4.39) are also shown, to scale.

Two super-Earths and seven potentially habitable exo-Earths
are shown to scale. The super-Earths are thought to be made
of rock and water, respectively; the composition of the Earths
is currently unknown.
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 Figure 4.37 An exo-Jupiter?  Velocity “wobbles” in the 
star HD 154345 reveal the presence of the extrasolar planet 
with the most “Jupiter-like” orbit yet discovered. The parent 
star is almost identical to the Sun, and the 0.95-Jupiter-mass 
planet orbits at a distance of 4.2 AU with an orbital 
eccentricity of 0.04.
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orbits right from the start, and then we must explain how those orbits circularized 
in the case of the solar system.

What of the hot Jupiters, which have no counterparts among the planets of 
the solar system? Here, too, there is an explanation that fits within the condensa-
tion theory! In the mid-1980s theorists realized that friction between the giant 
planets and the nebula in which they moved should have caused the planets to 
drift inward quite rapidly. Even before the first hot Jupiter was observed, theorists 
knew that, depending on how long the disk survived before being dispersed by the 
newborn Sun, the process could easily have deposited planets in an orbit very 
close to the parent star, as illustrated in Figure 4.38. The theorists were right, and 
the observed hot Jupiters may provide a much-needed connection between extra-
solar planetary systems and our own.

Curiously, a Jupiter-sized planet sinking inward through the disk in which 
planetesimals are forming is not detrimental to the formation of terrestrial plan-
ets. The hot Jupiters must have reached their scorched orbits before the gas disk 
dispersed—that is, within a few million years of the formation of the solar nebula 
and long before the formation of the terrestrial planets. Computer simulations 
indicate that the inward migration stirs up the planetesimals as the giant planet 
moves through, but for the most part does not disrupt or eject them. The main 
consequence is to mix in more icy material from farther out, possibly resulting in 
planets more massive and more water-rich than would otherwise be the case.

Searching for earth
Giant planets are interesting objects, but to many astronomers the real goal of 
extrasolar planet research is the detection of terrestrial planets with conditions 
similar to those found on Earth—and, by extension, the potential discovery of life 
elsewhere in the universe. This latter goal is increasingly becoming the motiva-
tion behind solar system exploration, too.

If Earth-like bodies are our ultimate goal, what pa-
rameters are of greatest interest to astronomers? Many 
astronomers think that a key requirement for the devel-
opment of life as we know it is the existence of liquid 
water on (or under) a planet’s surface, implying a sur-
face temperature roughly in the 0–100°C range. The 
planet’s temperature depends both on its distance from 
its parent star and on the star’s intrinsic brightness. As 
sketched in Figure 4.39, any given star is surrounded by 
a habitable zone, within which liquid water can in 
principle exist on the planet, making it a possible abode 
for life. For low-mass, faint stars, the habitable zone is 
small and lies close to the star. For more massive, 
brighter stars, it lies much farther out and can be 1 AU 
or more wide. Three terrestrial planets—Venus, Earth, 
and Mars—lie in or near the Sun’s habitable zone. Any 
or all of them might have seen the development of life, 
given the right circumstances (see Chapter 6). Earth-
like planets orbiting within the habitable zone of their 
parent stars are regarded as the best candidates for har-
boring life as we know it beyond the solar system.

Giant
planet
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Planet spirals
inward

Protosun

 Figure 4.38 Sinking Planet  Friction between a giant 
planet and the nebular disk in which it formed tends to make 
the planet spiral inward. The process continues until the disk 
is dispersed by the wind from the central star, possibly leaving 
the planet in a “hot” orbit.
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 Figure 4.39 habitable Zones  Every star is surrounded 
by a habitable zone, within which an Earth-like planet could 
have liquid water on its surface. The planets of the solar 
system, numerous extrasolar super-Earths, and seven possible  
exo-Earths lying in or near their habitable zones are marked.
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At the time of writing, 13 super-Earths and 4 Earths (excluding our own) are 
known to orbit in or near the habitable zones of their parent stars. They are indi-
cated on Figure 4.39. Unfortunately, none of these planets has had both its mass 
and its radius reliably measured, so in all cases the densities, and hence the com-
positions, of these worlds are unknown. Most of these bodies orbit close to the 
“hot” edge of the habitable zone, but this is yet another aspect of the selection 
effect described earlier—of all small planets, those in close orbits are the most 
likely to be detected. The Kepler candidate list contains a further 27 Earths and 40 
super-Earths that may soon be added to this figure.

Many planet hunters are confident that within the next decade (or sooner), 
observational techniques will reach the level of sophistication at which jovian and 
terrestrial planets similar to those in our solar system should be readily detecta-
ble—if they exist. Advances during the next decade will either bring numerous 
detections of extrasolar planets in “solar system” orbits, or allow astronomers to 
conclude that systems like our own really are a small minority. Either way, the 
consequences are profound.

The Big QueSTiOn

People from all walks of life—not just astronomers—eagerly await the 
discovery of a true Earth-like planet orbiting another star. When will 
Earth’s twin be found, and will it have blue skies, deep oceans, and livable 
lands? Most intriguing of all, will it be inhabited? We live in a remarkable 
time, when we can actually address—with a reasonable expectation of an 
answer—some of the most profound questions that humans have 
pondered for thousands of years.

concePT check 

Why is it not too surprising that the extrasolar 
planetary systems detected thus far have 
properties quite different from our solar system?

LO1 The planets of our solar 
system (p. 104) all orbit the 
Sun counterclockwise, as 
viewed from above Earth’s 
North Pole, on roughly circular 
orbits that lie close to the 
ecliptic plane. The orbit of 
Mercury is the most eccentric and also has the greatest 
inclination. The orbital spacing increases as we move outward 
from the Sun. The inner terrestrial planets (p. 106)—Mercury, 
Venus, Earth, Mars—are all of comparable density and 
generally rocky, whereas all the outer jovian planets  
(p. 106)—Jupiter, Saturn, Uranus, and Neptune—have much 

lower densities and are composed mostly of gaseous or liquid 
hydrogen and helium.

LO2 Most asteroids (p. 107) orbit in a 
broad band called the asteroid belt 
(p. 108), between the orbits of Mars 
and Jupiter. The Trojan asteroids 
(p. 108) share Jupiter’s orbit, 
remaining 60° ahead or behind the 
planet as it circles the Sun. A few 
Earth-crossing asteroids (p. 108) 
have orbits that intersect Earth’s 
orbit and will eventually collide with 
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to spin faster, eventually forming a disk. 
Protoplanets (p. 123) formed in the disk 
and became planets, while the central 
protosun (p. 124) became the Sun. 
Particles of interstellar dust helped cool the 
solar nebula and acted as condensation 
nuclei (p. 123) that began the planet-
building process. Small clumps of matter 
grew by accretion (p. 123), sticking 
together and growing into moon-size planetesimals  
(p. 123) whose gravitational fields accelerated the 
accretion. As planetesimals collided and merged, a few 
planet-size objects remained.

LO7 Planets in the outer solar system became so 
large that they captured hydrogen and 
helium from the solar nebula, forming the 
jovian worlds. When the Sun became a star, 
its strong winds blew away any remaining 
nebular gas. The terrestrial planets are rocky because  
they formed in the hot inner regions of the solar nebula. 
Farther out, the nebula was cooler, so water and ammonia 
ice could also form. Many leftover planetesimals were 
ejected into the Oort cloud by the outer planets, leaving  
the Kuiper belt behind. The planetesimals in the asteroid 
belt never formed a planet, probably because of Jupiter’s 
gravity.

LO8 Astronomers have confirmed nearly 2000 
extrasolar planets (p. 119), with 
thousands more candidates awaiting 
confirmation. Several hundred have been 
discovered by observing their parent star 
wobble back and forth as the planet orbits. 
However, thanks largely to the Kepler 
mission, most known exoplanets have been 
discovered via planetary transits  
(p. 129), where the planet is observed 
passing in front of the star, slightly reducing its brightness.

LO9 Known exoplanetary masses range from 
that of Earth to many times that of 
Jupiter. Some planets move on “hot” 
orbits close to their parent star, while 
others move on wide, “cold” orbits 
similar to those of the jovian planets in 
the solar system. Hot Jupiters (p. 130) 
and super-Earths (p. 130) are new classes of planet not 
known in the solar system. It is not known whether our solar 
system is unusual among planetary systems. The new 
exoplanetary classes are compatible with the condensation 
theory. A few exo-Earths and numerous super-Earths have 
been found in or near the habitable zones (p. 133) of their 
parent stars.

our planet. The largest asteroids are a few hundred kilometers 
across. Most are much smaller. Asteroids in the inner part of 
the asteroid belt are predominantly rocky; asteroids farther 
out contain larger fractions of water ice and organic material.

LO3 Comets (p. 107) are icy and rocky 
fragments that normally orbit far 
from the Sun. We see a comet by 
the sunlight reflected from the dust 
and vapor released if its orbit 
happens to bring it near the Sun. 
Stretching behind the kilometer-
size nucleus (p. 112) of a comet is 
a long tail (p. 112) formed by the 
interaction between the cometary 
material and the solar wind (p. 
113). Most comets reside in the 
Oort cloud (p. 115), a vast 
reservoir of cometary material tens of thousands of 
astronomical units across, completely surrounding  
the Sun. Short-period comets, having orbital periods of less 
than about 200 years, originate in the Kuiper belt  
(p. 107), a broad band of icy material beyond the orbit  
of Neptune.

LO4 A meteoroid (p. 107) is a piece 
of rocky interplanetary debris 
smaller than 100 m across. A 
meteoroid that enters Earth’s 
atmosphere produces a meteor 
(p. 115), a bright streak of light 
across the sky. If part of it 
reaches the ground, the remnant 
is called a meteorite  
(p. 116). Each time a comet rounds the Sun, some cometary 
material becomes dislodged, forming a meteoroid swarm  
(p. 116)—a group of small micrometeoroids (p. 116) that 
travel in the comet’s orbit. Larger meteoroids are pieces of 
material chipped off asteroids following collisions in the 
asteroid belt. Most meteorites are between 4.4 and 4.6 billion 
years old.

LO5 Any theory of solar system formation must 
explain the planets’ roughly circular, 
coplanar, widely spaced orbits in the same 
direction around the Sun, with terrestrial 
planets near the Sun and jovian planets 
farther out—as well as the existence of the 
asteroids, Kuiper belt, and comets, and 
irregularities such as retrograde rotation of 
planets or moons.

LO6 According to the condensation theory, as the solar 
nebula (p. 121) contracted under its own gravity, it began 
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW And diScuSSiOn
 1. LO1 Name three important differences between the terrestrial 

planets and the jovian planets.

 2. LO2 POS Why are asteroids, comets, and meteoroids impor-
tant to planetary scientists?

 3. Are all asteroids found in the asteroid belt?

 4. Describe the consequences of a 10-km asteroid striking 
Earth?

 5. LO3 What are comets like when they are far from the Sun? 
What happens when they enter the inner solar system?

 6. Why can comets approach the Sun from any direction but 
asteroids generally orbit close to the plane of the elliptic?

 7. LO4 Distinguish between a meteor, a meteoroid, and a meteorite.

 8. What causes a meteor shower?

 9. LO5 POS Describe the basic features of the nebular theory of 
solar system formation, and give three examples of how this 
theory explains some observed features of the present-day solar 
system.

 10. LO6 POS What key ingredient in the modern condensation 
theory was missing or unknown in the nebula theory?

 11. Why are jovian planets so much larger than terrestrial planets?

 12. LO7 How did the temperature structure of the solar nebula de-
termine planetary composition?

 13. Where did Earth’s water come from?

 14. LO8 How do astronomers set about looking for extrasolar 
planets?

 15. LO9 POS In what ways do observed extrasolar planetary sys-
tems differ from our own solar system?

cOncePTuAL SeLF-TeST: True Or FALSe?/muLTiPLe chOice
 1. The largest planets also have the largest densities. (T/F)

 2. The total mass of all the planets is much less than the mass of 
the Sun. (T/F)

 3. Asteroids were recently formed by the collision and breakup of 
an object orbiting in the asteroid belt. (T/F)

 4. Most comets have short periods and orbit close to the ecliptic 
plane. (T/F)

 5. The solar system is of largely uniform composition. (T/F)

 6. Asteroids, meteoroids, and comets are remnants of the early 
solar system. (T/F)

 7. Astronomers have no theoretical explanation for the “hot Jupi-
ters” observed orbiting some other stars. (T/F)

 8. If we were to construct an accurate scale model of the solar 
system on a football field with the Sun at one end and Pluto at 
the other, the planet closest to the center of the field would be 
(a) Earth; (b) Jupiter; (c) Saturn; (d) Uranus.

 9. In the leading theory of solar system formation, the planets  
(a) were ejected from the Sun following a close encounter with 
another star; (b) formed from the same flattened, swirling gas 
cloud that formed the Sun; (c) are much younger than the Sun; 
(d) are much older than the Sun.

 10. The solar system is differentiated because (a) the heavy ele-
ments in the outer solar system sank to the center; (b) the light 

elements in the inner solar system fell into the Sun; (c) the light 
elements in the inner solar system were carried off as comets; 
(d) only rocky and metallic particles could form close to the 
Sun.

 11. Water on Earth was (a) transported here by comets; (b) ac-
creted from the solar nebula; (c) produced by volcanoes in the 
form of steam; (d) created by chemical reactions involving hy-
drogen and oxygen shortly after Earth formed.

 12. The number of confirmed exoplanets is (a) less than 10;  
(b) roughly 50; (c) more than 500; (d) more than 5000.

 13. Astronomers have not yet reported any Earth-like planets or-
biting other stars because (a) there are none; (b) they are not 
detectable with current technology; (c) no nearby stars are of 
the type expected to have Earth-like planets; (d) the govern-
ment is preventing us from reporting their discovery.

 14. ViS In Figure 4.39 (Habitable Zones), the habitable zone of a 
star twice as massive as the Sun (a) is centered at roughly 3 AU 
from the star; (b) is more than 10 AU wide; (c) lies entirely 
within 1 AU of the star; (d) is the same size as the Sun’s habit-
able zone.

 15. ViS According to Figure 4.30, the temperature in the solar neb-
ula at the location now at the center of the asteroid belt is  
(a) 2000 K;  (b) 900 K; (c) 400 K; (d) 100 K.

PrOBLemS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  Suppose the average mass of each of 20,000 asteroids in the 
solar system is 1017 kg. Compare the total mass of these 

asteroids to the mass of Earth. Assuming a spherical shape and 
a density of 3000 kg/m3, estimate the diameter of an asteroid 
having this average mass.
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 2.  The asteroid Icarus (Figure 4.5) has a perihelion distance of 
0.19 AU and an orbital eccentricity of 0.83. What is its semima-
jor axis and aphelion distance from the Sun?

 3.  The largest asteroid, Ceres, has a radius 0.073 times the 
radius of Earth and a mass of 0.0002 Earth masses. How much 
would an 80-kg astronaut weigh on Ceres?

 4.  It is observed that the number of asteroids (or meteoroids) 
of a given diameter is roughly inversely proportional to the 
square of the diameter. Assuming a density of 3000 kg/m3 and 
approximating the actual distribution of asteroids and meteor-
oids as a single 1000-km body (Ceres), one hundred 100-km 
bodies, 10 thousand 10-km bodies, and so on, calculate the 
total mass in the form of 1000-km bodies, 100-km bodies, 
10-km bodies, and 1-km bodies.

 5.  (a) Using the version of Kepler’s laws of planetary motion 
from Section 1.5, calculate the orbital period of an Oort 
cloud comet if the semimajor axis of the comet’s orbit  
is 50,000 AU. (b) What is the maximum possible aphelion 
distance for a short-period comet with an orbital period of 
125 years?

 6.  The planet orbiting star HD187123 has a semimajor axis of 
0.042 AU. If the star’s mass is 1.06 times the mass of the Sun, 
calculate how many times the planet has orbited its star since 

the paper announcing its discovery was published on Decem-
ber 1, 1998.

 7.  Given the data provided in the text, calculate the gravitational 
acceleration at the surfaces of the two transiting super-Earths 
(CoRoT 7b and GJ 1214B) discussed in Section 4.4.

 8.  Stellar radial velocity variations as small as 1 m/s can be 
detected with current technology. For a Jupiter-mass planet 
orbiting a Sun-like star, this corresponds to a planetary orbital 
velocity of approximately 1 km/s. What is the radius of the 
widest circular orbit on which Jupiter could currently be 
detected orbiting the Sun?

 9.  A typical comet contains 1013 kg of water ice. How many 
comets would be needed to account for the 2 3 1021 kg of water 
presently found on our planet? If this amount of water accu-
mulated over a period of 0.5 billion years, how frequently must 
Earth have been struck by comets during that time?

 10.  The amount of energy reaching a planet’s surface per unit 
time is proportional to the luminosity of its parent star divided 
by the square of the planet’s distance from the star. If the lumi-
nosity is proportional to the fourth power of the star’s mass, es-
timate the orbital distance (in AU) at which an Earth-like 
exoplanet orbiting a 0.5-solar-mass star would receive the same 
amount of energy from its star as Earth does from the Sun.

AcTiViTieS
collaborative
 1. Which of the “irregular” characteristics of the solar system 

listed in Section 4.3. do you think are most and least likely to 
have occurred by pure chance? Can you think of other irregu-
lar features not on the list?

 2. Do you think our solar system is unusual? Justify your opinion 
using data obtained from The Extrasolar Planets Encyclopedia, 
which you can find online at http://exoplanet.eu. Use the Ency-
clopedia to find examples of (1) a hot Jupiter, (2) a cold Jupiter 
on an orbit like Jupiter’s, (3) a hot super-Earth, (4) a super-
Earth in the habitable zone.

 3. What should be the U.S. government’s policy on the mining of 
minerals from asteroids? Justify the policy.

individual
 1. You can begin to visualize the ecliptic—the plane of the plan-

ets’ orbits—just by noticing the path of the Sun throughout the 
day and of the full Moon in the course of a single night. It 
helps if you watch from one spot, such as your backyard or a 
rooftop. It’s also good to have a general notion of direction. 
(West is where the Sun sets!) The movements of the Sun, 
Moon, and planets are confined to a narrow pathway across 
our sky. This pathway reflects the plane of the solar system, 
the ecliptic.

 2. The only way to tell an asteroid from a star is to watch it over 
several nights. The magazines Sky & Telescope and Astronomy 
often publish charts for especially prominent asteroids. Look 
for Ceres, Pallas, or Vesta, the brightest asteroids. Use the 
chart to locate the appropriate star field and aim binoculars at 
that location in the sky. You may be able to pick out the aster-
oid from the chart. If you can’t, make a rough drawing of the 
entire field. Come back a night or two later and look again. 
The “star” that has moved is the asteroid.

 3. There are a number of major meteor showers every year, but if 
you plan to watch one, be sure to note the phase of the Moon. 
Bright moonlight (or city lights) can obliterate a meteor 
shower. A common misconception is that most meteors are 
seen in the direction of the shower’s radiant. If you trace the 
paths of the meteors backward in the sky, they do all come 
from the radiant, but most meteors don’t become visible until 
they are 20° or 30° from the radiant—they can appear in all 
parts of the sky! Just relax and let your eyes rove among the 
stars. You will generally see many more meteors in the hours 
before dawn than in the hours after sunset. Why do meteors 
have different brightnesses? Can you detect their variety of 
colors? Watch for meteors that appear to “explode” as they fall 
and vapor trails that linger after the meteor itself has 
disappeared.
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Earth and Its Moon
Our Cosmic Backyard

5

different from the rock-solid planet we know from 
everyday experience. Perhaps more than any other, this 
view of our world helps us appreciate our existence on 
our planet—and our place in the universe.

 This iconic photograph, taken from NASA’s Apollo 8 
spacecraft orbiting the Moon in 1968, shows Earth 
seen from afar, hanging in space like a “blue marble.” 
Earth appears as a complex, fragile environment, very 

Studying this chapter will 
enable you to:

LO1 Summarize and compare the 
basic structural properties of 
Earth and the Moon.

LO2 Explain how the gravitational 
interaction between Earth, 
the Moon, and the Sun leads 
to tides in Earth’s oceans.

LO3 Describe how Earth’s 
atmosphere helps heat and 
protect us, and explain how 
greenhouse gases trap heat 
and increase Earth’s surface 
temperature.

LO4 Outline the current model of 
Earth’s interior structure, and 
describe some experimental 
techniques used to establish it.

LO5 Summarize the evidence for 
continental drift, and identify 
the physical processes driving it.

LO6 Describe how dynamic events 
early in the Moon’s history 
formed its major surface 
features, and explain how 
cratering can be used to 
estimate the age of the lunar 
surface.

LO7 Describe the nature and 
origin of Earth’s 
magnetosphere.

LO8 Outline the leading theories 
of how the Moon formed and 
evolved.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Earth and its small neighbor, the Moon, are natural starting points for our investigation of 
the cosmos. Both bodies are very well studied—to the point that they are sometimes 
viewed as the purview of geology, rather than astronomy. They differ in many ways, yet 
closer scrutiny reveals key similarities, too. Their familiarity lets us frame some critical 
questions for the study of other planets and beyond. The science of astronomy begins  
at home.

ThE BIg PIcTurE

If we are to appreciate the universe, we must first come to know our own neighborhood. 

By cataloging Earth’s properties and attempting to explain them, we set the stage for a 

comparative study of all the other planets. From an astronomical perspective, this is a 

compelling reason to study the structure and history of our own world. What about the 

Moon? It is by far our closest neighbor in space, yet despite its nearness, it is a world very 

different from our own. It has no air, no sound, no water, no weather. Boulders and 

pulverized dust litter the landscape. Why, then, do we study it? In part, simply because it 

is our nearest neighbor and dominates our night sky. Beyond that, however, we study this 

body because it holds important clues to our own past. The very fact that it hasn’t 

changed much since its formation means the Moon is a crucial key to unlocking the 

secrets of the solar system.

L e a r n i n g 
O u tCO m e s
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140 chAPTEr 5   earth and its moon

5.1 Earth and the Moon in Bulk
In Chapter 0 we  discussed some characteristics of Earth and the Moon known to 
ancient astronomers—the phases of the Moon, eclipses, and some basic geometri-
cal inferences about the size of our planet.  (Secs. 0.3, 0.4) Today we have direct 
and much more detailed measurements of many physical properties of both Earth 
and the Moon. Let’s start by cataloging a few facts about the Earth–Moon system.

Physical Properties
Table 5.1 presents some basic data on Earth and the Moon. The first five columns 
list mass, radius, and average density for Earth and the Moon, determined as de-
scribed in Chapter 4.  (Sec. 4.1) The next two columns present important 
measures of a body’s gravitational field. Surface gravity is the strength of the 
gravitational force at the body’s surface.  (More Precisely 1-1) Escape speed 
is the speed required for any object—an atom, a baseball, or a spaceship—to 
escape forever from the body’s gravitational pull (see More Precisely 5-1, p. 147). 
By either measure, the Moon’s gravitational pull is much weaker than Earth’s. As 
we will see, this fact has played an important role in determining the very differ-
ent evolutionary paths followed by the two worlds. The final column in Table 5.1 
lists (sidereal) rotation periods, which have long been accurately known from 
Earth-based observations.

One important quantity not listed in Table 5.1 is the distance from Earth to the 
Parallax, with Earth’s diameter as a baseline, has long provided astronomers with 
reasonably accurate measurements of the Earth–Moon distance.  (Sec. 0.4) 
However, radar and laser ranging (using lasers instead of radar bounced from the 
Moon’s surface) now yield far more accurate measurements of the Moon’s orbit. 

 (Sec. 1.3) Today the Moon’s precise distance from Earth at any instant is 
known to within about 2 cm. The semimajor axis of the Moon’s orbit around Earth 
is 384,000 km.

Overall Structure
Figure 5.1 compares and contrasts the main regions of these two very dissimilar 
worlds. As indicated in Figure 5.1(a), our planet may be divided into six main 
regions. In Earth’s interior a thick mantle surrounds a smaller, two-part core. At 
the surface we have a relatively thin crust, comprising the solid continents and 
the seafloor, and the hydrosphere, comprising rivers, lakes, and the liquid 
oceans. An atmosphere of air lies just above the surface. At much greater 
altitudes a zone of charged particles trapped by our planet’s magnetic field forms 
Earth’s magnetosphere.

The Moon lacks a hydrosphere, an atmosphere, and a magnetosphere. Its in-
ternal structure (Figure 5.1b) is not as well studied as that of Earth, for the very 
good reason that the Moon is much less accessible. Nevertheless, as we will see, 
the basic interior regions on Earth—crust, mantle, and core—also exist on the 
Moon, although their properties differ somewhat from those of their Earthly 
counterparts.

Maria (made
of mantle materials,

mainly basalt)

Crust (highlands) 
40 km thick on Earth side,

55 km thick on far side

Mantle

Outer
core

Inner
core

1300
km

3500 km
6400 km

(a)

(b)

Molten
inner mantle

Soft
inner mantle

700 km
Solid, rocky
outer mantle

1600 km
Solid

inner core
240 km

Fluid
outer core

Atmosphere Hydrosphere

Crust
5 to 50 km

Magnetosphere

AnIMATIOn/VIdEO

earth as seen by galileo 

 FIgurE 5.1 Earth and Moon  (a) Earth’s inner core of radius 1300 km is surrounded  
by a 2200-km-thick liquid outer core. Most of the rest of Earth’s interior is taken up by the 
mantle, topped by a thin crust only a few tens of kilometers thick. The liquid portions of Earth’s 
surface make up the hydrosphere. Above the hydrosphere and solid crust lies the atmosphere, 
most of it within 50 km of the surface. Earth’s outermost region is the magnetosphere, extending 
thousands of kilometers into space. (b) The Moon’s rocky outer mantle is about 900 km thick. Its 
inner mantle is a semisolid layer somewhat similar to the upper regions of Earth’s mantle.
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5.2 The Tides
Earth is unique among the planets in having large quantities of liquid water on its 
surface. Approximately three-quarters of Earth’s surface is covered by water, to 
an average depth of some 3.6 km.

A familiar hydrospheric phenomenon is the daily fluctuation in ocean level 
known as the tides. At most coastal locations on Earth, there are two low tides 
and two high tides each day. The “height” of the tides—the magnitude of the 
variation in sea level—can range from a few centimeters to many meters, 
depending on location and time of year, averaging about a meter on the open 
sea. A huge amount of energy is contained in this daily tidal motion.

gravitational deformation
What causes the tides? A clue comes from the fact that they exhibit daily, 
monthly, and yearly cycles. In fact, the tides are a direct result of the gravita-
tional influence of the Moon and the Sun on Earth. We have already seen how 
gravity keeps Earth and the Moon in orbit about one another, and both in 
orbit around the Sun. Let’s first consider just the interaction between Earth 
and the Moon.

Recall that the strength of the gravitational force depends on the inverse 
square of the distance separating any two objects.  (Sec. 1.4) Thus, the Moon’s 
gravitational attraction is greater on the side of Earth that faces the Moon than 
on the opposite side, some 12,800 km (Earth’s diameter) farther away. This differ-
ence in the gravitational force is small, only about 3 percent, but it produces a 
noticeable deformation—a stretching along the line joining Earth to the Moon 
called a tidal bulge. The effect is greatest in Earth’s oceans, because liquid can 
most easily move around on our planet’s surface. As illustrated in Figure 5.2, the 
ocean becomes a little deeper in some places (along the Earth–Moon line) and 
shallower in others (in the perpendicular direction). The daily tides we see result 
as Earth rotates beneath this deformation.

This differential force, the variation of the Moon’s (or the Sun’s) gravity across 
Earth, is called a tidal force. The average gravitational interaction between two 
bodies determines their orbit around one another. However, the tidal force, su-
perimposed on that average, tends to deform the bodies. We will see many situa-
tions in this book where such forces are critically important in understanding 
astronomical phenomena. Note that the tidal force is not in any sense a “new” 
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Arrow lengths indicate relative strengths of Moon’s
gravitational pull on parts of Earth.

Ocean

OceanLow tide

High tide

Moon

Moon

(a)

(b)

Earth

Earth

On Earth’s 
opposite side, 
the Moon’s pull at 
the surface is weaker 
than at the center.

Here the Moon’s 
pull is stronger

at the surface than
at the center.

 FIgurE 5.2 Lunar Tides  This exaggerated illustration shows how the Moon induces 
tides on both the near and far sides of Earth. (a) The lunar gravitational force is greatest on 
the side nearest the Moon and smallest on the opposite side. (b) The differences between 
the lunar forces experienced at the locations shown in part (a) and the force exerted by the 
Moon on Earth’s center. Closest to the Moon, the oceans tend to be pulled away from Earth; 
on the far side, Earth tends to be pulled away from the oceans. The result is a tidal bulge.

Table 5.1   Some Properties of Earth and the Moon

Mass radius Average density Surface gravity Escape Speed

(kg) (Earth = 1) (km) (Earth = 1) (kg/m3) (Earth = 1) (km/s) rotation Period

Earth 6.0 * 1024 1.00 6400 1.00 5500 1.00 11 23h 56m

Moon 7.4 * 1022 0.012 1700 0.27 3300 0.17 2.4 27.3 days

Tidal Forces

Fifty-four percent of students had difficulty 
describing the tidal interaction between Earth and 
the Moon. Some points to remember:

 Tides occur because the inverse-square gravita-
tional force varies with location, so Earth exerts 
a greater force on the lunar near side than on 
the far side.

 This differential force tends to stretch the Moon 
along the Earth–Moon line, creating a tidal 
bulge.

 Earth’s gravitational force on the lunar tidal 
bulge has synchronized the Moon’s rotation 
with its orbit so that the Moon now always pre-
sents the same face toward Earth.

DaTa PoinTs
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142 chAPTEr 5   earth and its moon

force. It is still the familiar force of gravity, just viewed in a different context—its 
effect on extended bodies such as planets and moons. We still use the word tidal 
in these other contexts, even though we are not discussing oceanic tides, and 
sometimes not even planets at all.

Notice in Figure 5.2 that the side of Earth opposite the Moon also experi-
ences a tidal bulge. The different gravitational pulls—greatest on that part of 
Earth closest to the Moon, weaker at Earth’s center, and weakest of all on 
Earth’s opposite side—cause average tides on opposite sides of our planet to be 
approximately equal in height. On the side nearer the Moon, the ocean water is 
pulled slightly toward the Moon. On the opposite side, the ocean water is left 
behind as Earth is pulled closer to the Moon. Thus, high tide occurs twice, not 
once, every day.

Both the Moon and the Sun exert tidal forces on our planet. The tidal force 
drops off very rapidly with distance, but even though the Sun is around 375 
times farther away from Earth than is the Moon, the Sun’s mass is so much 
greater (by about a factor of 27 million) that its tidal influence is still signifi-
cant—about half that of the Moon. Thus, instead of one tidal bulge being cre-
ated on Earth, there are two: one pointing toward the Moon, the other toward 
the Sun. The interaction between them accounts for the changes in the height of 
the tides over the course of a month or a year. When Earth, Moon, and Sun are 
roughly lined up—at new or full Moon—the gravitational effects reinforce one 
another, and the highest tides occur (Figure 5.3a). These tides are known as 
spring tides. When the Earth–Moon line is perpendicular to the Earth–Sun line 
(at the first and third quarters), the daily tides are smallest (Figure 5.3b). These 
are termed neap tides.

Tidal Locking
The Moon rotates once on its axis in 27.3 days—exactly the same time as it takes 
to complete one revolution around Earth.  (Sec. 0.3) As a result, the Moon pre-
sents the same face toward Earth at all times; that is, the Moon has a near side, 
which is always visible from Earth, and a far side, which never is (Figure 5.4a). 
This condition, in which the rotation period of a body is precisely equal to (or 
synchronized with) its orbital period around another body, is known as a 
synchronous orbit.

The fact that the Moon is in a synchronous orbit around Earth is no accident. 
It is an inevitable consequence of the tidal gravitational interaction between those 
two bodies. To see how this can occur, let’s continue our discussion of tides on 
Earth. Because of Earth’s rotation, the tidal bulge raised by the Moon does not 
point directly at the Moon, as indicated in Figure 5.2. Instead, through the effects 
of friction, both between the crust and the oceans and within Earth’s interior, 
Earth’s rotation tends to drag the tidal bulge around with it, causing the bulge to 
be displaced slightly ahead of the Earth–Moon line (Figure 5.4b). The Moon’s 
asymmetrical gravitational pull on this slightly offset bulge acts to slow our 
planet’s rotation.

According to fossil measurements, the rate of decrease is just 2 millisec-
onds every century—not much on the scale of a human lifetime, but it means 
that half a billion years ago Earth’s day was just over 21 hours long and its year 
contained 410 days. At the same time, the Moon spirals slowly away from Earth, 
increasing its average distance from our planet by about 4 cm per century. This 
process will continue until (billions of years from now) Earth rotates on its axis 
at exactly the same rate as the Moon orbits Earth. Earth’s rotation will become 
synchronized, or tidally locked, with the Moon’s motion. At that time the Moon 
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will always be above the same point on Earth and will no longer lag behind the 
bulge it raises.

Basically the same process is responsible for the Moon’s synchronous orbit. 
Earth and the Moon have evolved together. Just as the Moon raises tides on Earth, 
Earth also produces a tidal bulge in the Moon. Indeed, because Earth is so much 
more massive than the Moon, the lunar tidal bulge is considerably larger, and the 
synchronization process correspondingly faster. The Moon’s rotation became tid-
ally locked to Earth long ago. Most of the moons in the solar system are similarly 
locked by the tidal forces of their parent planets.

Sun

Sun

(a) Spring tides

(b) Neap tides

Moon (first quarter)

Moon (third quarter)

Moon (full)Moon (new)

High tide

Low tide

Low tide

High tide

Earth

Earth

The net bulge
always points
toward the Moon 
since lunar tides 
always exceed

those of the more 
distant Sun.

 FIgurE 5.3 Solar and Lunar Tides interactive  The combined effects of the Sun 
and the Moon produce variations in high and low tides. (a) When the Moon is either full or 
new, Earth, Moon, and Sun are approximately aligned, and the tidal bulges raised in Earth’s 
oceans by the Moon and the Sun reinforce one another. (b) When the Moon is in either its 
first or its third quarter, the tidal effects of the Moon and the Sun partially cancel each other, 
and the tides are smallest.

Earth

(a)

(b)

Moon

Lunar
rotation

Ocean

Moon

Direction of motion

Earth’s
rotation

Tidal

bulge offset
 FIgurE 5.4 Tidal Locking interactive  (a) As the Moon orbits Earth, it keeps one face 

permanently pointed toward our planet. To the astronaut shown here, Earth is always 
directly overhead. Because of Earth’s tides, the Moon is slightly elongated in shape, 
with its long axis pointing toward Earth. (b) The tidal bulge raised in Earth by the Moon 
does not point directly at the Moon. Instead, because of the effects of friction, the bulge 
points slightly ahead of the Moon, in the direction of Earth’s rotation. (Both figures greatly 
exaggerated for clarity.)

ConCePT CheCk 

in what ways do tidal forces differ from the 
familiar inverse-square force of gravity?
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5.3 Atmospheres
Earth’s atmosphere is much more than just air for us to breathe 
or a blanket to keep us warm. As we will see, this thin layer of 
gas clinging to the edge of a planet or a moon also shields that 
body from potentially damaging solar and cosmic radiation and 
may radically alter conditions on the surface.

Earth’s Atmosphere
Our planet’s atmosphere is a mixture of gases, the most abun-
dant of which are nitrogen (78 percent by volume), oxygen (21 
percent), argon (0.9 percent), and carbon dioxide (0.03 per-
cent). Water vapor is a variable part of the atmosphere, from 
0.1 to 3 percent, depending on location and climate. The pres-
ence of a large amount of free oxygen makes our atmosphere 
unique in the solar system—Earth’s oxygen is a direct conse-
quence of the emergence of life on our planet.

Figure 5.5 shows a cross-section of Earth’s atmosphere. 
Compared with Earth’s overall dimensions, the extent of the 
atmosphere is tiny. Half of it lies within 5 km of the surface, 
and all but 1 percent of it is found below 30 km. The region 
below about 12 km is called the troposphere. Everything on 
Earth’s surface lies within it—even Mount Everest, the tallest 
mountain on our planet, rises only 9 km above sea level. Above 

the troposphere, extending up to an altitude of 40–50 km, lies the stratosphere. 
Between 50 and 80 km from the surface lies the mesosphere. Above about 80 
km, in the ionosphere, the atmosphere is kept partly ionized by solar ultraviolet 
radiation. These various atmospheric regions are distinguished from one another 
by the behavior of the temperature (decreasing or increasing with altitude) in 
each. Atmospheric pressure decreases steadily with increasing altitude.

The troposphere is the region of Earth’s (or any other planet’s) atmosphere 
where convection occurs. Convection is the constant upwelling of warm air 
and the concurrent downward flow of cooler air to take its place. In Figure 5.6, 
part of Earth’s surface is heated by the Sun. The air immediately above the 
warmed surface is heated, expands a little, and becomes less dense. As a result, 

it becomes buoyant and starts to rise. At higher alti-
tudes the opposite effect occurs: The air gradually 
cools, grows denser, and sinks back to the ground. The 
cool air at the surface rushes in to replace the hot, 
buoyant air that has risen, establishing a circulation 
pattern. These convection cells of rising and falling 
air contribute to atmospheric heating and are respon-
sible for surface winds and all the weather we experi-
ence. Above the troposphere the atmosphere is stable 
and the air is calm.
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 FIgurE 5.5  Earth’s Atmosphere  Diagram of Earth’s 
atmosphere, showing the changes in temperature (blue curve, 
bottom axis) and pressure (right-hand axis) from the planet’s 
surface to the bottom of the ionosphere. Pressure decreases 
steadily with increasing altitude, but the temperature may fall 
or rise, depending on height above the ground.

Cool air Cool air

Convection occurs
whenever cool matter
overlies warm matter.

Warm air
 FIgurE 5.6 convection  Convection occurs whenever cool 

matter overlies warm matter. The resulting circulation currents 
are familiar to us as the winds in Earth’s atmosphere, caused by 
the solar-heated ground. Over and over, hot air rises, cools, and 
falls back to Earth. Eventually, steady circulation patterns are 
established and maintained, provided that the source of heat 
(the Sun, in the case of Earth) remains intact.
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Why Air Sticks Around

5.1  M o r e  P r e C i s e ly

Why does Earth have an atmosphere but the Moon does not? 
Why doesn’t our atmosphere disperse into space? The answer is 
that gravity holds it down. However, gravity is not the only influ-
ence acting. If it were, all of Earth’s air would have fallen to the 
surface long ago. Heat competes with gravity to keep the atmos-
phere buoyant. Our atmosphere stays in place because the buoy-
ancy force balances the force of gravity.

Let’s explore this competition between gravity and heat in 
a little more detail. All gas molecules are in constant random 
motion. The temperature of any gas is a direct measure of this 
motion—the hotter the gas, the faster the molecules are mov-
ing.  (More Precisely 2-1) The rapid movement of heated 
molecules creates pressure that tends to oppose the force of 
gravity, preventing our atmosphere from collapsing under its 
own weight.

An important measure of the strength of a body’s gravity is 
its escape speed—the speed needed for any object to escape for-
ever from its surface. This speed increases with increased mass 
or decreased radius of the parent body. In fact, the escape speed 
is proportional to the speed of a circular orbit at the body’s sur-
face. In convenient units, it can be expressed as

escape speed (in km/s) =

 11.2 Bmass of body (in Earth masses)

radius of body (in Earth radii)
.

In other words, you need high speed to escape the gravitational 
pull of a very massive or very small body, but you can escape 
from a less massive or larger body at lower speeds. If the mass of 
the parent body is quadrupled, the escape speed doubles. If the 
parent body’s radius quadruples, then the escape speed is halved.

To determine whether or not a planet will retain an atmo-
sphere, we must compare the planet’s escape speed with the aver-
age speed of the gas particles making up the atmosphere. This 
speed depends not only on the temperature of the gas but also on 
the mass of the individual molecules—the hotter the gas or the 

smaller the molecular mass, the higher the average speed of the 
molecules:

 average molecular speed (in km/s) =

 0.157 B gas temperature (K)

molecular mass (hydrogen atom masses)
.

Thus, increasing the absolute temperature of a sample of gas by 
a factor of four—from, for example, 100 K to 400 K—doubles 
the average speed of its constituent molecules. And at a given 
temperature, molecules of hydrogen in air move, on average, 
four times faster than molecules of oxygen, which are 16 times 
heavier.

At any instant, a tiny fraction of the molecules in any gas have 
speeds much greater than average, and some molecules are always 
moving fast enough to escape, even when the average molecular 
speed is much less than the escape speed. As a result, all planetary 
atmospheres slowly leak away into space. Don’t be alarmed, how-
ever—the leakage is usually very gradual. As a rule of thumb, if the 
escape speed from a planet or moon exceeds the average speed of a 
given type of molecule by a factor of 6 or more, then molecules of 
that type will not have escaped from the planet’s atmosphere in 
significant quantities since the solar system formed.

For air on Earth (with a temperature of about 300 K), the 
mean molecular speed of oxygen (mass = 32 hydrogen masses) 
and nitrogen (mass = 28) is about 0.6 km/s, comfortably below 
one-sixth of the escape speed (11.2 km/s). As a result, Earth is 
able to retain its atmosphere. However, if the Moon originally 
had an Earth-like atmosphere, the lunar escape speed of just 2.4 
km/s means that any original atmosphere long ago dispersed into 
interplanetary space. The same reasoning can be used to under-
stand atmospheric composition. For example, hydrogen mole-
cules (mass = 2) move, on average, at about 2 km/s in Earth’s 
atmosphere at sea level. Consequently, they have had plenty of 
time to escape since our planet formed, which is why we find 
very little hydrogen in Earth’s atmosphere today.

Within the stratosphere lies the ozone layer, where atmospheric oxygen, ozone, 
and nitrogen absorb incoming solar ultraviolet radiation. Ozone is a form of oxy-
gen. Most atmospheric oxygen consists of two oxygen atoms combined into a mol-
ecule; ozone consists of three oxygen atoms combined into each molecule. Ozone is 
formed in the atmosphere when solar ultraviolet radiation interacts with oxygen 
molecules. Its concentration is greatest at an altitude of around 25 km. The ozone 
layer is one of the insulating layers that protect life on Earth from the harsh envi-
ronment of outer space. By absorbing potentially dangerous high-frequency radia-
tion, it acts as a planetary umbrella. Without it, advanced life (at least on Earth’s 
surface) would be at best impaired and at worst impossible. Discovery 5-1 discusses 
how human activities may now be affecting this vital part of our atmosphere.
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During the last two centuries, human technology has begun 
to produce measurable—and possibly permanent—changes in 
our planet. You can probably think of many instances, mostly 
negative, of such changes, from the threat of nuclear war to the 
reality of air and water pollution worldwide. One example 
very much in the news and relevant to the discussion 
in this chapter is the depletion of Earth’s ozone 
layer. (See Discovery 5–2 for an unrelated, 
but even more serious, threat to our 
environment.)

A particularly undesirable by-
product of human technology is a 
group of chemicals known as chloro-
fluorocarbons (CFCs), relatively sim-
ple compounds once widely used for 
a variety of purposes—propellant in 
aerosol cans, dry-cleaning products, 
and in air conditioners and refrigera-
tors. In the 1970s scientists discov-
ered that, instead of quickly breaking 
down after use as had previously been 
thought, CFCs accumulate in the at-
mosphere and are carried high into the 
stratosphere by convection. There they are 
broken down by sunlight, releasing chlorine, 
which quickly reacts with ozone (O3; see Section 
5.3), turning it into oxygen (O2). In chemical terms the 
chlorine is said to act as a catalyst—it is not consumed in the re-
action, and so it survives to react with many more ozone mole-
cules. A single chlorine atom can destroy up to 100,000 ozone 
molecules before being removed by other, less frequent chemical 
reactions. In this way, even a small quantity of CFCs turns out to 
be extraordinarily efficient at destroying atmospheric ozone.

As we saw in the text, ozone is part of the protective “blanket” 
of gases in our atmosphere that protect us from the harsh realities 
of outer space—in this case, solar ultraviolet radiation. Thus, the 
result of CFC emission is a substantial increase in ultraviolet ra-

diation levels at Earth’s surface, with detrimental effects to 
most living organisms. The accompanying figure 

shows the development of an ozone “hole” 
(colored magenta) over the Antarctic—a re-

gion where atmospheric circulation and 
low temperatures conspire each Antarc-

tic spring to create a vast circumpolar 
cloud of ice crystals, that act to pro-
mote the ozone-destroying reactions, 
resulting in ozone levels about 50 
percent below normal for the 
region.

Since the hole (really a relative 
lack of ozone) was discovered in the 
1980s, its depth and area have 

grown each year. Its peak size is now 
larger than North America. Ozone 

depletion is not confined to the Antarctic, 
although the effect is greatest there. Smaller 

holes have been observed in the Arctic, and 
occasional ozone depletions of up to 20 percent 

have been reported at lower northern latitudes.
In the late 1980s, when the effect of CFCs on the at-

mosphere was realized, the world moved remarkably rapidly to 
curtail their production and use, with the goal of phasing them 
out entirely by 2030. Substantial cuts have already been made. 
Still, scientists think that even if all remaining CFC emissions 
were to stop today, it would still take several decades for CFCs to 
leave the atmosphere completely.

Earth’s growing Ozone “hole”

5.1 D i s C o v e r y

Antarctica

Center of
ozone hole

South
America

The greenhouse Effect
The Sun emits most of its energy in the visible and near-infrared (that is, wave-
lengths only slightly longer than red light) regions of the electromagnetic spectrum. 
Because Earth’s atmosphere is largely transparent to radiation of this type, almost 
all of the solar radiation not absorbed by or reflected from clouds in the upper at-
mosphere shines directly onto Earth’s surface, heating it up.   (Sec. 2.3)

Earth’s surface reradiates the absorbed energy. As the temperature rises, the 
amount of radiated energy increases rapidly, according to Stefan’s law, and even-
tually our planet radiates as much energy back into space as it receives from the 
Sun. In the absence of any complicating effects, this balance would be achieved 
at an average surface temperature of about 250 K (−23°C). At that temperature, 
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Wien’s law tells us that most of the reemitted energy is in the form of far-infrared 
(roughly 10 μm) radiation.  (More Precisely 2-2)

However, there is a complication. Long-wavelength infrared radiation is par-
tially blocked by Earth’s atmosphere Fig. 2.9, mainly because of carbon dioxide 
and water vapor, both of which absorb very efficiently in the infrared portion of the 
spectrum. Even though these two gases account for only a tiny fraction of our at-
mosphere, they manage to absorb a large fraction of all the infrared radiation emit-
ted from the surface. Consequently, only some of that radiation escapes back into 
space. The rest is radiated back to the surface, causing the temperature to rise.

This partial trapping of solar radiation is known as the greenhouse effect. The 
name comes about because a similar process operates in a greenhouse—sunlight 
passes relatively unhindered through glass panes, but much of the infrared radiation 
reemitted by the plants is blocked by the glass and cannot get out.1 Consequently, 
the interior of the greenhouse heats up, and flowers, and vegetables can grow even 
on cold winter days. The radiative processes that determine the temperature of 
Earth’s atmosphere are illustrated in Figure 5.7. Earth’s greenhouse effect makes our 
planet about 40 K hotter than would otherwise be the case—a very important differ-
ence, as it raises the average temperature above the freezing point of water.

The magnitude of the greenhouse effect is very sensitive to the concentration of 
greenhouse gases (that is, gases that absorb infrared radiation efficiently) in the at-
mosphere. As just mentioned, water vapor and carbon dioxide are both important 
greenhouse gases. Carbon dioxide is of particular concern today, because its con-
centration in Earth’s atmosphere is increasing, largely as a result of the burning of 
fossil fuels (principally oil and coal) in the industrialized world. Carbon dioxide lev-
els have increased by more than 20 percent in the last century, and they continue to 
rise at a present rate of 4 percent per decade. Many scientists think that this in-
crease, if left unchecked, may result in global temperature increases of several kel-
vins over the next half-century, enough to melt much of the polar ice caps and cause 
dramatic, perhaps even catastrophic, changes in Earth’s climate (see Discovery 5-2).

Lunar Air?
What about the Moon’s atmosphere? That’s easy—for all practical purposes, 
there is none! All of it escaped long ago. More massive objects have a better 
chance of retaining their atmospheres because the more massive an object, the 
greater the speed needed for atoms and molecules to escape (see More Precisely 5-1). 
The Moon’s escape speed is only 2.4 km/s, compared with 11.2 km/s for Earth 
(Table 5.1). Simply put, the Moon has a lot less pulling power—any atmosphere 
it might once have had is gone forever.

Lacking the moderating influence of an atmosphere, the Moon experiences 
wide variations in surface temperature. Noontime temperatures can reach 400 
K, well above the boiling point of water (373 K).  (More Precisely 2-1) At 
night (which lasts nearly 14 Earth days) or in the shade, temperatures fall to 
about 100 K, well below water’s freezing point (273 K). With such high daytime 
temperatures and no atmosphere to help retain it, any water that ever existed on 
the Moon’s surface has most likely evaporated and escaped. Not only is there no 
lunar hydrosphere, but all the lunar samples returned by the U.S. and Soviet 
Moon programs were absolutely bone dry. Lunar rock doesn’t even contain min-
erals with water molecules locked within their crystal structure. Terrestrial 
rocks, conversely, are almost always 1 or 2 percent water.
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1Actually, although this process does contribute to warming the interior of a greenhouse, it is not the most 
important effect. A greenhouse works mainly because its glass panes prevent convection from carrying heat 
up and away from the interior. Nevertheless, the name “greenhouse effect” to describe the heating effect due 
to Earth’s atmosphere has stuck.

 FIgurE 5.7 greenhouse Effect interactive  Sunlight 
not reflected by clouds reaches Earth’s surface, warming it 
up. Infrared radiation reradiated from the surface is partially 
absorbed by carbon dioxide in the atmosphere, causing the 
overall surface temperature to rise.
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The Moon is not entirely devoid of water, however. In November 1996, radar 
echoes from the U.S. Clementine spacecraft suggested the presence of water ice at 
the lunar poles. Since the Sun never rises more than a few degrees above the hori-
zon, as seen from these regions, temperatures on the permanently shaded floors 
of craters near the poles never exceed about 100 K. Consequently, scientists 

Discovery 5-1 outlined the danger to Earth’s ozone layer posed 
by CFCs—products of modern technology with unexpected 
global consequences. However, an older, and potentially far 
more serious, hazard comes from humanity’s contribution to the 
greenhouse effect on our planet.

We saw the greenhouse effect in Section 5.3: so-called 
greenhouse gases in Earth’s atmosphere, notably water vapor, 
carbon dioxide (CO2), and methane (CH4) tend to trap heat 
leaving the surface, raising our planet’s temperature by several 
tens of degrees Celsius. The greenhouse effect is not a bad thing—
it is the reason that water exists in the liquid state on Earth’s 
surface, and thus it is crucial to the existence and survival of life 
on our planet (see Chapter 18). However, if atmospheric 
greenhouse gas levels rise unchecked, the consequences can be 
catastrophic (for a particularly extreme example, see Section 6.8).

Since the Industrial Revolution in the 18th century, and 
particularly over the past few decades, human activities on Earth 
have steadily raised the level of carbon dioxide in our atmosphere, 
as illustrated in the first figure. Fossil fuels (coal, oil, and gas), 
still the dominant energy source of modern industry, all release 
CO2 when burned, and the present rate of increase of atmospheric 
CO2 is consistent with our current consumption of fossil-fuel 
energy. At the same time, the extensive forests that once covered 
much of our planet are being systematically destroyed to make 
room for human expansion. Forests play an important role in 
this problem because vegetation absorbs carbon dioxide, thus 
providing a natural control mechanism for atmospheric CO2. 
Deforestation therefore also tends to increase the level of 
greenhouse gases in Earth’s atmosphere.

Global warming is the slow rise in Earth’s surface tempera-
ture caused by the increased greenhouse effect resulting from 
higher levels of atmospheric carbon dioxide. As shown in the sec-
ond figure, average global temperatures have risen by more than 
1°C during the past century. This may not seem like much, but 
climate models predict that if CO2 levels continue to rise, a fur-
ther increase of as much as 5°C may be possible by the end of the 
21st century. Such a rise would be enough to cause serious cli-
matic change on a global scale.

We saw in Discovery 5-1 how, once the environmental impact 
of CFCs was identified, rapid steps were taken to curb their use. 
Curiously, given the more serious nature of the potential damage, 
a concerted response to global warming has been much slower in 

coming. Most scientists see the human-enhanced greenhouse 
effect as a real threat to Earth’s climate and urge prompt and 
deep reductions in CO2 emissions, along with steps to slow and 
ultimately reverse deforestation. Some, however, particularly 
those connected with the industries most responsible for the 
production of greenhouse gases, argue that Earth’s long-term 
response to increased greenhouse emissions is too complex for 
simple conclusions to be drawn and that immediate action is 
unnecessary. They suggest that the current temperature trend 
may be part of some much longer cycle or that natural 
environmental factors may in time stabilize, or even reduce, the 
level of CO2 in the atmosphere without human intervention.

Given the stakes, it is perhaps not surprising that these argu-
ments have become far more political than scientific in tone. The 
basic observations and much of the basic science are generally 
not seriously questioned, but the interpretation, long-term conse-
quences, and proper response are all hotly debated. Separating 
the issues sometimes is not easy, but the outcome may be of vital 
importance to life on Earth.
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theorized, ice could have remained permanently frozen there since being dumped 
on the Moon by comets during the very early days of the solar system, never melt-
ing or vaporizing and hence never escaping into space.  (Sec. 4.3) In March 
1998, NASA announced that the Lunar Prospector mission had confirmed Clem-
entine’s findings, detecting large amounts of water ice—possibly totaling trillions 
of tons—at both lunar poles, lying perhaps half a meter below the surface.

In 2009, in an attempt to gain more information about lunar ice, NASA placed 
the Lunar Reconnaissance Orbiter (LRO) spacecraft into a polar orbit just 50 km 
above the Moon’s surface. During its 1-year mission, LRO collected detailed infor-
mation on the lunar surface, with particular emphasis on the polar regions. In late 
2009, mission scientists carried out a very direct experiment in their search for ice. 
The Centaur rocket that boosted both LRO and its sister spacecraft, LCROSS (the 
Lunar CRater Observation and Sensing Satellite), into lunar orbit was crashed into a 
deeply shadowed crater near the lunar south pole. LCROSS followed and watched 
from a few thousand kilometers behind, radioing detailed spectroscopic data back 
to Earth via LRO until it too impacted the Moon minutes later. Detailed analysis of 
the LCROSS data confirmed the presence of water molecules in the ejecta. The 
amount of water was not great—only about 1 part in 100,000, less than in desert 
sand on Earth—but was more than enough to corroborate the earlier reports.

5.4  Internal Structure of Earth  
and the Moon

Although we reside on Earth, we cannot easily explore our planet’s interior, 
because drilling gear can penetrate rock only so far before breaking. No 
substance—not even diamond, the hardest known material—can withstand the 
conditions below a depth of about 10 km. That’s rather shallow compared with 
Earth’s 6400-km radius. Fortunately, geologists have developed techniques that 
can indirectly probe the deep recesses of our planet.

Seismology
A sudden dislocation of rocky material in Earth’s crust—an earthquake—causes 
the entire planet to vibrate. It rings like a giant bell (but one tuned so low that 
human ears cannot detect the sound). These vibrations are not random. They are 
systematic waves, called seismic waves (after the Greek word for “earthquake”), 
that move outward from the site of the quake. Like all waves, they carry informa-
tion. This information can be detected and recorded using sensitive equipment—
a seismograph—designed to monitor Earth tremors.

Decades of earthquake research have demonstrated the existence of many 
kinds of seismic waves. Two are of particular importance to the study of Earth’s 
internal structure (Figure 5.8). First to arrive at a monitoring site after a distant 
earthquake are the primary waves, or P-waves. These are pressure waves, a little 
like ordinary sound waves in air, that alternately expand and compress the 
medium (the core or mantle) through which they move. Seismic P-waves travel at 
5–6 km/s and can travel through both liquids and solids. Some time later, second-
ary waves, or S-waves, arrive. These are shear waves causing side-to-side motion, 
like waves in a guitar string. S-waves travel through Earth’s interior at 3–4 km/s; 
however, they cannot travel through liquid, which absorbs them. The speed of 
each type depends on the density and physical state of the matter through which 
it is traveling. By measuring the time taken for waves to move from the site of an 
earthquake to one or more monitoring stations on Earth’s surface, geologists can 
infer the density of matter in the interior.

Here material is alternately compressed and expanded.

Here material moves up and down.

Particle
motion

(b) S-wave

Wave motion

Wave motion

Particle motion
High

density
Low

density
(a) P-wave

 FIgurE 5.8 P- and S-waves  (a) Pressure (P) waves  
traveling through Earth’s interior cause material to vibrate in  
a direction parallel to the direction of motion of the wave.  
(b) Shear (S) waves produce motion perpendicular to the direction 
in which the wave travels, pushing material from side to side.
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Modeling Earth’s Interior
Because earthquakes occur often and at widespread places across the globe, 
geologists have accumulated a large amount of data about seismic-wave 
properties. They have used these data, along with direct knowledge of surface 
rocks, to model Earth’s interior. Our knowledge of the deepest recesses of our 
planet is based almost entirely on modeling and indirect observation.

Figure 5.9 illustrates some paths followed by seismic waves from the site of an 
earthquake. Monitoring stations on the side of Earth opposite a quake never detect 
S-waves (colored red in the figure)—they are blocked by material within Earth’s 
interior. Furthermore, while P-waves (green) always arrive at stations diametrically 
opposite the quake, other parts of Earth’s surface receive almost none. Most geolo-
gists think that S-waves are absorbed by a liquid core at Earth’s center and that P-
waves are refracted at the core boundary, much as light is refracted by a lens. The 
result is the S- and P-wave “shadow zones” we observe. The fact that every earth-
quake exhibits these shadow zones is the best evidence that the core of our planet 
is molten. The radius of this outer core, as determined from seismic data, is about 
3500 km. There is also evidence that the P-waves, which can pass through the liq-
uid outer core, are reflected off the surface of a solid inner core of radius 1300 km.

Figure 5.10 presents a model that most scientists accept. Earth’s outer core is 
surrounded by a thick mantle and topped with a thin crust. The mantle is about 
3000 km thick and accounts for the bulk (80 percent) of our planet’s volume. The 
crust has an average thickness of only 15 km—a little less (around 8 km) under the 
oceans and somewhat more (20–50 km) under the continents. Note just how thin 
the crust is relative to the size of our planet: 15 km, about twice the height of the 
tallest mountains on our planet, is a mere one quarter of 1 percent of Earth’s radius. 
The average density of crust material is around 3000 kg/m3. Density and tempera-
ture both increase with depth. From Earth’s surface to its very center, the density 
increases from roughly 3000 kg/m3 to a little more than 12,000 kg/m3, while the 
temperature rises from just under 300 K to well over 5000 K. Much of the mantle 
has a density midway between the densities of the core and crust: about 5000 kg/m3.

The high central density suggests to geologists that Earth’s core must be rich in 
nickel and iron. Under the heavy pressure of the overlying layers, these metals 
(whose densities under surface conditions are around 8000 kg/m3) are compressed 
to the high densities predicted by the model. The sharp density increase at the 
core–mantle boundary results from the difference in composition between these 
two regions. Unlike the dense metallic core, the mantle is composed of less dense, 
rocky material. Note that there is no comparable jump in density or temperature at 
the inner core boundary—the material there simply changes from liquid to solid.

Because geologists have been unable to drill deeper than about 10 km, no 
experiment has yet recovered a sample of the mantle. However, we are not entirely 
ignorant of the mantle’s properties. In a volcano, molten rock upwells from below 
the crust, bringing a little of the mantle to us in the form of lava and providing some 
inkling of the composition of Earth’s interior. The composition of the upper mantle 
is probably quite similar to the dark gray material known as basalt often found near 
volcanoes. With a density between 3000 and 3300 kg/m3, it contrasts with the lighter 
granite (density 2700–3000 kg/m3) that constitutes much of Earth’s crust.

differentiation
Earth, then, is not a homogeneous ball of rock. Instead, it has a layered structure, 
with a low-density rocky crust at the surface, intermediate-density rocky material 
in the mantle, and a high-density metallic core. (As we will see, the other terres-
trial planets have similar internal structures.) This variation in density and com-
position is known as differentiation. Why isn’t our planet just one big, rocky ball 
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 FIgurE 5.9 Seismic Waves  Earthquakes generate 
pressure (P, or primary) and shear (S, or secondary) waves that 
can be detected at seismographic stations around the world. 
The waves bend while moving through Earth’s interior 
because of the variation in density and temperature within our 
planet. S-waves (red) are not detected by stations 
“shadowed” by the liquid core of Earth. P-waves (green) do 
reach the side of Earth opposite the earthquake, but their 
interaction with Earth’s core produces another shadow zone, 
where almost no P-waves are registered.
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Describe how scientists combine theory and 
observation to create models of earth’s interior. 
give examples of some earth properties that we 
actually observe and some that are derived purely 
from the models.

M07_CHAI7702_08_SE_C05.indd   150 06/11/15   4:34 PM



 SEcTIOn 5.4   internal structure of earth and the moon  151

of uniform density? The answer is that at some time in the distant past, much of 
Earth was molten, allowing the higher-density matter to sink to the core, displac-
ing lower-density material toward the surface. A remnant of this ancient heating 
exists today: Earth’s central temperature is nearly equal to that of the Sun’s sur-
face. Two processes played important roles in heating Earth to the point where 
differentiation could occur. First, very early in its history, our planet experienced 
a violent bombardment by interplanetary debris, an essential part of the process 
by which Earth and the other planets formed and grew.  (Sec. 4.3) This bom-
bardment probably generated enough heat to melt much of our planet.

The second process that heated Earth after its formation and contributed to 
differentiation was radioactivity—the release of energy by certain unstable ele-
ments, such as uranium and thorium, that were present in the solar nebula when 
Earth formed.  (Sec. 4.3) These elements emit energy as their complex, heavy 
nuclei break up into simpler, lighter ones. Rock is such a poor conductor of heat 
that the energy released through radioactivity took a very long time to reach the 
surface and leak away into space. As a result, the heat built up in the interior, add-
ing to the energy left there by Earth’s formation. Geologists think that enough 
radioactive elements were originally spread throughout the primitive planet, like 
raisins in a cake, that the entire planet—from crust to core—could have melted 
and remained molten, or at least semisolid, for about a billion years.

The Lunar Interior
The Moon’s average density, about 3300 kg/m3, is quite similar to the density of 
the lunar surface rock obtained by U.S. and Soviet missions. This similarity all 
but eliminates any chance that the Moon has a large, massive, dense nickel–iron 
core like that within Earth. The low average lunar density suggests that the Moon 
contains substantially fewer heavy elements (such as iron) than does Earth.

Much of our detailed information on the Moon’s interior comes from seismic 
data obtained from equipment left on the lunar surface by astronauts. These 
measurements indicate only very weak moonquakes deep within the lunar inte-
rior. Even if you stood directly above one of these quakes, you would not feel the 
vibrations. The average moonquake releases about as much energy as a fire-
cracker, and no large quakes have ever been detected. This barely perceptible seis-
mic activity confirms the idea that the Moon is geologically dead. Nevertheless, 
researchers can use these weak lunar vibrations to obtain information about the 
Moon’s interior.

Combining all available data with mathematical models of the lunar interior 
indicates that most of the Moon is of almost uniform density, but chemically 
differentiated—that is, the chemical properties change from core to surface. As 
noted in Figure 5.1(b), the models suggest a central core about 330 km in radius, 
surrounded by a 400-km-thick inner mantle of semisolid rock having properties 
similar to those of Earth’s upper mantle. Above these regions lies a 900-km-thick 
outer mantle of solid rock, topped by a 40-km-thick crust.

Data from the gravity experiment aboard the Lunar Prospector probe 
(Section 5.3), combined with magnetic measurements made as the Moon passed 
through Earth’s magnetic “tail” (see Figure 5.23), imply that the lunar core is 
denser and more iron-rich than the rest of the Moon. Theoretical models predict 
a central temperature as low as 1500 K, too cool to melt rock or iron, but careful 
analysis of the Apollo seismic data suggests that parts of the core may be molten, 
indicating a higher temperature, perhaps due to heating by radioactive elements. 
As best we can tell, the Moon has a solid, mainly iron inner core roughly 240 km 
in radius. The rest of the core, as well as the innermost 150 km of the surround-
ing inner mantle, is liquid.
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 FIgurE 5.10 Earth’s Interior  Computer models of 
Earth’s interior imply that the density and temperature vary 
greatly through the mantle and the core.
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NASA’s Gravity Recovery and Interior Laboratory (GRAIL) mission placed two 
small spacecraft (called Ebb and Flow) in coordinated orbits around the Moon 
for several months in 2012. They measured the lunar gravity field in unprece-
dented detail, giving scientists a new view of the Moon’s subsurface structure. 
Figure 5.11 is a map based on GRAIL data, showing deviations of the Moon’s 
gravity from the average value, allowing otherwise invisible mass concentrations 
to be detected. GRAIL found that the Moon’s crust is fractured and shattered to a 
depth of several kilometers. In addition, while the crust averages about 30 km 
thick, its thickness is quite variable, ranging from as much as 60 km in some loca-
tions on the far side to almost zero under the larger near-side basins.

The GRAIL data also indicate that, on average, the crust on the lunar far side 
is some 10-15 km thicker than on the side facing Earth. The reason is most likely 
related to Earth’s gravitational pull. Just as heavier material tries to sink to the 
center of Earth, the denser far-side lunar mantle tended to sink below the lighter 
far-side crust in the presence of Earth’s gravitational field. In other words, while 
the Moon was cooling and solidifying, the far-side lunar mantle was pulled a little 
closer to Earth than the far-side crust. In this way, the crust and mantle became 
slightly off-center with respect to one another. The result was the thicker crust on 
the Moon’s far side.

5.5 Surface Activity on Earth
Earth is geologically alive today. Its interior seethes, and its surface constantly 
changes. Many clear indicators of geological activity, in the form of earthquakes 
and volcanic eruptions, are scattered across our globe. Erosion by wind and water 
has obliterated much of the evidence from ancient times, but the sites of more 
recent activity are well documented.

continental drift
Figure 5.12 is a map of the currently active areas of our planet. Nearly all these 
sites have experienced surface activity during this century. The intriguing aspect 
of the figure is that the active sites are not spread evenly across our planet. In-
stead, they trace well-defined lines of activity, where crustal rocks shift (resulting 
in earthquakes) or mantle material upwells (in volcanoes).

In the mid-1960s, scientists realized that these lines are the outlines of gigan-
tic plates, or slabs of Earth’s surface and that these plates are slowly drifting 
around the surface of our planet. These plate motions, popularly known as conti-
nental drift, have created the mountains, oceanic trenches, and many other large-
scale features across the face of planet Earth. The technical term for the study of 
plate movement and the reasons for it is plate tectonics. Some plates are made 
mostly of continental landmasses, some are made of a continent plus a large part 
of an ocean floor, and some contain no continental land at all and are made solely 
of ocean floor. For the most part, the continents are just passengers riding atop 
much larger plates.

The plates move at an extremely slow rate. Typical speeds amount to only a 
few centimeters per year—about the same speed as your fingernails grow. Never-
theless, over the course of Earth history, the plates have had plenty of time to 

 FIgurE 5.11 Lunar gravity Map  This map shows variations in the Moon’s gravitational 
field, as measured by NASA’s GRAIL mission. Red denotes an excess, indicating extra mass, 
blue a deficiency. The lunar near side is to the left, the far side to the right. Some features 
visible in more conventional lunar images (Figures 5.16 and 5.17) can be seen, but especially 
on the far side, many new features are evident. (NASA)
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How would our knowledge of earth’s interior be 
changed if our planet were geologically dead, like 
the moon?
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move large distances. For example, a drift rate of 2 cm per year can cause two 
continents (for example, Europe and North America) to separate by 4000 km—
the width of the Atlantic Ocean—in 200 million years. That’s a long time by 
human standards, but it represents only about 5 percent of Earth’s age.

As the plates drift around, we might expect collisions to be routine. Indeed, 
plates do collide, but they are driven by enormous forces and do not stop easily. 
Instead, they just keep crunching into one another. Figure 5.13 shows the result 
of a collision between ancient continents in what is now western America. As 
Earth’s rocky crust crumbles and folds, mountains are formed—in this case, the 
Rocky Mountains that range from New Mexico to British Columbia, where the 
surface has been lifted nearly 5 km by tectonic forces.

Not all plates collide head-on. As indicated by the arrows on Figure 5.12, 
sometimes plates slide or shear past one another. A good example is the most fa-
mous active region in North America—the San Andreas Fault in California 
(Figure 5.14), which forms part of the boundary between the Pacific and North 
American plates. Along the fault, these two plates are not moving in quite the 
same direction, nor at quite the same speed. Like parts in a poorly oiled machine, 
their motion is neither steady nor smooth. Instead, they tend to stick, then sud-
denly lurch forward as surface rock gives way. The resulting violent, jerky move-
ments have been the cause of many major earthquakes along the fault line.

At still other locations, such as the seafloor under the Atlantic Ocean, the 
plates are moving apart. As they recede, new mantle material wells up between 
them, forming midocean ridges. Today, hot mantle material is rising through a 
crack all along the Mid-Atlantic Ridge, which extends, like a seam on an enor-
mous baseball, all the way from the North Atlantic to the southern tip of South 
America. Radioactive dating indicates that material has been upwelling along the 
ridge more or less steadily for the past 200 million years. The Atlantic seafloor is 
slowly growing as the North and South American plates move away from the 
Eurasian and African plates.
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 FIgurE 5.12 global Plates  The 
red dots represent active sites where 
major volcanoes or earthquakes 
occurred in the 20th century. Taken 
together, the sites outline vast 
“plates,” indicated in dark blue, that 
drift around on the surface of our 
planet. The white arrows show the 
general directions and speeds of the 
plate motions.
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 FIgurE 5.13 rocky Mountains  Mountain building 
results mostly from plate collisions. Here, the folding and 
jostling of rock is visible high in the northern Rockies, a 
mountain range upthrust about 70 million years ago. For 
scale, note at bottom right the evergreen trees, which are 
about 10 m tall. (M. Chaisson)
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What drives the Plates?
What is responsible for the enormous forces that drag plates apart in some loca-
tions and ram them together in others? The answer (Figure 5.15) is convection—
the same process we encountered earlier in our study of Earth’s atmosphere 
(Section 5.3). Each plate is made up of crust plus a small portion of upper mantle. 
Below the plates, at a depth of perhaps 50 km, the temperature is sufficiently high 
that the mantle at that depth is soft enough to flow, very slowly, although it is not 
molten.

This is a perfect setting for convection—warm matter underlying cool mat-
ter. The warm mantle rock rises, just as hot air rises in our atmosphere, and 
large circulation patterns become established. Riding atop these convection 
patterns are the plates. The circulation is extraordinarily sluggish. Semisolid 
rock takes millions of years to complete one convection cycle. Although the de-
tails are far from certain and remain controversial, many researchers suspect 
that it is large-scale convection patterns near plate boundaries that cause the 
plates to move.

Figure 5.16 illustrates how all the continents nearly fit together like pieces of a 
puzzle. Geologists think that sometime in the past a single gargantuan landmass 
dominated our planet. This ancestral supercontinent, known as Pangaea (meaning 
“all lands”), is shown in Figure 5.16(a). The rest of the planet was covered with 
water. The present locations of the continents, along with measurements  
of their current drift rates, suggest that Pangaea was the major land feature on 
Earth approximately 200 million years ago. Dinosaurs, which were then the domi-
nant form of life, could have sauntered from Russia to Texas via Boston without 
getting their feet wet. The other frames in Figure 5.16 show how Pangaea split 
apart, its separate pieces drifting across Earth’s surface, eventually becoming the 
familiar continents we know today. Very probably there has been a long series of 
“Pangaeas” stretching back in time over much of Earth’s history, as tectonic forces 
have continually formed, destroyed, and re-formed our planet’s landmasses. Prob-
ably there will be many more.

Motions of the plates are indicated
by arrows whose lengths

are proportional
to the plate

speeds.

Pacific
plate

North
American

plate
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 FIgurE 5.14 californian Fault  A small portion of the 
San Andreas fault in California. The fault is the result of the 
North American and Pacific plates sliding past one another. 
The Pacific plate, which includes a large slice of the California 
coast, is drifting to the northwest relative to the North 
American plate. (D. Parker/Science Photo Library)

Plate

Cool

Convection
cell

Upper mantle Hot

Ocean trench Ocean ridge
Drifting

continent
Drifting

continent
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 FIgurE 5.15 Plate drift interactive  The motion of Earth’s plates is probably caused by convection—in this case, giant 
circulation patterns in the upper mantle that drag the plates across the surface.
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Plate Tectonics on the Moon
There is no evidence for plate tectonics on the Moon today—no obvious extensive 
fault lines, no significant seismic activity, no ongoing mountain building. Plate 
tectonics requires both a relatively thin outer rocky layer, which is easily fractured 
into continent-sized pieces, and a soft, convective region under it, to make the 
pieces move. On the Moon neither of these ingredients exists. The Moon’s thick 
crust and solid upper mantle make it impossible for pieces of the surface to move 
relative to one another. There simply isn’t enough energy left in the lunar interior 
for plate tectonics to work.

5.6 The Surface of the Moon
On Earth the combined actions of air, water, and geological activity erode our 
planet’s surface and reshape its appearance almost daily. As a result, most of the 
ancient history of our planet’s surface is lost to us. The Moon, though, has no air, 
no water, and no ongoing volcanic or other geological activity (although, as we 
will see, there is strong evidence that the young Moon underwent a period of 
intense geological activity before settling into its current inactive state). 
Consequently, features dating back almost to the formation of the Moon are still 
visible today. For this reason, studies of the lunar surface are of great importance 
to Earth geologists and have played a major role in shaping theories of the early 
development of our planet.

Large-Scale Features
The first observers to point their telescopes at the Moon noted large, roughly cir-
cular, dark areas that resemble (they thought) Earth’s oceans. They called these 
regions maria, a Latin word meaning “seas” (singular: mare). The largest of them 
(Mare Imbrium, the Sea of Showers) is about 1100 km in diameter. Today we 
know that the maria are actually extensive flat plains that resulted from the spread 
of lava during an earlier, volcanic period of lunar evolution (Section 5.8). In a 
sense, then, the maria are oceans—ancient seas of molten lava, now solidified.

Early observers also saw light-colored areas that resembled Earth’s continents. 
Originally dubbed terrae, from the Latin word for “land,” these regions are now 
known to be elevated several kilometers above the maria. Accordingly, they are 
usually called the lunar highlands. Both types of region are visible in Figure 5.17, 
a photographic mosaic of the full Moon. These light and dark surface features are 
also evident to the naked eye, creating the face of the familiar “man-in-the-Moon.”

Based on analyses of lunar rock brought back to Earth by Apollo astronauts 
and robot Soviet landers, geologists have found important differences in both 
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 FIgurE 5.16 Pangaea  Given the current estimated drift rates and directions of the plates, we 
can trace their movements back into the past. About 200 million years ago, they would have been 
at the approximate positions shown in (a). The continents’ current positions are shown in (d).

ConCePT CheCk 

Describe the causes and some consequences of 
plate tectonics on earth.

ProCess of sCienCe CheCk

go to a library or the Web and research the work 
of alfred Wegener on the theory of continental 
drift—the forerunner of modern plate tectonics. 
What seemingly unrelated facts did the theory 
connect and explain? Why did the theory 
encounter such resistance in the scientific 
community?

AnIMATIOn/VIdEO
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 FIgurE 5.17 Full Moon, near Side  A photographic 
mosaic of the full Moon, north pole at the top. Because the 
Moon emits no visible radiation of its own, we can see it only 
by the reflected light of the Sun. (UC/Lick Observatory)
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composition and age between the highlands and the maria. The highlands are 
made largely of rocks rich in aluminum, making them lighter in color and lower 
in density (2900 kg/m3). The maria’s basaltic matter contains more iron, giving it 
a darker color and greater density (3300 kg/m3). Loosely speaking, the highlands 
represent the Moon’s crust, while the maria are made of mantle material. Maria 
rock is quite similar to terrestrial basalt, and geologists think that it arose on the 
Moon much as basalt did on Earth, through the upwelling of molten material 
through the crust. Radioactive dating indicates ages of more than 4 billion years 
for highland rocks and from 3.2 to 3.9 billion years for those from the maria.2

Until spacecraft flew around the Moon, no one on Earth had any idea what 
the Moon’s hidden half looked like. To the surprise of most astronomers, when 
the far side of the Moon was mapped, first by Soviet and later by U.S. spacecraft, 
no major maria were found. The lunar far side (Figure 5.18) is composed almost 
entirely of highlands.

cratering
Because the smallest lunar features we can distinguish with the naked eye are about 
200 km across, we see little more than the maria and highlands when we gaze at the 
Moon. Through a telescope, however (Figure 5.19), we find that the lunar surface is 
scarred by numerous bowl-shaped craters (after the Greek word for “bowl”).

Most craters formed eons ago as the result of meteoritic impact.  (Sec. 4.2) 
(Compare the ancient craters in Figures 5.19c and 5.21 with the much more recent 

2 Radioactive dating compares the rates at which different radioactive elements in a sample of rock decay 
into lighter elements. The age returned by this technique is the time since the rock solidified.
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 FIgurE 5.18  Full Moon, Far Side  This image of the far 
side of the Moon, which we can never see from home, is 
actually a collection of more than 15,000 small photos taken 
by the Lunar Reconnaissance Orbiter. Only a few small maria 
exist on the heavily cratered far side. (NASA)
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 FIgurE 5.19 Moon, close-up  (a) The Moon near third quarter makes visible surface 
features near the terminator, where sunlight strikes at a sharp angle and the lit lunar globe 
changes to dark. (b) Magnified view of a region near the terminator, as seen from Earth 
through a large telescope. (c) Enlargement of a portion of (b). The smallest craters visible 
here have diameters of about 2 km, about twice the size of the Barringer Crater shown in 
Figure 4.19. (UC/Lick Observatory; Caltech)

M07_CHAI7702_08_SE_C05.indd   156 06/11/15   4:34 PM



 SEcTIOn 5.6   the surface of the moon 157

Barringer Crater in Figure 4.19.) Meteoroids generally strike the Moon at speeds of 
several kilometers per second. At these speeds even a small piece of matter carries 
an enormous amount of energy—for example, a 1-kg object hitting the Moon’s sur-
face at 10 km/s would release as much energy as the detonation of 10 kg of TNT. As 
illustrated in Figure 5.20, impact by a meteoroid causes sudden and tremendous 
pressures to build up on the lunar surface, heating the normally brittle rock and 
deforming the ground. The ensuing explosion pushes previously flat layers of rock 
up and out, forming a crater.

The material thrown out by the explosion surrounds the crater in a layer 
called an ejecta blanket, the ejected debris ranging in size from fine dust to large 
boulders. The larger pieces of ejected material may themselves create secondary 
craters. Many of the rock samples brought back by the Apollo astronauts show 
patterns of repeated shattering and melting—direct evidence of the violent shock 
waves and high temperatures produced in meteoritic impacts.

Lunar craters come in all sizes, reflecting the range in sizes of the impactors 
that create them. The largest craters are hundreds of kilometers in diameter, the 
smallest microscopic. Because the Moon has no protective atmosphere, even tiny 
interplanetary fragments can reach the lunar surface unimpeded. Figure 5.21(a) 
shows the result of a large meteoritic impact on the Moon, Figure 5.21(b) a crater 
formed by a micrometeoroid.

Craters are found everywhere on the Moon’s surface, but the older highlands 
are much more heavily cratered than the younger maria. Knowing the ages of the 
highlands and maria, researchers can estimate the rate of cratering in the past. 
They conclude that the Moon, and presumably the entire inner solar system, 
experienced a sudden sharp drop in meteoritic bombardment rate about 3.9 
billion years ago. The rate of cratering has been roughly constant since that time.

ConCePT CheCk 

Describe three important ways in which the lunar 
maria differ from the highlands.
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 FIgurE 5.20 Meteoroid 
Impact interactive  Stages 
in the formation of a crater 
by meteoritic impact. (a) The 
meteoroid strikes the surface,  
releasing a large amount 
of energy. The resulting 
explosion ejects material  
from the impact site and  
(c) sends shock waves through 
the underlying surface.  
(d) Eventually, a characteristic 
crater results, surrounded by a 
field of ejected material.
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 FIgurE 5.21 Lunar craters  (a) Two 
smaller craters called Reinhold and 
Eddington sit amid the secondary 
cratering resulting from the impact that 
created the 90-km-wide Copernicus 
Crater (near the horizon) about a billion 
years ago. (b) Craters of all sizes litter 
the lunar landscape. Some shown here, 
embedded in glassy beads retrieved 
by Apollo astronauts, measure only 
0.01 mm across. (The scale at the top is 
in millimeters.) The beads themselves 
were formed during the explosion 
following a meteoroid impact, when 
surface rock was melted, ejected, and 
rapidly cooled. (NASA)

 FIgurE 5.22 Lunar Surface  Despite the complete lack 
of wind and water, the lunar surface is slowly eroded by the 
constant “rain” of impacting meteoroids, especially 
micrometeoroids. Note the soft edges of the background hills 
of this image. The Apollo astronaut’s boot prints in the 
foreground lunar dust are only a few centimeters deep, but 
they will survive for more than a million years. (NASA)

This time—3.9 billion years in the past—represents the end of the accretion 
process through which planetesimals became planets.  (Sec. 4.3) The lunar 
highlands solidified and received most of their craters before that time. The great 
basins that formed the maria were created during the final stages of heavy mete-
oritic bombardment between about 4.1 and 3.9 billion years ago. The largest im-
pacts were so violent that they cracked the lunar crust (see Figure 5.1b). Molten 
lava from the mantle welled up through these cracks to fill the large basins, then 
solidified as it cooled, resulting in the maria we see today.

Lunar Erosion
Meteoritic impact is the only important source of erosion on the Moon. Over 
billions of years, collisions with meteoroids, large and small, have scarred, 
cratered, and sculpted the lunar landscape. At the present average rates, one new 
10-km-diameter lunar crater is formed every 10 million years, one new 
1-m-diameter crater is created about once a month, and 1-cm-diameter craters 
appear every few minutes. In addition, a steady “rain” of micrometeoroids also 
eats away at the lunar surface (see Figure 5.22). The accumulated dust from 
countless impacts (called the lunar regolith) covers the lunar surface to an 
average depth of about 20 m, thinnest on the maria (about 10 m) and thickest on 
the highlands (more than 100 m in places).

Despite this barrage from space, the Moon’s present-day erosion rate is still 
very low—about 10,000 times less than on Earth. For example, the Barringer 
Meteor Crater (Figure 4.19) in the Arizona desert, one of the largest meteor cra-
ters on Earth, is only 25,000 years old, but it is already decaying. It will probably 
disappear completely in a mere million years, quite a short time geologically. If a 
crater that size had formed on the Moon even a billion years ago, it would still be 
plainly visible today.
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5.7 Magnetospheres
Simply put, the magnetosphere is the region around a planet that is influenced by 
that planet’s magnetic field. It forms a buffer zone between the planet and the 
high-energy particles of the solar wind. It can also provide important insights 
into the planet’s interior structure.

Earth’s Magnetosphere
Shown in Figure 5.23, Earth’s magnetic field extends far above the atmosphere, 
completely surrounding our planet. The magnetic field lines, which indicate the 
strength and direction of the field at any point in space, run from south to north, 
as indicated by the white arrowheads in the figure. The north and south magnetic 
poles, where the axis of an imaginary bar magnet within our planet (Figure 5.24) 
intersects Earth’s surface, are very roughly aligned with Earth’s spin axis.

Earth’s inner magnetosphere contains two doughnut-shaped zones of high-
energy charged particles, one located about 3000 km and the other 20,000 km 
above Earth’s surface. These zones are named the Van Allen belts, after the 
American physicist whose instruments on board some early rocket flights during 
the late 1950s first detected them. We call them belts because they are most pro-
nounced near Earth’s equator and because they completely surround the planet. 
Figure 5.24 shows how these invisible regions envelop Earth except near the 
North and South Poles.

The particles that make up the Van Allen belts originate in the solar wind. 
Traveling through space, neutral particles and electromagnetic radiation are 
unaffected by Earth’s magnetism, but electrically charged particles are strongly 
influenced. As illustrated in the inset to Figure 5.24, a magnetic field exerts a 
force on a moving charged particle, causing the particle to spiral around the mag-
netic field lines. In this way, charged particles—mainly electrons and protons—
from the solar wind can become trapped by Earth’s magnetism. Earth’s magnetic 
field exerts electromagnetic control over these particles, herding them into the 
Van Allen belts. The outer belt contains mostly electrons; the much heavier pro-
tons accumulate in the inner belt.

Blue arrowheads show
directions in which a
compass needle would
point.

Magnetic field lines

Solar wind

To
Sun

Magnetopause
105 km

 FIgurE 5.23 Earth’s Magnetosphere  The 
magnetosphere is the region surrounding a planet 
wherein particles from the solar wind are trapped 
by the planet’s magnetic field. Far from Earth, the 
magnetosphere is greatly distorted by the solar 
wind, with a long “tail” extending from the 
nighttime side of Earth (here, at right) far into 
space. The magnetopause is the boundary of the 
magnetosphere in the sunward direction.
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charged particles spiral around 
magnetic field lines, becoming 
“trapped” in the belts.

 FIgurE 5.24 Van Allen Belts  Earth’s magnetic 
field resembles somewhat the field of an enormous bar 
magnet buried inside our planet. High above Earth’s 
atmosphere, the magnetosphere (light blue-green 
area) contains two doughnut-shaped regions (grayish 
areas) of magnetically trapped charged particles. 
These are the Van Allen belts.

Particles from the Van Allen belts often escape from the magnetosphere near 
Earth’s north and south magnetic poles, where the field lines intersect the at-
mosphere. Their collisions with air molecules create a spectacular light show 
called an aurora (Figure 5.25). This colorful display results when atmospheric 
atoms, excited upon collision with the charged particles, fall back to their ground 
states and emit visible light.  (Sec. 2.6) Aurorae are most brilliant at high 
latitudes, especially inside the Arctic and Antarctic circles. In the north the spec-
tacle is called the aurora borealis, or Northern Lights. In the south it is called the 
aurora australis, or Southern Lights.

Just as Earth’s magnetosphere influences the charged particles of the solar 
wind, the stream of incoming solar wind particles also affects our magnetosphere. 
As shown in Figure 5.23, the sunward (daytime) side is squeezed toward Earth’s 
surface, while the opposite side has a long “tail” often extending hundreds of 
thousands of kilometers into space.

Earth’s magnetosphere plays an important role in controlling many of the 
potentially destructive charged particles that venture near our planet. Without 
the magnetosphere, Earth’s atmosphere—and perhaps the planet surface, too—
would be bombarded by harmful particles, possibly damaging many forms of life. 
Some researchers have even suggested that had the magnetosphere not existed in 
the first place, life might never have arisen on planet Earth.

M07_CHAI7702_08_SE_C05.indd   160 06/11/15   4:35 PM



 SEcTIOn 5.8   History of the earth–moon system 161

Earth’s magnetic field is not an intrinsic part of our planet. 
Instead, it is continuously generated in Earth’s core and exists 
only because the planet is rotating. As in the dynamos that 
generate electrical power in automobiles and power stations, 
Earth’s magnetism is produced by the spinning, electrically 
conducting, liquid metal core deep within our planet. Indeed, the 
theory describing the creation of planetary magnetic fields is 
called dynamo theory. Both rapid rotation and a conducting 
liquid core are needed for this mechanism to work. This link 
between magnetism and internal structure is very important to 
studies of other planets, as we have few other probes of planetary 
interiors.

Lunar Magnetism
No Earth-based observation or spacecraft measurement has 
ever detected any lunar magnetic field. Based on our current 
understanding of how Earth’s magnetic field is created, this is 
not surprising. As we have just seen, researchers think that 
planetary magnetism requires a rapidly rotating liquid metal core. Because the 
Moon rotates slowly and because its core is probably neither molten nor par-
ticularly rich in metals, the absence of a lunar magnetic field is exactly what 
we expect.

5.8 history of the Earth–Moon System
Given all the data, can we construct a consistent history of Earth and the Moon? 
The answer seems to be yes. Many specifics are still debated, but a consensus 
now exists.

Formation of the Moon
Sometime around 4.6 billion years ago Earth formed by accretion in the solar 
nebula.  (Sec. 4.3) The formation of the Moon is less clear. The basic problem 
is that Earth and the Moon are too dissimilar in both density and composition for 
them simply to have formed together out of the same preplanetary matter. How-
ever, there are enough similarities, particularly between their mantles, to make it 
unlikely that Earth and the Moon formed independently and subsequently 
became bound to one another, presumably after a close encounter shortly after 
the solar system formed.

Most astronomers think that the Moon formed following a glancing collision 
between a large, Mars-sized object and a youthful, molten Earth. As we have 
seen, such collisions were probably quite frequent in the early solar system. 

 (Sec. 4.3) Computer simulations of such a catastrophic event (Figure 5.26) 
show that most of the bits and pieces of splattered Earth could have recombined 
into a stable orbit, forming the Moon. If Earth had already formed an iron core 
by the time the collision occurred, the Moon could indeed have ended up with a 
composition similar to Earth’s mantle. During the collision, any iron core in the 
impacting object would have been left behind, eventually to become part of 
Earth’s core. Thus, both the Moon’s overall similarity to Earth’s mantle and its 
lack of a dense central core are explained. The condensation theory of solar sys-
tem formation provides a natural context in which such a scenario could have 
occurred.

R I U X GV

 FIgurE 5.25 Aurorae  A colorful aurora rapidly flashes 
across the sky, resembling huge wind-blown curtains glowing 
in the dark. (D. Vongprasert/Shutterstock)

ConCePT CheCk 

What does the existence of a planetary magnetic 
field tell us about the planet’s interior?
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Lunar Evolution
The approximate age of the oldest rocks discovered in the lunar highlands is  
4.4 billion years, so we know that at least part of the lunar crust must already 
have solidified by that time. The oldest known Earth rocks are of roughly the 
same age, although samples more than 4 billion years old are rare, suggesting 
that erosion on Earth has been quite effective at hiding the details of our planet’s 
distant past. At formation, the Moon was already depleted in heavy metals 
relative to Earth.

Earth was at least partially molten during most of its first billion years. 
Denser matter sank toward the core while lighter material rose to the surface—
Earth became differentiated. The intense meteoritic bombardment that helped 
melt Earth at early times subsided about 3.9 billion years ago. Radioactive heat-
ing in the interior continued even after Earth’s surface cooled and solidified, but 
it, too, diminished with time. As our planet cooled, it did so from the outside in, 
because regions closest to the surface could most easily lose their excess heat to 
space. In this way, the surface developed a crust, and the differentiated interior 
attained the layered structure now implied by seismic studies. Today, radioactive 
heating continues throughout Earth, but there is probably not enough of it to 
melt any part of our planet. The high temperatures in the core are mainly the 
trapped remnant of a much hotter Earth that existed eons ago.

The lunar interior evolved quite differently from Earth’s, in large part be-
cause of the Moon’s smaller size. Small objects cool more quickly than large ones 
(basically because heat from the interior has less distance to go to reach the sur-
face), and so the Moon rapidly lost its internal heat to space. During the earliest 
phases of the Moon’s existence—roughly the first half-billion years—the meteor-
itic bombardment was violent enough to heat, and keep molten, most of the sur-
face layers, perhaps to a depth of 400 km in places. However, the intense heat 
derived from these collisions probably did not penetrate into the deep lunar inte-
rior, because rock is a very poor conductor of heat. As on Earth, radioactivity 
probably heated the Moon, but (because the heat could escape more easily) not 
sufficiently to transform it from a warm, semisolid object to a completely liquid 
one. The Moon must have differentiated during this period. Its small iron core 
also formed at this time.

About 3.9 billion years ago, when the heaviest bombardment ceased, the 
Moon was left with a solid crust dented with numerous large basins (Figure 5.27a). 
The crust ultimately became the highlands, and the basins soon flooded with lava 
and became the maria. Between 3.9 and 3.2 billion years ago, lunar volcanism 
filled the basins with the basaltic material we see today. The age of the youngest 
maria—3.2 billion years—apparently indicates the time when this volcanic activity 
finally subsided (Figure 5.27b). The maria are the sites of the last extensive lava 
flows on the Moon. Their smoothness compared with the more rugged highlands 
disguises their great age. Not all these great craters became flooded with lava, 
however. One of the youngest is the Orientale Basin (Figure 5.28), which formed 
about 3.9 billion years ago. It did not undergo much subsequent volcanism, so we 
can recognize it as an impact crater rather than a mare. Similar “unflooded” 
basins can be seen on the lunar far side.

Red and blue 
represent 
rocky and 
metallic 
material.

The metals 
(blue) move 

toward Earth 
after the collision.

This is the newly 
formed Moon.

 FIgurE 5.26 Moon Formation  This sequence shows a simulated collision between 
Earth and an object the size of Mars. (The sequence proceeds from top to bottom and 
zooms out dramatically in the later frames.) Note how most of the impactor’s metallic core 
becomes part of Earth, leaving the Moon composed primarily of rocky material. (W. Benz)
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Because of Earth’s gravitational pull, the lunar crust became thicker on the 
far side than on the near side. Therefore, lava from the interior had a shorter 
route through the crust to the surface on the Moon’s Earth-facing side. As a re-
sult, relatively little volcanic activity occurred on the far side, and no large maria 
were created—the crust was simply too thick to allow that to occur.

As the Moon continued to cool, volcanic activity ended as the thickness of the 
solid surface layer increased. The crust is now far too thick for volcanism or plate 
tectonics to occur. With the exception of a few meters of surface erosion from 
eons of meteoritic bombardment (Figure 5.27c), the lunar landscape has 
remained more or less structurally frozen for the past 3 billion years. The Moon is 
dead now, and it has been dead for a long time.

(a) 4 billion years ago (b) 3 billion years ago (c) Today

 FIgurE 5.27 Lunar Evolution  Paintings of the Moon (a) about 4 billion years ago, after 
much of the meteoritic bombardment had subsided and the surface had somewhat 
solidified; (b) about 3 billion years ago, after molten lava had made its way up through 
surface fissures to fill the low-lying impact basins and create the smooth maria; and (c) today, 
with much of the originally smooth maria now pitted with craters formed at various times 
within the past 3 billion years. (U.S. Geological Survey)

Cordillera
Mountains

R I U X GV

500 km

 FIgurE 5.28 Large Lunar crater  A large lunar crater, the 
Orientale Basin. The meteoroid that produced this crater 
upthrust much surrounding matter, which can be seen as 
concentric rings of cliffs called the Cordillera Mountains. 
Notice the smaller, sharper, younger craters that have 
impacted this ancient basin more recently. (NASA)

ConCePT CheCk 

What single factor is most responsible for the 
evolutionary differences between earth and the 
moon?

ThE BIg QuESTIOn

Will humans eventually colonize the Moon—perhaps “terraforming,” or 
changing it to suit our needs? Fifty years ago, humankind appeared well 
on its way toward establishing permanent lunar habitats, but those early 
(and spectacular) exploratory programs soon stalled. Today, there seems 
little political will or economic means to mount human missions to even 
our closest neighbor in space. Should governments, or maybe the UN, 
lead the return to the Moon, or will this goal be best accomplished with 
private, entrepreneurial ventures like those that settled the Americas 
centuries ago?
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164 chAPTEr 5   earth and its moon

LO1 The six main regions of Earth are (from 
inside to outside) a central metallic core  
(p. 140), which is surrounded by a thick 
rocky mantle (p. 140) and topped with a 
thin crust (p. 140). Above the surface is the 
atmosphere (p. 140), composed primarily 
of nitrogen and oxygen. Surface winds and 
weather in the lower atmosphere, or 
troposphere (p. 144) are caused by 
convection (p. 144), whereby heat moves 
from one place to another by rising or 
sinking streams of air. Higher still lies the 
magnetosphere (p. 140), where charged particles from the 
Sun are trapped by Earth’s magnetic field. The Moon has a 
partially differentiated interior consisting of a central core, a 
mantle, and a thick crust. It has no atmosphere, because its 
gravity is too weak to retain one, and no magnetosphere.

LO2 The daily tides (p. 141) in Earth’s 
oceans are caused by the gravitational 
effects of the Moon and the Sun, which 
raise tidal bulges (p. 141) in the oceans. 
Their size depends on the orientations of 
the Sun and the Moon relative to Earth. A 
differential gravitational force is called a 
tidal force (p. 141), even when no oceans or even planets 
are involved. The tidal interaction between Earth and the 
Moon is causing Earth’s spin to slow and is responsible for 
the Moon’s synchronous orbit (p. 142), in which the same 
side of the Moon always faces our planet.

LO3 At high altitudes, in the ionosphere  
(p. 144), the atmosphere is kept ionized by 
the absorption of high-energy radiation 
and particles from the Sun. Between the 
ionosphere and the troposphere lies the 
ozone layer (p. 145), where incoming 
solar ultraviolet radiation is absorbed. Both 
these layers help protect us from dangerous radiation from 
space. The greenhouse effect (p. 147) is the absorption and 
trapping of infrared radiation emitted by Earth’s surface by 
atmospheric gases (primarily carbon dioxide and water 
vapor). It makes our planet’s surface some 40 K warmer than 
would otherwise be the case.

LO4 We study Earth’s interior by observing 
how seismic waves (p. 149) produced 
by earthquakes (p. 149) travel through 
the mantle. Earth’s iron core consists of 
a solid inner core (p. 150) surrounded 
by a liquid outer core (p. 150). The 
process by which dense material sinks to 
the center of a planet while lighter 
material rises to the surface is called differentiation  
(p. 150). The differentiation of Earth implies that our planet 
must have been at least partially molten in the past, because 
of bombardment by material from interplanetary space and 
heat released by radioactivity (p. 151) in Earth’s interior.

LO5 Earth’s surface is made up of enormous slabs, or plates. The 
slow movement of these plates across the 
surface is known as continental drift, or 
plate tectonics (p. 152). Earthquakes, 
volcanism, and mountain building are 
associated with plate boundaries, where 
plates may collide, move apart, or rub 
against one another. The “fit” of the continents to one another 
and the ages of rocks near oceanic ridges argue in favor of 
this theory. The motion of the plates is thought to be driven 
by convection in Earth’s mantle. On the Moon, the crust is too 
thick and the mantle too cool for plate tectonics  
to occur.

LO6 The main surface features on the Moon are the dark maria (p. 
155) and the lighter-colored 
highlands (p. 155). Craters (p. 156) 
of all sizes, caused by impacting 
meteoroids, are found everywhere on 
the lunar surface. The highlands are 
older than the maria and are much 
more heavily cratered. Meteoritic 
impacts are the main source of erosion 
on the lunar surface. There is no volcanic activity on the 
Moon because all volcanism was stifled by the Moon’s cooling 
mantle shortly after extensive lava flows formed the maria 
more than 3 billion years ago. Astronomers can use the 
amount of cratering to deduce the ages of surfaces on the 
Moon and elsewhere in the solar system.
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Problems labeled POS explore the process of science. VIS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

rEVIEW And dIScuSSIOn
 1. LO2 Explain how the Moon produces tides in Earth’s oceans.

 2. What does it mean to say the Moon is in a synchronous orbit 
around Earth? How did the Moon come to be in such an orbit?

 3. What is convection? What effect does it have on (a) Earth’s 
atmosphere and (b) Earth’s interior?

 4. In contrast to Earth, the Moon undergoes extremes in tempera-
ture. Why?

 5. Use the concept of escape speed to explain why the Moon has 
no atmosphere.

 6. LO3 Is the greenhouse effect operating in Earth’s atmosphere 
helpful or harmful? Give examples. What are the consequences 
of an enhanced greenhouse effect?

 7. LO1 The density of water in Earth’s hydrosphere and the den-
sity of rocks in the crust are both lower than the average den-
sity of the planet as a whole. What does this fact tell us about 
Earth’s interior?

 8. LO4 POS Give two reasons why geologists think that part of 
Earth’s core is liquid.

 9. POS What clue does Earth’s differentiation provide to our planet’s 
history?

 10. LO5 What process is responsible for the surface mountains, 
oceanic trenches, and other large-scale features on Earth’s 
surface?

 11. In what sense were the lunar maria once “seas”?

 12. What is the primary source of erosion on the Moon? Why is the 
average rate of lunar erosion so much less than on Earth?

 13. LO6 POS Name two pieces of evidence indicating that the lunar 
highlands are older than the maria.

 14. LO7 Give a brief description of Earth’s magnetosphere. Why 
does the Moon have no magnetosphere?

 15. LO8 POS Describe the theory of the Moon’s origin currently 
favored by many astronomers.

cOncEPTuAL SELF-TEST: TruE Or FALSE?/MuLTIPLE chOIcE
 1. Because of tidal forces, the Moon is in a synchronous orbit 

around Earth. (T/F)

 2. Lunar maria are extensive lava-flow regions. (T/F)

 3. Except for the layer of air closest to Earth’s surface, the ozone 
layer is the warmest part of the atmosphere. (T/F)

 4. Earth’s magnetic field is the result of our planet’s large, perma-
nently magnetized iron core. (T/F)

 5. Motion of the crustal plates is driven by convection in Earth’s 
upper mantle. (T/F)

 6. Volcanic activity continues today on the surface of the Moon. 
(T/F)

 7. Like Earth, the Moon has a molten metal core. (T/F)

 8. If you were making a scale model of Earth, representing our 
planet by a 12-inch basketball, the inner core would be about 
the size of (a) a half-inch ball bearing; (b) a 2-inch golf ball;  
(c) a 4-inch tangerine; (d) a 7-inch grapefruit.

 9. Earth’s average density is about the same as that of (a) a glass 
of water; (b) a heavy iron meteorite; (c) an ice cube; (d) a chunk 
of black volcanic rock.

 10. Sunlight absorbed by Earth’s surface is reemitted in the form 
of (a) microwave, (b) infrared, (c) visible, (d) ultraviolet 
radiation.

LO8 The most likely explanation for the 
formation of the Moon is that the 
newly formed Earth was struck by a 
Mars-sized object. The core of the 
impacting body remained behind as 
part of the core of our planet, and 
debris splattered into space formed the Moon. Lunar 
volcanism was stifled by the Moon’s cooling mantle shortly 
after the extensive lava flows formed the maria more than 3 
billion years ago.

 Chapter review 165

LO7 Charged particles from the solar 
wind are trapped by Earth’s 
magnetic field lines to form the 
Van Allen belts (p. 159). When 
particles from the Van Allen belts 
hit Earth’s atmosphere, they heat 
and ionize the atoms there, causing the atoms to glow in an 
aurora (p. 160). Planetary magnetic fields are produced by 
the motion of rapidly rotating, electrically conducting fluid 
(such as molten iron) in a planet’s core. The Moon rotates 
slowly and lacks a conducting liquid core, which accounts for 
the absence of a lunar magnetic field.

Magnetic field lines

Solar wind

To
Sun

Magnetopause
105 km

M07_CHAI7702_08_SE_C05.indd   165 06/11/15   4:35 PM

http://www.masteringastronomy.com


166 chAPTEr 5   earth and its moon

 11. The deepest that geologists have drilled into Earth is about the 
same as (a) the height of the Statue of Liberty; (b) the altitude 
most commercial jet airplanes fly; (c) the distance between 
New York and Los Angeles; (d) the distance between the United 
States and China.

 12. If Earth had no Moon, then tides would (a) not occur; (b) occur 
more often and with more intensity; (c) still occur, but not re-
ally be measurable; (d) occur with the same frequency, but 
would not be as strong.

 13. The most likely theory of the formation of the Moon is that it 
(a) was formed by the gravitational capture of a large 

asteroid; (b) formed simultaneously with Earth’s formation; 
(c) was created from a collision scooping out the Pacific 
Ocean; (d) formed from a collision of Earth with a Mars-sized 
object.

 14. VIS According to Figure 5.5 (Earth’s Atmosphere), commercial 
jet airplanes flying at 10 km are in (a) the troposphere; (b) the 
stratosphere; (c) the ozone; (d) the mesosphere.

 15. VIS The first figure in Discovery 5-2 shows that CO2 levels in 
Earth’s atmosphere began to rise rapidly (a) in the middle ages; 
(b) in 1600; (c) in the mid-19th century; (d) in the late 20th 
century.

PrOBLEMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  What would Earth’s surface gravity and escape speed be if 
the entire planet had a density equal to that of the crust (3000 
kg/m3, say)?

 2.  The Moon’s mass is 1/80 that of Earth, and the lunar radius is 
1/4 Earth’s radius. Based on these figures, calculate the total 
weight on the Moon of a 100-kg astronaut with a 50-kg space-
suit and backpack, relative to his or her weight on Earth.

 3.  Most of Earth’s ice is found in Antarctica, where permanent 
ice caps cover approximately 0.5 percent of Earth’s surface 
area and are 3 km thick, on average. Earth’s oceans cover 
roughly 71 percent of our planet to an average depth of 3.6 km. 
Assuming that water and ice have roughly the same density, es-
timate by how much sea level would rise if global warming 
were to cause the Antarctic ice caps to melt.

 4.  You are standing on Earth’s surface during a total eclipse, 
and both the Moon and the Sun are directly overhead. What 
fraction is your weight decreased due to their combined tidal 
gravitational force?

 5.  Based on the data presented in the text, estimate the fractions 
of Earth’s volume represented by (a) the inner core, (b) the 
outer core, (c) the mantle, and (d) the crust.

 6.  Approximating Earth’s atmosphere as a layer of gas 7.5 km 
thick, with a uniform density of 1.3 kg/m3, calculate the atmos-
phere’s total mass of the atmosphere. Compare your result with 
Earth’s mass.

 7.  As discussed in the text, without the greenhouse effect, 
Earth’s average surface temperature would be about 250 K. 
With the greenhouse effect, it is some 40 K higher. Use this in-
formation and Stefan’s law to calculate the fraction of infrared 
radiation leaving Earth’s surface that is absorbed by green-
house gases in the atmosphere.  (Sec. 2.4)

 8.  Following an earthquake, how long would it take a P-wave 
moving in a straight line with a speed of 5 km/s to reach the 
opposite side of Earth?

 9.  Using the rate given in the text for the formation of 10-km 
craters on the Moon, estimate how long it would take to cover 
the Moon with new craters of this size. How much higher must 
the cratering rate have been in the past to cover the entire lunar 
surface with such craters in the 4.6 billion years since the 
Moon formed?

 10.  The Hubble Space Telescope has a resolution of about 0.05 arc 
second. What is the smallest object it could see on the surface 
of the Moon? Give your answer in meters.

AcTIVITIES
collaborative
 1. Go online and read about global warming. How much carbon 

dioxide is produced each year by human activities? How does 
this compare with the total amount of carbon dioxide in 
Earth’s atmosphere? Do all—or most—scientists agree that 
global warming is an inevitable consequence of carbon diox-
ide production? What political initiatives are currently under 
way to address the problem? As a group, which if any do you 
think are likely to succeed?

 2. The estimated cost of transporting a gallon of water from 
Earth to the Moon is about $100,000. By determining how 
much water each group member uses in a single day, estimate 
the cost of taking a single day’s supply of water for your group 
to the Moon.

M07_CHAI7702_08_SE_C05.indd   166 06/11/15   4:35 PM



Individual
 1. Go to a sporting goods store and get a tide table; many stores 

near the ocean provide them free. Choose a month, and plot 
the height of one high and one low tide versus the day of the 
month. Now mark the dates when the primary phases of the 
Moon occur. How well does the phase of the Moon predict 
the tides?

 2. Observe the Moon during an entire cycle of phases. When does 
the Moon rise, set, and appear highest in the sky at each major 
phase? What is the interval of time between each phase?

 3. If you have binoculars, turn them on the Moon when it appears 
at twilight and when it appears high in the sky. Draw pictures 

of what you see. What differences do you notice in your two 
drawings? What color is the Moon when seen near the hori-
zon? What color is the Moon when seen high in the sky? Why 
is there a difference?

 4. Watch the Moon over a period of hours on a night when you 
can see one or more bright stars near it. Estimate how many 
Moon diameters it moves per hour, relative to the stars. Know-
ing the Moon is about 0.5° in diameter, how many degrees per 
hour does it move? Based on this, what is your estimate of the 
Moon’s orbital period?

 Chapter review 167
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The Terrestrial 
Planets
A Study in Contrasts

6

view shows wind-swept areas inside Gale crater, which 
once may have been filled with water, and where 
subsurface soil and ice have been scooped up and 
tested in Curiosity’s onboard chemistry lab. (NASA/JPL)

 This true-color mosaic of many images was made in 
2013 by the Curiosity spacecraft, which soft-landed in 
Mars’s equatorial region. Amid scattered rocks holding 
memories of the ancient events that formed them, this 

Studying this chapter will 
enable you to:

LO1 Explain how Mercury’s 
rotation has been influenced 
by its orbit around the Sun.

LO2 Describe how the 
atmospheres of Venus and 
Mars differ from one another 
and from Earth’s.

LO3 Compare the surface of 
Mercury with that of the 
Moon, and describe how 
Mercury’s surface features 
formed.

LO4 Compare the surfaces of 
Venus and Mars with that  
of Earth.

LO5 Explain why many scientists 
think that Mars once had 
running water and a thick 
atmosphere.

LO6 Identify the major similarities 
and differences in the internal 
structures and geological 
histories of the four terrestrial 
planets.

LO7 List the basic factors 
influencing atmospheric 
evolution, and explain why 
the atmospheres of Venus, 
Mars, and Earth are now so 
different from one another.

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Mars has been reconnoitered by humans more than any other cosmic object beyond 
Earth and the Moon. It intrigues us, frustrates us, and invites us to visit. Although Mars 
today is as dry as any desert on Earth, many scientists think it was much wetter billions of 
years ago, when its atmosphere was thicker and the climate was warmer. Mars remains 
high on most astronomers’ list of likely sites for life in the solar system.

The Big PicTure

With Earth and the Moon as our guides, we now expand our field of view to study the 

other terrestrial planets. As we explore these worlds and seek to understand the 

similarities and differences among them, we begin our comparative study of the only 

planetary system we know. Mercury in many ways is kin to Earth’s Moon, and much can 

be learned by comparing Mercury with our own satellite. Venus and Mars both have 

properties more like Earth’s, and we learn about these two terrestrial worlds by drawing 

parallels with our planet. It is possible that Venus, Earth, and Mars had many similarities 

when they formed, yet Earth today is vibrant, teeming with life, while Venus is an 

uninhabitable inferno and Mars is a dry, dead world. What were the factors leading to 

these present conditions? In answering this question, we will discover that a planet’s 

environment, as well as its composition, can play a critical role in determining its future.

L e A r n i n g 
O u tCO m e S
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170 chAPTer 6   the terrestrial Planets

6.1 Orbital and Physical Properties
Mercury, the innermost planet, lies close to the Sun and is visible above the horizon 
for at most 2 hours before the Sun rises or after it sets. Orbiting somewhat farther 
from the Sun (but still within Earth’s orbit), the next planet, Venus, is visible for a 
little longer—up to 3 hours, depending on the time of year (Figure 6.1). The interior 
orbits of these planets ensure that we never see them far from the Sun in the sky. 
Contrast this with the exterior orbit of the planet Mars. From our earthly viewpoint, 
Mars appears to traverse the entire sky, always keeping close to the ecliptic (and oc-
casionally executing retrograde loops, as we saw in Chapter 1).  (Sec. 1.1)

Venus is the third brightest object in the entire sky (only the Sun and the 
Moon are brighter). Like all the planets, it shines by reflected sunlight. It is so 
bright because almost all the sunlight reaching it is reflected from thick clouds 
that envelop the planet. You can even see Venus in the daytime if you know where 
to look. The much fainter Mercury is visible to the naked eye only when the Sun’s 
light is blotted out—just before dawn, just after sunset, and during a total solar 
eclipse. Orange-red Mars is also quite easy to spot in the night sky. Because of its 
less reflective surface, smaller size, and greater distance from the Sun, Mars is 
not as bright as Venus, as seen from Earth. However, at its brightest—at closest 
approach, as marked on Figure 6.1(a)—Mars is still brighter than any star.

Table 6.1 expands Table 5.1 to include Mercury, Venus, and Mars and adds 
two additional properties: surface temperature and surface atmospheric pres-
sure. In seeking to understand the other terrestrial planets, astronomers are 
guided by our much more detailed knowledge of Earth and the Moon. Mercury’s 
high average density, for instance, tells us that the planet must have a large iron 
core, broadly consistent with the condensation theory’s account of its formation. 

 (Sec. 4.3) However, in many other respects Mercury is more similar to Earth’s 
Moon, and we can use the Moon as a model for understanding Mercury’s past. 
Venus and, to a lesser extent, Mars are more similar to Earth, so Earth provides 
the natural starting point for studies of those planets. For example, despite the 
lack of seismic data, we nevertheless assume that Venus has a metallic core and 
rocky mantle similar to Earth’s.  (Sec. 5.1, 5.4). Even the widely different 
atmospheres of these two worlds can be explained in familiar earthly terms.

6.2 rotation rates
In principle, we can determine the rate at which a planet spins simply by observing 
the motion of some prominent surface feature across the planet’s disk. Unfortu-
nately, for Mercury and Venus surface markings are hard to see from Earth. 
Astronomers had to develop other techniques to probe the rotations of these bodies.

Mercury’s curious Spin
From Earth, even through a large telescope, we see Mercury only as a slightly 
pinkish, almost featureless disk. The largest ground-based telescopes can resolve 
features on the surface of Mercury about as well as we can perceive features on 

Orbit
of Venus

Orbit of
Mars

Orbit of
Mercury

Earth

Sun

288478

Venus

Mars

Mercury

Jupiter

(a)

(b)
R I V U X G

 Figure 6.1 Terrestrial Planet Orbits  (a) The orbits of Mercury and Venus mean that 
neither planet is ever found far from the Sun, as seen from Earth. Mercury’s greatest angular 
distance from the Sun is 28°, that of Venus 47°. Mars, on the other hand, lies outside Earth’s 
orbit and can appear anywhere on the ecliptic plane, depending on the two planets’ 
positions in their respective orbits. (b) Mercury, Venus, and Mars in the evening sky, along 
with Jupiter and the Moon. (J. Sanford/Science Photo Library)
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our Moon with our unaided eyes. Figure 6.2 is one of the few photographs of 
Mercury taken from Earth that shows any indication of surface features.

In the mid-19th century, an Italian astronomer named Giovanni Schiaparelli 
attempted to measure Mercury’s rotation rate by watching surface features 
move around the planet. He concluded that Mercury always keeps one side fac-
ing the Sun, much as our Moon always presents only one face to Earth. His 
explanation for this synchronous rotation was the same as for the Moon: The 
tidal bulge raised in Mercury by the Sun had modified the planet’s rotation rate 
until the bulge always points directly at the Sun.  (Sec. 5.2) Although the 
surface features could not be seen clearly, the combination of Schiaparelli’s 
observations and a plausible physical explanation was enough to convince most 
astronomers.

In 1965 astronomers making radar observations of Mercury from the Arecibo 
radio telescope in Puerto Rico discovered that this long-held view was in error. 

 (Sec. 3.4) The technique they used is illustrated in Figure 6.3, which shows a 
radar signal reflecting from the surface of a hypothetical planet. Because the planet 
is rotating, a pulse of outgoing radiation of a single frequency is broadened—
“smeared out”—by the Doppler effect by an amount that depends on the planet’s 
rotation speed.  (Sec. 2.7) The radiation reflected from the side moving toward 
us returns at a slightly higher frequency than does the radiation reflected from the 
receding side. (Think of the two hemispheres as separate sources of radiation mov-
ing at slightly different velocities, one toward us and one away from us.) By meas-
uring the broadening, we can determine the rate at which the planet rotates.

In this way, astronomers found that the rotation period of Mercury is not 88 
days, as had previously been thought, but just under 59 days—in fact, exactly 
two-thirds of Mercury’s year. This odd state of affairs surely did not occur by 
chance. In fact, 19th-century astronomers were correct in thinking that Mercury’s 
rotation was governed by the tidal effect of the Sun. However, the combination of 
the Sun’s gravity and Mercury’s eccentric orbit has caused the planet’s rotation to 
be more complicated than that of the Moon. Unable to come into a state of pre-
cisely synchronous rotation (because Mercury’s orbital speed changes signifi-
cantly from place to place in its orbit), Mercury did the next best thing. It presents 
the same face to the Sun not every time around, but every other time. Figure 6.4 
illustrates the implications of this odd rotation for a hypothetical inhabitant of 
Mercury. The planet’s solar day—the time from one noon to the next—is 2 Mer-
cury years long!

 SecTiOn 6.2   rotation rates 171

Table 6.1  Some Properties of the Terrestrial Planets and earth’s Moon

1The minus sign indicates retrograde rotation.

(kg) (earth = 1) (km) (earth = 1)

Average 
Density  
(kg/m3)

Surface  
gravity  

(earth = 1)

escape 
Speed  
(km/s)

Surface  
rotation Period  

(solar days)

Surface  
Temperature  

(K)

Atmospheric 
Pressure 

(earth = 1)

Mercury 3.3 * 1023 0.055 2400 0.38 5400 0.38 4.2 59 100–700 —

Venus 4.9 * 1024 0.82 6100 0.95 5300 0.91 10 -2431 730 90

Earth 6.0 * 1024 1.00 6400 1.00 5500 1.00 11 1.00 290 1.0

Mars 6.4 * 1023 0.11 3400 0.53 3900 0.38 5.0 1.03 180–270 0.007

Moon 7.3 * 1022 0.012 1700 0.27 3300 0.17 2.4 27.3 100–400 —

R I U X GV

 Figure 6.2 Mercury  Photograph of Mercury taken from Earth 
with a large ground-based optical telescope. Only a few faint 
surface features are discernible. (Palomar Observatory/Caltech)
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 Figure 6.3 Planetary radar  A radar beam (blue waves) reflected from a rotating 
planet yields information about both the planet’s line-of-sight motion and its rotation rate.
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The Sun also influences the tilt of Mercury’s spin axis. Because of the Sun’s 
tides, Mercury’s rotation axis is almost exactly perpendicular to its orbital plane. 
Thus, the noontime Sun is always directly overhead for someone standing on the 
equator and always on the horizon for someone standing at either pole.

Venus and Mars
The same clouds whose reflectivity make Venus so easy to see in the night sky also 
make it impossible for us to see any surface features, at least in visible light. Figure 6.5, 
one of the best photographs of Venus taken with an Earth-based telescope, shows an 
almost uniform yellow-white disk, with rare hints of clouds. Because of the cloud 
cover, astronomers did not know Venus’s rotation period until the development of 
radar techniques in the 1960s, when Doppler broadening of returning radar echoes 
indicated an unexpectedly sluggish 243-day rotation period. Furthermore, Venus’s 
spin was found to be retrograde—that is, opposite that of Earth and most other solar 
system objects and in the direction opposite Venus’s orbital motion.

We have no “evolutionary” explanation for Venus’s anomalous rotation. It is 
not the result of any known interaction with the Sun, Earth, or any other solar 
system body. At present, the best explanation astronomers can offer is that during 
the final stages of Venus’s formation in the early solar system, the planet was 
struck by a large body, much like the one that may have hit Earth and formed the 
Moon.  (Secs. 4.3, 5.8) That impact was sufficient to reduce the planet’s spin 
almost to zero, leaving Venus rotating as we now observe.

Surface markings are easily seen on Mars (Figure 6.6), thus astronomers can 
track the planet’s rotation. Mars rotates once on its axis every 24.6 hours—close to 
1 Earth day. The planet’s equator is inclined to the orbital plane at an angle of 
24.0°, very similar to Earth’s inclination of 23.5°. Thus, as Mars orbits the Sun, we 
find both daily and seasonal cycles, just as on Earth, although the Martian sea-
sons are complicated somewhat by variations in solar heating due to the planet’s 
eccentric orbit. Figure 6.7 summarizes the rotations and orbits of the four terres-
trial planets.

Pink arrows depict an observer
standing on Mercury’s
surface.

At day 0 at noon,
the Sun is directly overhead.

By day 88—one full orbit later—
Mercury has rotated 1.5 times,
so that it is then midnight.

After another orbit,
it is noon once again
on day 176.

Day 30

Day 59
(one full rotation

completed)

Day 15

Day 74

Day 0
NoonOrbital

motion

Day 44

Year 1

Sun

Rotation

Day 118

Day 147

Day 103

Day 162

Day 88
Midnight

Day 132

Year 2

Sun

Day 206 Day 191
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 Figure 6.4 Mercury’s rotation interactive  Mercury’s 
orbital and rotational motions combine to produce a solar day 
that is 2 Mercury years long. 

AniMATiOn/ViDeO

transit of mercury 

ConCepT CheCk 

How has the Sun’s gravity influenced mercury’s 
rotation?

R I V U X G

 Figure 6.5 Venus  This photograph, taken from Earth, shows Venus with its creamy 
yellow mask of clouds. No surface detail can be seen because the clouds completely 
obscure our view of what lies beneath them. (NOAO)
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6.3 Atmospheres
In this section we outline what is known of the present-day atmospheres of Mer-
cury, Venus, and Mars. We will return to this subject at the end of the chapter, 
when we discuss how the terrestrial atmospheres evolved into their present states.

Mercury
To date, only two spacecraft have visited Mercury. NASA’s Mariner 10 made three 
flybys during 1974 and 1975. (A “flyby,” in NASA parlance, is any space mission 
in which a probe passes relatively close to a planet—within a few planetary radii, 
say—but does not go into orbit around it.) Those close encounters were the 
source of virtually all the detailed information we had on Mercury until NASA’s 
next mission, Messenger, made the first of three flybys in 2008, before going into 
orbit around the planet in 2011.

Mercury has no appreciable atmosphere. Mariner 10 did find a trace of what 
was at first thought to be an atmosphere, but the gas is now known to be mostly 
temporarily trapped hydrogen and helium from the solar wind. Mercury holds 
this material for just a few weeks before it leaks away again into space. Messenger 
measured the composition of the gas and found that, while it is indeed composed 
largely of hydrogen and helium like the Sun, it also contains atoms that must 
have been blasted off the planet’s surface by interactions with the solar wind.

The absence of any significant atmosphere on Mercury is readily explained by 
the planet’s high surface temperature (up to 700 K at noon on the equator) and 
low mass (only 4.5 times the mass of the Moon). Any atmosphere Mercury might 
once have had escaped long ago.  (More Precisely 5-1) With no atmosphere to 
retain heat, Mercury’s surface temperature falls to about 100 K during the planet’s 
long night. Mercury’s 600 K temperature range is the largest of any planet or moon 
in the solar system. Near the poles, where the Sun’s light arrives almost parallel to 
the surface, the temperature remains low at all times. Recent Earth-based radar 
studies suggest that Mercury’s polar temperature could be as low as 125 K and 
that the poles may be permanently covered with extensive thin sheets of water ice.

Mercury rotates slow and prograde; Venus slow and retrograde;
Earth and Mars fast and prograde (see arrows).

Earth Mars

MercurySun
Venus

 Figure 6.7 Terrestrial Planets’ Spin  The inner planets of the solar system—Mercury, 
Venus, Earth, and Mars—display widely different rotational properties. All orbit the Sun in the 
same direction and in nearly the same plane, but Venus rotates clockwise as seen from above 
the plane of the ecliptic, whereas Mercury, Earth, and Mars all spin counterclockwise. This is a 
perspective view, roughly halfway between a flat edge-on view and a direct overhead view.

R I V U X G

 Figure 6.6 Mars  This deep-red (800-nm) image of Mars 
was taken at Pic du Midi Observatory, an exceptionally clear 
site in the French Alps. One of the planet’s polar caps appears 
at the top, and a few other surface markings are visible. 
(CNRS and Université Paul Sabatier)

 AniMATiOn/ViDeO

transit of Venus
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Venus
In the 1930s, astronomers used spectroscopy to measure the temperature of 
Venus’s upper atmosphere. They found it to be about 240 K, not much different 
from that of Earth’s stratosphere.  (Sec. 5.3) Taking into account the cloud 
cover and the planet’s nearness to the Sun, and assuming that Venus had an 
atmosphere much like our own, researchers concluded that Venus might have an 
average surface temperature only a few degrees higher than Earth’s. In the 1950s, 
however, when radio observations of the planet penetrated the cloud layer and 
gave the first indication of conditions near the surface, they revealed a tempera-
ture exceeding 600 K! Almost overnight, the popular conception of Venus changed 
from lush tropical jungle to arid, uninhabitable desert.

Since then, spacecraft data have revealed the full extent of the differences be-
tween the atmospheres of Venus and Earth. Venus’s atmosphere is much more mas-
sive than our own, and it extends to a much greater height above the planet’s 
surface. The surface pressure on Venus is about 90 times the pressure at sea level on 
Earth, equivalent to an (Earth) underwater depth of about 1 km. (Unprotected hu-
mans cannot dive much below 100 m.) The surface temperature is a sizzling 730 K.

The main component (96.5 percent) of Venus’s atmosphere is carbon dioxide. 
Almost all of the remaining 3.5 percent is nitrogen. Given Venus’s similarity to 
Earth in mass, radius, and location in the solar system, it is commonly assumed 
that Venus and Earth must have started off looking somewhat alike. However, there 
is no sign of the large amount of water vapor that would be present if a volume of 
water equivalent to Earth’s oceans had once existed on Venus and later evaporated. 
If Venus started off with Earth-like composition, something happened to its water, 
for the planet is now an exceedingly dry place. Even the highly reflective clouds are 
composed not of water vapor, as on Earth, but of sulfuric acid droplets.

Venus’s atmospheric patterns are much more evident when examined in the 
ultraviolet. Some of Venus’s upper-level clouds absorb this high-frequency radia-
tion, thereby increasing the contrast. Figure 6.8(a) is an ultraviolet image taken 
in 1979 by the U.S. Pioneer Venus spacecraft from a distance of 200,000 km 
(compare the optical image shown in Figure 6.5). The large, fast-moving cloud 
patterns lie between 50 and 70 km above the surface. Upper-level winds reach 
speeds of 400 km/h relative to the planet. Below the clouds, extending down to 
an altitude of 30 km, is a layer of haze. Below 30 km, the air is clear.

Figure 6.8(b) is a pair of infrared images taken in 2006 by the European 
Venus Express orbiter, whose cameras could partially penetrate the planet’s 
thick haze. It shows a polar vortex—a relatively stable, long-lived wind flow 
circling the planet’s south pole. Polar vortices are well known to atmospheric 
scientists and are expected in any rotating body (planet or moon) with an at-
mosphere. Earth’s south polar vortex plays an important role in confining and 
concentrating the gases responsible for our planet’s Antarctic ozone hole.(see 
Discovery 5-1).

Mars
Well before the arrival of spacecraft, astronomers knew from Earth-based spectros-
copy that the Martian atmosphere is quite thin and composed primarily of carbon 
dioxide. Spacecraft measurements revealed that the atmospheric pressure is only 
about 1/150 the pressure of Earth’s atmosphere at sea level. The Martian atmos-
phere is 95.3 percent carbon dioxide, 2.7 percent nitrogen, and 1.6 percent argon, 
plus small amounts of oxygen, carbon monoxide, and water vapor. While there is 
some superficial similarity in composition between the atmospheres of Mars and 
Venus, the two planets clearly must have had very different atmospheric histories. 
Average surface temperatures on Mars are about 70 K cooler than on Earth.

R I V U X G
(a)

R I V U X G
(b)

 Figure 6.8 Venus, up close  (a) Venus as photographed in 
the ultraviolet by the Pioneer spacecraft’s cameras 200,000 km 
away from the planet. This image was made by capturing solar 
radiation reflected from the planet’s clouds, which are composed 
mostly of sulfuric acid droplets, much like the corrosive acid in a 
car battery. (b) Infrared images of Venus’s south pole, taken by 
Venus Express a few hours apart, allow us to see the polar vortex 
deeper in the planet’s clouds. (NASA/ESA)

ConCepT CheCk 

Describe some important differences between the 
atmospheres of Venus and earth.
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6.4 The Surface of Mercury
Figure 6.9 is a mosaic of images taken by Messenger as it orbited Mercury in 2011. 
Much of the planet’s cratered surface bears a strong resemblance to the Moon’s 
highlands. The crater walls are generally not as high as on the Moon, the craters 
are not as deep, and the ejected material landed closer to the impact site, exactly 
as we would expect given Mercury’s greater surface gravity (which is a little more 
than twice that of the Moon).

Mercury’s craters are less densely packed than their lunar counterparts, and 
there are extensive intercrater plains between the larger craters. These plains 
are the oldest visible parts of the planet’s surface. They formed just under 4 bil-
lion years ago. In addition, Mercury has numerous smooth plains, akin to the 
lunar maria, where lava has filled depressions produced by large meteoritic 
impacts. The smooth plains are less obvious than the maria on the Moon because 
their color is comparable to the rest of Mercury’s surface. They formed hundreds 
of millions of years after the intercrater plains.

As on the Moon, Mercury’s craters are the result of meteoritic bombardment. 
The explanation for Mercury’s relative lack of craters is that the older impact cra-
ters have been erased by volcanic activity, much as the Moon’s maria filled in 
craters as they formed. Many geologists think that much of Mercury’s crust may 
have formed through repeated volcanic eruptions. However, this flood volcanism 
was apparently not associated with impact basins, suggesting that Mercury’s vol-
canic past may have been significantly different from the Moon’s.

Figure 6.10 shows a scarp, or cliff, on Mercury that does not appear to be the 
result of volcanic or other familiar geological activity. It cuts across several 
craters, indicating that whatever produced it occurred after most of the meteoritic 
bombardment was over. Mercury shows no evidence of crustal motions, so the 
scarps did not form by tectonic processes such as those responsible for fault lines 
on Earth.  (Sec. 5.5) Rather, they probably formed when the crust cooled, 
shrank, and split long ago, much as wrinkles form on the skin of an old, shrunken 
apple. One side of the crack moved upward relative to the other side, forming the 
scarp cliff face. If we can apply to Mercury the cratering age estimates we use for 
the Moon, the scarps appeared about 4 billion years ago. In 2010 LRO observed 
many much smaller scarps on the Moon, probably formed by similar processes 
operating on smaller scales.

A unique aspect of Mercury’s landscape discovered by Messenger is a set of 
features known as hollows—small, shallow, irregularly shaped, rimless depres-
sions that are often found in clusters near the centers of impact craters (Figure 
6.11). Many have a bright, fresh appearance, suggesting that they may be actively 
forming today. They are not impact craters, but they do appear to be a secondary 
result of crater formation. Scientists theorize that meteoritic impacts can exca-
vate material that becomes unstable when exposed to the harsh environment on 
Mercury’s surface. The intense heat and solar wind may vaporize some light min-
erals, weakening the remaining rock and causing it to subside.

Figure 6.12 shows the result of what was probably the last great event in the 
geological history of Mercury—an immense bull’s-eye crater called the Caloris 
Basin, formed eons ago by the impact of a large asteroid.  (Sec. 5.8) Com-
pare this basin with the Orientale Basin on the Moon (Figure 5.28). Messenger 
studies of this basin and the surrounding surface have been instrumental in 
demonstrating that volcanism was mainly responsible for the intercrater plains.

Notice the young, extensively
rayed craters (arrows).

R I V U X G

 Figure 6.9 Mercury Mosaic  Mercury is imaged here as 
a mosaic of photographs—a composite image constructed 
from many individual images—taken by the Messenger 
spacecraft in 2011 as it orbited the planet. Notice the young, 
extensively rayed craters, here imaged with a resolution of a 
few kilometers. (NASA)

ConCepT CheCk 

How do scarps on mercury differ from geological 
faults on earth?

This cliff extends
about 400 km long
and is 3 km high in
places.

R I V U X G

100 km
 Figure 6.10 Mercury’s Surface  Scarps on Mercury’s surface are cliffs that appear to 

have formed when the planet’s crust cooled and shrank early in its history, causing a crease 
in the surface. This is Discovery Scarp, as imaged by Messenger in 2013. (NASA)
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 Figure 6.13 Venus radar Map  (a) Radar map of the surface of Venus, based on 
Pioneer Venus data. Color represents elevation, with white the highest areas and blue 
the lowest. (b) A similar map of Earth, at the same spatial resolution. (NASA)

6.5 The Surface of Venus
Although the clouds of Venus are thick and the surface is totally shrouded, we 
are by no means ignorant of the planet’s surface. Astronomers have bombarded 
Venus with radio signals from Earth and from orbit, and analysis of the radar 
echoes yields a map of surface features. Except for Figure 6.17, all the views of 
Venus in this section are “radargraphs” (not photographs) created in this way.

Large-Scale Topography
Figure 6.13(a) shows a relatively low-resolution map of Venus made by Pioneer 
Venus in 1979. Surface elevation above the average radius of the planet’s surface 
is indicated by color, with white representing the highest elevations, blue the 
lowest. (Note that the blue has nothing to do with oceans!) For comparison, 
Figure 6.13(b) shows a map of Earth to the same scale and at the same spatial 
resolution. Figure 6.14 is a 1995 mosaic of Magellan images of Venus. The orange 
color is based on optical data returned from spacecraft that landed on the planet.

Venus’s surface appears to be mostly smooth, resembling rolling plains with 
modest highlands and lowlands. Only two continent-sized features, called Ishtar 
Terra and Aphrodite Terra, adorn the landscape, and these contain mountains 

5 km
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 Figure 6.11 hollows on Mercury  Messenger also 
discovered numerous peculiar “hollows”—features not seen 
anywhere else in the solar system. They appear here as lighter-
colored depressions on this crater’s rim and floor. (NASA)
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(b)

Ishtar
Terra

Aphrodite
Terra
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 Figure 6.12 caloris Basin  Mercury’s most prominent 
geological feature—the Caloris Basin—measures about  
1400 km across and is ringed by concentric mountain ranges 
that reach more than 3 km high in places. This huge circular 
basin, shown here in orange in this false-colored visible image 
from Messenger, is similar in size to the Moon’s Mare Imbrium 
and spans more than half of Mercury’s radius. (NASA)
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comparable in height to those on Earth. The highest peaks rise some 14 km above 
the level of the deepest surface depressions. (The highest point on Earth, the 
summit of Mount Everest, lies about 20 km above the deepest section of 
the ocean floor.) The elevated “continents” occupy only 8 percent of 
Venus’s total surface area, whereas continents on Earth make up about 
25 percent of our planet’s surface.

The larger continent-sized formation, Aphrodite Terra, is located 
on Venus’s equator. It is comparable in size to Africa. Before Magel-
lan’s arrival, some researchers had speculated that Aphrodite Terra 
might have been the site of something equivalent to seafloor spreading on Earth, 
where two tectonic plates moved apart and molten rock rose to the surface in the 
gap between them, forming an extended ridge. This is just what is happening 
today at Earth’s Mid-Atlantic Ridge, which is clearly visible in Figure 6.13(b). 
However, the Magellan images seem to rule out any plate-tectonic activity on 
Venus, and the Aphrodite region shows no signs of spreading. The crust appears 
buckled and fractured, suggesting large compressive forces, and there seem to 
have been numerous periods when extensive lava flows occurred.

Volcanism and cratering
Although erosion by the planet’s atmosphere may play some part in obliterating 
surface features, the most important factor is volcanism (volcanic activity), which 
appears to resurface the planet every few hundred million years. Many areas of 
Venus have volcanic features. Figure 6.15(a) shows a Magellan image of seven 
pancake-shaped lava domes, each about 25 km across—a little bigger than Wash-
ington, D.C. They probably formed when lava oozed out of the surface, formed 
the dome, then withdrew, leaving the crust to crack and subside. Lava domes 
such as these are found in several locations on Venus. Figure 6.15(b) shows a 
computer-generated three-dimensional view of the domes.

The most common volcanoes on the planet are of the type known as shield 
volcanoes. Those on Earth are associated with lava welling up through a “hot 
spot” in the crust (like the Hawaiian Islands). They are built up over long periods 
of time by successive eruptions and lava flows. A characteristic of shield volca-
noes is the formation of a caldera, or crater, at the summit when the underlying 
lava withdraws and the surface collapses. A large shield volcano, called Gula 
Mons, is shown (again as a computer-generated view) in Figure 6.15(c).

(a) (b) (c)
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 Figure 6.14 Venus Magellan Map  A planetwide mosaic of Venus made from Magellan 
images, colored in roughly the same way as Figure 6.13 to represent altitude: blue is lowest, 
white highest. (NASA)

 Figure 6.15 Venus Surface Features   (a) These dome-
shaped structures on Venus resulted when molten rock 
bulged out of the ground and then retreated, leaving behind 
a thin, solid crust that later cracked and subsided. (b) A 
computer-generated three-dimensional representation of four 
of the lava domes. (c) A Magellan view of the large shield 
volcano known as Gula Mons, whose volcanic caldera at the 
summit is about 100 km across and 4 km high. (NASA)

R I V U X G

This large, 
dragon-shaped 
continent is 
called Aphrodite 
Terra.
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topography of Venus
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Flight Over Alpha regio
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The largest volcanic structures on Venus are huge, roughly circular regions 
known as coronae. A large corona, called Aine, can be seen in Figure 6.16. Coro-
nae are unique to Venus. They appear to be the result of upwelling motions in the 
mantle that caused the surface to bulge outward, but never developed into full-
fledged convection as on Earth. Coronae generally have volcanoes both in and 
around them, and their rims usually show evidence of extensive lava flows into 

the plains below.
Two pieces of indirect evidence suggest that volcanism on Venus continues 

today. First, the level of sulfur dioxide above Venus’s clouds shows large and fairly 
frequent fluctuations, possibly the result of volcanic eruptions on the surface. 
Second, orbiting spacecraft have observed bursts of radio energy from the planet’s 
surface similar to those produced by the lightning discharges that often occur in 
the plumes of erupting volcanoes on Earth. However, these pieces of evidence are 

circumstantial. No “smoking gun” (or erupting volcano) 
has yet been seen, so the case for active volcanism is not 
yet complete.

A few Soviet Venera spacecraft have landed on 
Venus’s surface. Each survived for about an hour before 
being destroyed by the intense heat, its electronic cir-
cuitry melting in this planetary oven. Figure 6.17 shows 
one of the first photographs of the surface of Venus ra-
dioed back to Earth. The flat rocks visible in this image 
show little evidence of erosion and are apparently quite 
young, supporting the idea of ongoing surface activity. 
Later Soviet landers performed simple chemical analy-
ses of the surface. Some of the samples studied were 
found to be predominantly basaltic, again implying a 
volcanic past. Others resembled terrestrial granite.

Not all the craters on Venus are volcanic in origin. 
Some were formed by meteoritic impact. The largest 

R I V U X G
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 Figure 6.16  Venus corona  This corona, called Aine, 
lies in the plains south of Aphrodite Terra and is about 300 km 
across. Note the pancake-shaped lava domes at top, the 
many fractures in the crust around the corona, and the large 
impact craters with their surrounding white (rough) ejecta 
blankets that stud the region. (NASA)
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Flight Over Sif mons Volcano 

 Figure 6.17 Venus in Situ  One of the first true-color 
views of the surface of Venus, radioed back to Earth from the 
Russian Venera 14 spacecraft, which made a soft landing in 
1975. The amount of sunlight penetrating Venus’s cloud cover 
is about the same as that reaching Earth’s surface on a heavily 
overcast day. (Russian Space Agency)

M08_CHAI7702_08_SE_C06.indd   178 12/11/15   5:19 PM



 SecTiOn 6.6   the Surface of mars 179

impact craters on Venus are generally circular, but those less than about 15 km in 
diameter can be quite asymmetric. Figure 6.18(b) shows a Magellan image of a 
relatively small impact crater, about 10 km across, in Venus’s southern hemi-
sphere. Geologists think that the light-colored region is an ejecta blanket—mate-
rial thrown from the crater following the impact. Its irregular shape may be the 
result of a large meteorite that broke up just before impact, with the separate 
pieces hitting the surface near one another. This seems to be a fairly common fate 
for medium-sized bodies (1 km or so in diameter) that plow through Venus’s 
dense atmosphere.

Figure 6.18(a) shows the largest-known impact feature on Venus, the 280-km-
diameter crater Mead. Its double-ringed structure is in many ways similar to the 
Moon’s Mare Orientale.  (Sec. 5.8) Numerous impact craters, again identifia-
ble by their ejecta blankets, can also be seen in Figure 6.16.

6.6 The Surface of Mars
Earth-based observations of Mars at closest approach can distinguish surface fea-
tures as small as 100 km across—about the same resolution as the unaided 
human eye can achieve when viewing the Moon. However, when Mars is closest 
to us and most easily observed, it is also full, so the angle of the Sun’s rays does 
not permit us to see any topographical detail, such as craters or mountains. Even 
through a large telescope Mars appears only as a reddish disk with some light and 
dark patches and prominent polar caps (Figure 6.6).

Mars’s surface features undergo slow seasonal changes over the course of a 
Martian year—a consequence of Mars’s axial tilt and somewhat eccentric orbit. 
The polar caps grow or shrink according to the seasons, almost disappearing dur-
ing the Martian summer. The dark features also vary in size and shape. To fanciful 
observers around the start of the 20th century, these changes suggested the annual 
growth of vegetation—and much more (see Discovery 6-1)—but, as with Venus, 
these speculations were not confirmed. The changing polar caps are mostly frozen 
carbon dioxide, not water ice as at Earth’s North and South Poles (although 

(b)

(a)
R I V U X G
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 Figure 6.18 impact craters on Venus  (a) Venus’s 
largest crater, named after anthropologist Margaret 
Mead, has a double-ringed structure. (b) A Magellan 
image of a multiple-impact crater in Venus’s southern 
hemisphere displays irregularly shaped light-colored 
ejected debris that was probably caused by a meteorite 
that fragmented just prior to impact; dark regions in the 
crater may be pools of solidified lava. (NASA)

ConCepT CheCk 

Are the volcanoes on Venus mainly associated 
with the movement of tectonic plates, as  
on earth?

 SeLF-guiDeD TuTOriAL

SuperSpaceship—Voyage to Venus
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Hubble View of mars

The year 1877 was an important one in the human study of the planet 
Mars. The Red Planet came unusually close to Earth, affording 
astronomers an especially good view. Of particular note was the 
discovery, by U.S. Naval Observatory astronomer Asaph Hall, of the 
two moons circling Mars. But most exciting was the report of the 
Italian astronomer Giovanni Schiaparelli on his observation of a 
network of linear markings that he termed canali. In Italian, canali 
can simply mean “grooves” or “channels,” but it can also mean 
“canals.” As far as we know, Schiaparelli did not intend to imply 
that the canali were anything other than natural, but the word was 
translated into English as canals, suggesting that the grooves had 
been constructed by intelligent beings. The world’s press (especially 
in the United States) sensationalized these observations, and some 
astronomers began drawing elaborate maps of Mars, showing oases 
and lakes where canals met in desert areas.

Percival Lowell (see photo), a successful Boston businessman 
(and brother of the poet Amy Lowell and Harvard president Ab-
bott Lawrence Lowell), became fascinated by these reports. He 
abandoned his business and purchased a clear-sky site at Flag-
staff, Arizona, where he built a major observatory. He devoted his 
life to achieving a better understanding of the Martian “canals.” 
In doing so, he championed the idea that Mars was drying out 

and that an intelligent society had constructed the canals to trans-
port water from the wet poles to the arid equatorial deserts.

Alas, the Martian valleys and channels photographed by robot 
spacecraft during the 1970s are far too small to be the canali that 
Schiaparelli, Lowell, and others thought they saw on Mars. The 
entire episode represents a classic case in the history of science—a 
case in which well-intentioned observers, perhaps obsessed with 
the notion of life on other worlds, let their personal opinions and 
prejudices seriously affect their interpretations of reasonable data. 
The accompanying figures of Mars show how surface features 
(which were probably genuinely observed by astronomers at the 
turn of the century) might have been imagined to be connected. 
The figure on the left is a photograph of how Mars actually looked 
in a telescope at the end of the 19th century. The sketch at right is 
an interpretation (done at the height of the canal hoopla) of the 
pictured view. The human eye, under physiological stress, tends to 
connect dimly observed yet distinctly separated features. Humans 
saw patterns and canals where none in fact existed.

The chronicle of the Martian canals illustrates how the 
scientific method requires scientists to acquire new data to sort 
out sense from nonsense, fact from fiction. Rather than simply 
believing the claims about the Martian canals, other scientists 
demanded further observations to test Lowell’s hypothesis. 
Eventually, improved observations, climaxing in the Mariner and 
Viking exploratory missions to the Red Planet nearly a century 
after all the fuss began, totally disproved the existence of canals. 
It often takes time, but the scientific method does eventually lead 
to progress in understanding reality.

Martian canals?

6.1 D i s C o v e r y

(Lowell Observatory)(Lowell Observatory)

smaller “residual” caps of water ice, which persist even through the warmer 
summer months, also exist). The dark regions are just highly cratered and eroded 
areas on the surface. During summer in the Martian southern hemisphere, plan-
etwide dust storms sweep up the dry dust and carry it aloft, sometimes for months 
at a time, eventually depositing it elsewhere on the planet. Repeated covering and 
uncovering of the Martian landscape gives the impression from a distance of sur-
face variability, but it is only the thin dust cover that changes.
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Large-Scale Topography
There have been far more space missions to Mars than to 
any other planet, and many of these missions have played 
important roles in our understanding of the planet. Figure 
6.19 shows a detailed mosaic of Mars, constructed from 
images made by one of the U.S. Viking spacecraft in orbit 
around the planet.

A striking feature of the terrain of Mars is the marked 
difference between the northern and southern hemispheres 
(Figure 6.20). The northern hemisphere is made up largely 
of rolling volcanic plains, somewhat like the lunar maria but 
much larger than any plains found on Earth or the Moon. 
They were apparently formed by eruptions involving enormous 
volumes of lava. The plains are strewn with blocks of volcanic 
rock, as well as with boulders blasted out of impact areas by infall-
ing meteoroids. The southern hemisphere consists of heavily cratered 
highlands lying several kilometers above the level of the lowland north.

The northern plains are cratered much less than the southern highlands, 
suggesting that the northern surface is younger—perhaps 3 billion years old, com-
pared with 4 billion in the south. In places, the boundary between the southern 
highlands and the northern plains is quite sharp. The surface level can drop by as 
much as 4 km in a distance of 100 km or so. Most scientists assume that the south-
ern terrain is the original crust of the planet. How most of the northern hemisphere 
could have been lowered in elevation and flooded with lava remains a mystery.

 Figure 6.19 Mars globe  This highly detailed mosaic of Mars is based on images from 
a Viking spacecraft in orbit around the planet. Mars’s Tharsis region, 5000 km across, 
bulges out from the equator, rising to a height of about 10 km. The two large 
volcanoes on the left mark the approximate peak of the Tharsis bulge. 
Dominating the center of the field of view is a vast “canyon” known as Valles 
Marineris—the Mariner Valley. (NASA)

(a) (b)
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 Figure 6.20 Mars, up close  (a) Mars’s northern hemisphere consists of rolling volcanic plains. (b) The southern Martian 
highlands are heavily cratered. Both of these Mars Express photographs are in true color and show roughly the same scale, nearly 
1000 km across. (ESA)
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In the late 1990s, NASA’s Mars Global Surveyor satellite mapped the entire Mar-
tian surface to an accuracy of a few meters. Figure 6.21 shows a map of Mars based 
on these data, with some prominent surface features marked. The north–south 
asymmetry is very obvious in this map. The major geological feature on the planet 
is the Tharsis bulge, visible at the left of Figure 6.19 and marked in Figure 6.21. 
Roughly the size of North America, Tharsis lies on the Martian equator and rises 
some 10 km above the rest of the Martian surface. To the east and west of Tharsis 
lie wide depressions, hundreds of kilometers across and up to 3 km deep. If we 
wished to extend the idea of “continents” from Earth and Venus to Mars, we would 
say that Tharsis is the only continent on the Martian surface. However, as on Venus, 
there is no sign of plate tectonics—the continent of Tharsis is not drifting like its 
Earth counterparts.  (Sec. 5.5) Tharsis appears to be even less heavily cratered 
than the northern hemisphere, making it the youngest region on the planet. It is 
estimated to be only 2–3 billion years old.

Associated with the Tharsis bulge is a great canyon known as Valles Marin-
eris (the Mariner Valley). Shown in its entirety in Figure 6.21 and cutting across 
the center of Figure 6.19, this enormous crack in the Martian surface is not re-
ally a canyon in the terrestrial sense, because running water played no part in its 
formation. Geologists think it was formed by the same crustal forces that pushed 
the Tharsis region upward, causing the surface to split and crack. Cratering 
studies suggest that Valles Marineris is at least 2 billion years old. Similar (but 
smaller) cracks, formed in a similar way, have been found in the Aphrodite Terra 
region of Venus.

Valles Marineris runs for almost 4000 km along the Martian equator and 
extends about one-fifth of the way around the planet. At its widest, it is 120 km 
across, and it is as deep as 7 km in places. Earth’s Grand Canyon in Arizona 
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 Figure 6.21 Mars Map interactive  A computer-generated map of planet Mars, based on detailed measurements made by Mars Global Surveyor. 
Color represents height of the surface according to the scale at right; note the great difference in elevation between the northern and southern 
hemispheres. Some surface features are labeled, such as the Mariner Valley and the Hellas impact basin, as are the Viking, Pathfinder, Exploration Rover, 
and Phoenix robot landing sites. (NASA) 
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 Figure 6.22 Martian Volcano  Olympus Mons, the 
largest volcano (now dormant) known on Mars or anywhere 
else in the solar system, is nearly three times taller than Mount 
Everest on Earth, measuring about 700 km across its base and 
rising 25 km high at its peak. By comparison, the largest 
volcano on Earth, Hawaii’s Mauna Loa, measures a mere  
120 km across and peaks just 9 km above the Pacific Ocean  
floor. (NASA)

would easily fit into one of its side “tributary” cracks. It is 
so large that it can even be seen from Earth. This Martian 
geological feature is not a result of Martian plate tectonics, 
however. For some reason, the crustal forces that formed 
it never developed into full-fledged plate motion as on 
Earth.

Almost diametrically opposite Tharsis lies the Hellas 
Basin (Figure 6.21). Located in the southern highlands, it 
paradoxically contains the lowest point on the Martian 
surface. Some 3000 km across, the floor of the basin lies 
nearly 9 km below its rim and over 6 km below the aver-
age level of the planet’s surface. Its shape and structure 
identify it as an impact feature. Its formation must have 
caused a major redistribution of the young Martian 
crust—maybe even enough to account for a substantial 
portion of the highlands, according to some researchers. 
Its heavily cratered floor indicates that the impact oc-
curred very early in Martian history—perhaps 4 billion 
years ago.

The giant Borealis Basin around the Martian north pole—most of the blue 
region at the top of Figure 6.21 (see also Figure 6.26)—may be the result of one of 
the largest known impacts in the solar system. Recent research, based on com-
puter simulations of the collision and detailed data from the Mars Global Sur-
veyor and Mars Reconnaissance Orbiter spacecraft, suggests that the basin could 
have formed when a giant impactor some 2000 km across—twice the size of the 
largest asteroid, Ceres—struck the planet a grazing blow during the formative 
stages of the solar system.  (Sec. 4.3) These ideas are controversial and still 
hotly debated by planetary scientists, but proponents claim that the resulting im-
pact feature would be comparable in size to the observed basin, and the collision 
might explain why the northern hemisphere of Mars is so much lower than and 
differs so radically from the south.

Martian Volcanism
Mars contains the largest known volcanoes in the solar system. Four particu-
larly large ones are found on the Tharsis bulge, two of them visible in Figure 
6.19. Biggest of all is Olympus Mons (Figure 6.22), which lies on the northwest-
ern slope of Tharsis, just over the left horizon of Figure 6.19, but marked on 
Figure 6.21. Olympus Mons is 700 km in diameter at its base—only slightly 
smaller than the state of Texas—and rises to a height of 25 km above the sur-
rounding plains.

Like the volcanoes on Venus, those on Mars are not associated with plate 
motion, but instead are shield volcanoes, sitting atop hot spots in the Martian 
mantle. Spacecraft images of the Martian surface reveal many hundreds of volca-
noes. Most of the largest are associated with the Tharsis bulge, but many smaller 
ones are also found in the northern plains. It is not known whether any of them 
are still active. However, from the extent of impact cratering on their slopes, it ap-
pears that some of them erupted as recently as 100 million years ago.

The great height of Martian volcanoes is a direct consequence of the planet’s 
low surface gravity.  (Sec. 5.1) As a shield volcano forms and lava flows and 
spreads, the new mountain’s height depends on its ability to support its own 
weight. The lower the surface gravity, the less the lava weighs and the higher the 
mountain can be. Mars has a surface gravity only 40 percent that of Earth, and its 
volcanoes rise roughly 2.5 times as high.
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evidence for Past Water on Mars
Although the Valles Marineris was not formed by running water, photographic 
evidence reveals that liquid water once existed in great quantity on the surface of 
Mars. Two types of flow features were seen by the Viking orbiters: runoff chan-
nels and outflow channels.

The runoff channels (Figure 6.23) are found in the southern highlands. They 
are extensive systems—sometimes hundreds of kilometers in total length—of 
interconnecting, twisting channels that merge into larger, wider channels. They 
bear a strong resemblance to river systems on Earth, and geologists think that 
this is just what they are: the dried-up beds of long-gone rivers that once carried 
rainfall on Mars from the mountains down into the valleys. The systems of runoff 
channels are often referred to as valley networks. They speak of a time 4 billion 
years ago (the age of the Martian highlands) when the atmosphere was thicker, 
the surface warmer, and liquid water widespread.

The outflow channels (Figure 6.24) are probably relics of catastrophic flood-
ing on Mars long ago. They appear only in equatorial regions and generally do not 
form extensive interconnected networks like the runoff channels. Instead, they 
are probably the paths taken by huge volumes of water draining from the south-
ern highlands into the northern plains. Judging from the width and depth of the 
channels, the flow rates must have been truly enormous—perhaps as much as a 
hundred times greater than the 105 tons per second carried by the Amazon River, 
the largest river system on Earth. Flooding shaped the outflow channels about 3 
billion years ago, about the same time as the northern volcanic plains formed.

Scientists speculate that Mars may have enjoyed an extended early period dur-
ing which rivers, lakes, and perhaps even oceans adorned its surface. Figure 6.25 is 
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 Figure 6.23 Martian channel  (a) This runoff channel on Mars is about 400 km 
long and up to 5 km wide in places. (b) The Red River on Earth runs from the Texas 
Panhandle to the Mississippi River. The two differ mainly in that there is currently no 
liquid water in this, or any other, Martian valley. (ESA/NASA)

R I V U X G

100 km

 Figure 6.24 Martian Outflow  This outflow channel near 
the Martian equator bears witness to a catastrophic flood that 
occurred about 3 billion years ago. (NASA)
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 Figure 6.25 Martian river Delta  Did this fan-shaped region of twisted streams form 

as a river flowed into a larger sea? If it did, the Mars Global Surveyor image supports the 
idea that Mars once had large bodies of liquid water on its surface. Not all scientists agree 
with this interpretation, however. (NASA)
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a Mars Global Surveyor image showing what mission specialists think may be a 
delta—a fan-shaped network of channels and sediments where a river once flowed 
into a larger body of water, in this case a lake filling a crater in the southern high-
lands. Other researchers go even farther, suggesting that the data provide evidence 
for large open expanses of water on the early Martian surface. Figure 6.26(a) is a 
computer-generated view of the Martian north polar region, showing the extent of 
what may have been an ancient ocean covering much of the northern lowlands. 
The Hellas basin (Figure 6.21) is another candidate for an ancient Martian sea.

These ideas are controversial. Proponents point to features such as the ter-
raced “beaches” shown in Figure 6.26(b), which might have been left behind as a 
lake or ocean evaporated and the shoreline receded. But detractors maintain 
that the terraces could also be due to geological activity, perhaps related to tec-
tonic forces that depressed the northern hemisphere far below the level of the 
south, in which case they have nothing whatever to do with Martian water. Fur-
thermore, Mars Global Surveyor data seem to indicate that the Martian surface 
contains too few carbonate rock layers—layers containing compounds of carbon 
and oxygen—that should have been formed in abundance in an ancient ocean. 
Their absence supports the picture of 
a cold, dry Mars that never experi-
enced the extended mild period re-
quired to form lakes and oceans. Still, 
data from the most recent NASA 
landers (see below) imply that at least 
some parts of the planet did in fact ex-
perience long periods in the past dur-
ing which liquid water existed on the 
surface. The debate is far from over.

Where is the Water 
Today?
Astronomers have no direct evidence 
for liquid water anywhere on the Mar-
tian surface today, and the amount of 
water vapor in the Martian atmos-
phere is tiny. Yet the extent of the outflow channels and the other evidence just 
described indicates that a huge total volume of water existed on Mars in the past. 
Where did all that water go? The most likely answer is that much of Mars’s origi-
nal water is now locked in a layer of permafrost, a layer of water ice lying just 
below the planet’s surface, much like that found in Earth’s arctic regions, with 
more contained in the polar caps.

Figure 6.27 shows indirect evidence for the permafrost layer in the form of a 
fairly typical Martian impact crater named Yuty. Unlike the lunar craters dis-
cussed in Chapter 5, Yuty’s ejecta blanket gives the distinct impression of a liquid 
that has splashed or flowed out of the crater. Most likely, the explosive impact 
heated and liquefied the permafrost, resulting in the fluid appearance of the 
ejecta.  (Sec. 5.4) More direct evidence for subsurface ice came in 2002, when 
the Mars Odyssey orbiter detected extensive deposits of water ice crystals (actually, 
the hydrogen they contain) mixed with the Martian surface layers. In some loca-
tions ice appears to make up as much as 50 percent by volume of the planet’s soil.

As noted earlier, Mars’s polar caps actually consist of two distinct compo-
nents. The seasonal caps vary in size as atmospheric carbon dioxide alternately 
freezes and evaporates during the winter and summer months. However, the per-
manently frozen residual caps (Figure 6.28) are now known to be composed of 
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 Figure 6.26 Ancient Ocean?  (a) A possible ancient 
Martian ocean might once have spanned the polar regions. 
The blue areas in this computer-generated map indicate 
depth below the average radius of the planet, thus 
approximate possible ocean depth. (Color scale is the same 
as in Figure 6.21.) (b) This high-resolution image shows 
tentative evidence for erosion by standing water in the floor 
of Holden Crater, about 140 km across. (NASA)
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water ice. The presence of ice in the larger northern cap has long been known 
from spectroscopic observations of water vapor above them as some small frac-
tion of the cap evaporates in the Sun’s heat during the summer months. The com-
position of the southern residual cap was finally established only in 2004 by 
spectroscopic imaging observations made by the European Space Agency’s Mars 
Express orbiter. The thickness of the caps is uncertain, but it is quite possible that 
they represent a major storehouse for water on Mars.

Prior to the arrival of Mars Global Surveyor, astronomers thought that all the 
water on and below the Martian surface existed in the form of ice. However, in 
2000, Surveyor mission scientists reported the discovery of numerous small-scale 
“gullies” in Martian cliffs and crater walls that apparently were carved by running 
water in the relatively recent past. Figure 6.29(a) shows one such gully, found in the 
inner rim of a Martian impact crater in the southern highlands. Its structure has 
many similarities to the channels carved by flash floods on Earth. The ages of these 
intriguing features are uncertain, and might be as great as a million years in some 
cases, but some Surveyor data suggest that some of them may still be active today, 
implying that liquid water might exist in some regions of Mars at depths of less 
than 500 meters. Some scientists have disputed this interpretation, however, argu-
ing that the “fluid” responsible for the gullies could have been solid (granular) or 
even liquid carbon dioxide, expelled under pressure from the Martian crust.

Further data taken from orbit have deepened the mystery of the Martian gullies. 
Figure 6.29(b) shows two images of an unnamed impact crater in the southern 
highlands. The white streak in the second image is thought (by some) to be a frozen 
mudslide, where liquid water briefly flowed down the inside of the crater wall, 
carrying rocky debris with it, then froze on the chilly Martian surface. Its composition 
is uncertain, but one thing is clear—whatever it is, it formed recently, demonstrating 
that the production of these features is an ongoing process. In September 2015, NASA 
scientists announced that Mars Reconnaissance Observer had found spectroscopic 
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 Figure 6.28 Martian 
Polar cap  The residual 
(permanent) polar caps 
on Mars may be major 
storehouses for water 
on the planet. This is 
the smaller southern 
cap, roughly 350 km in 
diameter. (ESA)

 Figure 6.27 Martian crater  The ejecta from Mars’s 
crater Yuty evidently was once liquid. This type of crater is 
sometimes called a “splosh” crater. (NASA)
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 Figure 6.29 running Water on Mars?  (a) This high-resolution Mars Global Surveyor 
view of a crater wall near the Mariner Valley shows evidence of “gullies” apparently formed 
by running water in the relatively recent past. (b) Comparison of two images taken 6 years 
apart of another Martian impact crater shows that something—the white streak (lower right), 
possibly water—flowed across the surface. (NASA)

M08_CHAI7702_08_SE_C06.indd   186 12/11/15   5:20 PM



 SecTiOn 6.6   the Surface of mars 187

evidence of hydrated minerals in similar gullies, strongly supporting the view that 
these features did indeed form from flowing salty water in the relatively recent past.

Scientists think that 4 billion years ago, as the Martian climate changed, the 
running water that formed the runoff channels began to freeze, forming the per-
mafrost and drying out the river beds. Mars remained frozen for about a billion 
years, until volcanic (or some other) activity heated large regions of the surface, 
melting the permafrost and causing the flash floods that created the outflow 
channels. Subsequently, volcanic activity subsided, the water refroze, and Mars 
once again became a dry world. The present level of water vapor in the Martian 
atmosphere is the maximum possible given the atmosphere’s present density and 
temperature. Estimates of the total amount of water stored as permafrost and in 
the polar caps are uncertain, but it is likely that if all the water on Mars were to 
become liquid, it would cover the surface to a depth of roughly 10 meters.

exploration by Martian Landers
Seven U.S. spacecraft have successfully landed on the Martian surface. Their 
landing sites, marked on Figure 6.21, spanned a variety of Martian terrains. Their 
goals included detailed geological and chemical analyses of Martian surface 
rocks, the search for life, and the search for water (an essential requirement for 
life as we know it—see Chapter 18).

Both U.S. Viking missions dispatched landers to the Martian surface. Figure 
6.30 shows the view from Viking 2, which touched down near the planet’s equator 
just east of Tharsis. The photograph shows a windswept, desolate plain littered 
with rocks of all sizes, not unlike a high desert on Earth. This view may be quite 
typical of the northern Martian plains. The Viking landers performed numerous 
chemical analyses of the rock on Mars’s surface and per-
formed experiments designed specifically to test for life 
(see Discovery 6-2). One important finding of these stud-
ies was the high iron content of the planet’s crust. Chem-
ical reactions between the iron-rich surface soil and 
oxygen in the atmosphere are responsible for the iron 
oxide (rust) that gives Mars its characteristic red color.

The next successful mission to the Martian surface 
was Mars Pathfinder in 1997. The lander performed 
measurements of the Martian atmosphere and atmos-
pheric dust while its robot rover Sojourner carried out 
chemical analyses of the soil and rocks within about 50 
m of the parent craft. The soil chemistry in the vicinity 
of the landing site was similar to that found by the Vi-
king landers. Interestingly, analyses of the nearby rocks 
revealed chemical makeups different from that of the 
Martian meteorites found on Earth (see Discovery 6-2). 
The landing site for the Pathfinder mission had been 
chosen to lie near the mouth of an outflow channel, 
and the properties of the many rocks and boulders sur-
rounding the lander were indeed consistent with their 
having been deposited there by floodwater.

In 2004 the twin landers Spirit and Opportunity of 
the Mars Exploration Rover mission arrived at their targets on opposite sides of 
the planet (see Figure 6.21). The two robots were designed to operate for just 3 
months, but each continued to send back vital data for several years. During their 
lifetime on Mars, the landers roamed the surface within several kilometers of 
their landing sites, making chemical and geological studies of rocks they encoun-
tered. The primary goal of the mission was to look for evidence of liquid water on 
Mars at any time in the past, and in that they succeeded. The rovers’ findings 
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 Figure 6.30 Viking View  This is the view from the Viking 
2 spacecraft, now parked on Mars’s northern Utopian plains. 
The fine-grained soil and the reddish rock-strewn terrain 
stretching toward the horizon contain substantial amounts of 
iron ore. The sky is pale pink, the result of airborne dust. The 
discarded canister in the foreground is about 20 cm long; the 
0.5-m scars in the dirt were made by the robot’s shovel. 
(NASA)
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provided strong evidence for standing water on the ancient Martian surface and 
changed the minds of many skeptical scientists on the subject of water on Mars.

Spirit’s landing site was rocky and similar in many ways to the terrains 
encountered by earlier landers, although closer study by the science team 
revealed that most of the rocks in the lander’s vicinity appear to have been exten-
sively altered by water long ago. Halfway around the planet, Opportunity appears 

Even before the Viking missions reached Mars in 1976, astrono-
mers had abandoned hope of finding life on the planet. Scientists 
knew there were no large-scale canal systems, no surface water, 
almost no oxygen in the atmosphere, and no seasonal vegetation 
changes. The present lack of liquid water on Mars especially dims 
the chances for life there now. However, running water and pos-
sibly a dense atmosphere in the past may have created conditions 
suitable for the emergence of life long ago. In the hope that some 
form of microbial life might have survived to the present day, the 
Viking landers carried out experiments designed to detect biologi-
cal activity. The first pair of photographs show the robot arm of 
one of the landers digging a shallow trench.

All three Viking biological experiments assumed some basic 
similarity between hypothetical Martian bacteria and those found 
on Earth. A gas-exchange experiment offered a nutrient broth to 
any residents of a sample of Martian soil and looked for gases that 
would signal metabolic activity. A labeled-release experiment added 
compounds containing radioactive carbon to the soil, then waited 
for results signaling that Martian organisms had either eaten or 
inhaled this carbon. Finally, a pyrolitic-release experiment added 
radioactively tagged carbon dioxide to a sample of Martian soil 
and atmosphere, waited awhile, then removed the gas and tested 
the soil (by heating it) for signs that something had absorbed the 
tagged gas. In all cases, contamination by terrestrial bacteria was a 
major concern. Indeed, any release of Earth organisms would have 
invalidated these and all future such experiments on Martian soil. 
Both Viking landers were carefully sterilized prior to launch.

Initially, all three experiments appeared to be giving positive 
signals! However, subsequent studies showed that the results 
could all be explained by inorganic (that is, nonliving) chemical 
reactions. Thus, we have no evidence for even microbial life on 
the Martian surface. The Viking robots detected peculiar reactions 
that mimic in some ways the basic chemistry of living organisms, 
but they did not detect life itself.

One criticism of the Viking experiments is that they searched 
only for life now living. Today, Mars seems locked in an ice age—
the kind of numbing cold that would prohibit sustained life as we 
know it. If bacterial life did arise on an Earth-like early Mars, how-
ever, then we might be able to find its fossilized remains preserved 
on or near the Martian surface. This is one reason that scientists 
are so eager to land more spacecraft on the planet, particularly at 

the poles, whose ice caps may offer the best environment for find-
ing Martian life (or its remains).

Surprisingly, one alternative place to look for evidence of life on 
Mars is right here on Earth. The second figure shows ALH84001, a 
blackened, 2-kg meteorite about 17 cm across, found in 1984 in 
Antarctica. Chemical analysis strongly indicates that it originated on 
Mars. It was apparently blasted off that planet long ago by a meteoritic 
impact of some sort, thrown into space, and eventually captured by 
Earth’s gravity. Based on the estimated cosmic-ray exposure it received 
before reaching Earth, it left Mars about 16 million years ago.

On the basis of all the data accumulated from studies of 
ALH84001, in 1996 a group of scientists argued that they had dis-
covered fossilized evidence for life on Mars. They pointed to globu-
lar structures similar to those produced by bacteria on Earth (top 
left inset), the presence of chemical compounds sometimes associ-
ated with Earth biology, and curved, rodlike structures (right image) 
resembling Earth bacteria, which the researchers interpreted as fos-
sils of primitive Martian organisms. In 1999 the team released an 

Life on Mars?

6.2  D i s C o v e r y
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to have hit the jackpot in its quest, finding itself surrounded by rocks showing 
every chemical and geological indication of having been very wet—possibly im-
mersed in salt water—in the distant past. The rocks near Opportunity’s landing 
site seem to have been alternately underwater and dry for extended periods of 
time, possibly as a shallow lake alternately filled and evaporated numerous times 
during the course of Martian history.

analysis of a second meteorite also thought to have come from 
Mars, again reporting evidence for microbial life having similarities 
in size, shape, and arrangement to known nanobacteria on Earth.

These claims were and remain very controversial. Many experts 
categorically disagree that evidence of Martian life has been found—
not even fossilized life. They maintain that, as in the case of the 
Viking experiments, the evidence could all be due to chemical reac-
tions not requiring any kind of biology. The scale of the supposed 
fossil structures is also important. They are only about 0.5 μm 
across, 1/30 the size of ancient bacterial cells found fossilized on 
Earth. Furthermore, several key experiments have not yet been done, 
such as testing the suspected fossils for evidence of cell walls or of 
any internal cavities where body fluids would have resided. Nor has 
anyone yet found in either meteorite any amino acids, the basic 
building blocks of life as we know it (see Chapter 18). In addition, 
there is the huge problem of contamination—after all, ALH84001 
was found on Earth and apparently sat in the Antarctic ice fields for 
13,000 years before being picked up by meteorite hunters.

As things now stand, it’s a matter of interpretation—at the 
frontiers of science, issues are rarely clear-cut. Only additional 
analysis and new data—perhaps in the form of samples returned 
directly from the Martian surface—will tell for sure if primitive 

Martian life existed long ago. Most workers in the field seem to 
have concluded that, taken as a whole, the results do not support 
the claim of ancient life on Mars. Still, even some skeptics concede 
that as much as 20 percent of the organic material in ALH84001 
could have originated on the Martian surface—although that is a 
far cry from proving the existence of life there.

Whether or not ALH84001 actually turns out to contain evidence 
of ancient Martian life, the scientific uproar it has caused has forced 
scientists to think much more carefully about the kinds of life that 
might be able to survive in extreme environments—those with tem-
peratures, pressures, or chemical makeup not normally regarded as 
hospitable to life as we know it on Earth. These studies have fueled 
the emerging field of exobiology—the search for and study of life on 
other planets, in our own solar system and beyond. As we will see in 
Chapters 8 and 18, the subsurface oceans of Jupiter’s moon Europa 
and the hydrocarbon seas of Saturn’s frigid moon Titan have joined 
Mars as prime candidates in the search for extraterrestrial life.

Should the claim of life on Mars hold up against the weight of 
healthy skepticism in the scientific community, these findings 
may go down in history as one of the greatest scientific discover-
ies of all time. We are—or at least were—not alone in the universe! 
Maybe . . 

(NASA)
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190 chAPTer 6   the terrestrial Planets

NASA’s 2008 Phoenix mission landed in the planet’s north polar region (see 
Figure 6.21). Scientists had long been eager to send a spacecraft to the Martian 
polar regions because of the expectation of finding water ice there. The space-
craft was not a rover, but instead contained a sophisticated array of equipment 
to collect and analyze the surrounding soil. Phoenix confirmed the presence of 
subsurface water ice at the landing site (Figure 6.31) and found clay and car-
bonates in the soil, both indicators of a wet environment at some time in the 
past, although scientists do not know if the water resulted from seasonally 
melting ice or is a feature of the much more distant past. Phoenix touched 
down in late fall in the Martian northern hemisphere, and during its final 
weeks, its sensors reported the first snow as winter closed in. The mission 
ended when diminishing sunlight and extreme low temperatures shut down 
the lander’s power supply.

The most recent arrival on Mars is NASA’s Curiosity rover (Figure 6.32), 
which soft-landed on the planet in 2012. This car-sized robot is by far the most 
sophisticated lander NASA has ever placed on the Martian surface. Mission goals 
include studying the Martian climate and geology, probing the past and present 
roles of water, determining whether the landing site (inside Gale Crater) has ever 
been conducive to microbial life, and evaluating the suitability of the planet for 
future human exploration.

Curiosity landed in a region thought to be an ancient streambed that may have 
hosted, in the distant past, flowing water up to a meter deep. The search for car-
bonate rocks, which would strongly support the idea of ancient rivers and oceans 
on Mars, has been a key element of the mission. However, despite spectroscopic 
evidence of carbonates from orbit and some early hints in the data, no definitive 
detection of carbonates has yet been made. The Martian soil does contain signifi-
cant quantities of water and carbon dioxide, a fact that may become important 
when humans finally arrive on the planet.

The Curiosity analysis did reveal complex chemistry within the Martian 
soil, including minerals containing what are believed to be the key ingredients 

0.3 m

R I V U X G

 Figure 6.31 Phoenix  The Phoenix lander’s robotic arm 
is shown here with a surface sample in its scoop, just before 
delivering it to an onboard chemistry laboratory. The circular 
hardware at bottom is one of its solar panels. The inset 
shows one of the first trenches (about the size of this book) 
dug by Phoenix to a depth of about 8 centimeters. The 
white material near the top is almost surely water ice, which 
melted soon after excavation. (NASA)

AniMATiOn/ViDeO

mars exploration rover Landing 

AniMATiOn/ViDeO

Flight Over Opportunity at gustav Crater 

ConCepT CheCk 

Why do astronomers think that the martian 
climate was once quite different from today’s?
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 Figure 6.32 curiosity  This “selfie” of Curiosity on the 
floor of Gale crater on Mars was taken using a camera 
attached to the lander’s sampling arm, which has 
subsequently been removed from the photo. The inset shows 
a 1.6-cm by 2-cm hole made in the Martian bedrock by 
Curiosity’s drill in search of an pristine rock. (NASA/JPL)

for life—carbon, hydrogen, oxygen, phosphorus, sul-
fur, and chlorine. The origin—biological or nonbiologi-
cal—of these minerals remains unclear. Analyzing the 
salinity of nearby soil, the rover found that the envi-
ronment might well have been habitable billions of 
years ago. In 2014 Curiosity measured a spike in the 
level of atmospheric methane in its vicinity. Since liv-
ing organisms, as we know them, can produce meth-
ane, its detection supports the idea that life might have 
once existed there, although the evidence is far from 
conclusive.

The inset to Figure 6.32 shows holes bored into a 
surface rock by an on-board drill, allowing the first sam-
ple of subsurface Martian rock, presumably unaffected 
by weathering processes that may have altered the chem-
istry of the rock’s outer layers, to be analyzed. In 2014, 
samples taken from a rock named Cumberland provided 
the first definitive detection of organic molecules on the 
Martian surface.

6.7  internal Structure and 
geological history

As with Earth and the Moon, scientists combine measurements of a planet’s 
bulk properties with detailed observations of its gravity and magnetic field to 
build a model of the interior.  (Secs. 5.4, 5.7) Our understanding of the 
internal structure and evolution of Mercury, Venus, and Mars has steadily grown 
as models have improved and spacecraft have radioed back more and more 
detailed data.

Mercury
Mercury’s magnetic field, discovered by Mariner 10, is about 1/100 of Earth’s field. 
The discovery that Mercury has a magnetic field came as a surprise to planetary 
scientists, who, having detected no magnetic field in the Moon, expected Mercury 
to have none either. In Chapter 5 we saw how a combination of liquid metal core 
and rapid rotation is necessary for the production of a planetary magnetic field. 

 (Sec. 5.7) Mercury certainly does not rotate rapidly, and it may also lack a 
liquid metal core, yet a magnetic field undeniably surrounds it. Although weak, 
the field is strong enough to deflect the solar wind and create a small magneto-
sphere around the planet.

Before Messenger’s arrival, scientists thought it most likely that Mercury’s 
magnetic field was a “fossil remnant” dating back to the distant past when the 
planet’s core solidified. However, detailed Messenger observations now suggest 
that the field is in fact generated by dynamo action, as on Earth. Curiously, the 
field is significantly offset from the planet’s center, making the field at the north 
pole much stronger than at the south. The details of how such a relatively 
strong and asymmetric field can be produced by a slowly rotating planet remain 
to be resolved.

Mercury’s magnetic field and high average density (roughly (5400 kg/m3) 
together imply that most of the planet’s interior is dominated by a large, iron-
rich core. Messenger measurements suggest a solid inner core with a radius of 
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192 chAPTer 6   the terrestrial Planets

perhaps 1600 km, surrounded by a liquid outer core of radius 2100 km. A less-
dense lunar-like mantle some 350 km thick lies above the core. The core accounts 
for some 80 percent of the planet’s total mass. The ratio of core volume to total 
planet volume is greater for Mercury than for any other object in the solar 
system. Figure 6.33 illustrates the relative sizes and internal structures of Earth 
(and perhaps also Venus), the Moon, Mercury, and Mars. Mercury’s large iron 
core seems to be a consequence of the planet’s location in the hot inner regions 
of the early solar system when it formed some 4.6 billion years ago, as described 
in our discussion of the condensation theory in Chapter 4, although the core’s 
size still poses problems to theorists.  (Sec. 4.3)

Like the Moon, Mercury seems to have been geologically dead for roughly 
the past 4 billion years. Again as on the Moon, the lack of present-day geological 
activity on Mercury results from the mantle’s being solid, preventing volcanism 
or tectonic motion. Scientists have pieced together the following outline of 
Mercury’s early history.

When Mercury formed 4.6 billion years ago, its location in the hot inner 
region of the early solar system ensured a dense, largely metallic overall 
composition.  (Sec. 4.3) During the next half-billion years, Mercury melted 
and differentiated, just as the other terrestrial worlds did. It suffered the same 
intense meteoritic bombardment as the Moon. Being more massive than the 
Moon, Mercury cooled more slowly, so its crust was thinner than the Moon’s and 
volcanic activity more common. Lava erased more craters, leading to the 
intercrater plains found by Mariner 10.

As the planet’s large iron core formed and then cooled, the planet began to 
shrink, causing the surface to contract. This compression produced the scarps 
seen on Mercury’s surface and may have prematurely terminated volcanic activ-
ity by squeezing shut the cracks and fissures on the surface. Thus, Mercury did 
not experience the subsequent extensive volcanic outflows that formed the lunar 
maria. Despite its larger mass and greater internal temperature, Mercury has 
probably been geologically inactive for even longer than the Moon.

Venus
Venus has no detectable magnetic field or magnetosphere. Given that Venus’s 
average density is similar to Earth’s, it seems likely that Venus has an Earth-like 
overall composition and a partly molten iron-rich core. The lack of a magnetic 
field, then, is almost surely the result of the planet’s extremely slow rotation. 

 (Sec. 5.7)
Because none of the Venera landers carried seismic equipment, no direct 

measurements of the planet’s interior have ever been made, and theoretical mod-
els of the interior have very little hard data to constrain them. The physical simi-
larities between Venus and Earth suggest that the core/mantle structure of Venus 
resembles that of our own planet. However, to many geologists the surface of 
Venus resembles that of the young Earth, at an age of perhaps a billion years. At 
that time, volcanic activity had already begun on Earth, but the crust was still 
relatively thin and the convective processes in the mantle that drive plate tectonic 
motion were not yet established.

Why has Venus remained in that immature state and not developed plate tec-
tonics as Earth did? That question is unanswered. Some geologists speculate that 
the high surface temperature on Venus has slowed the planet’s cooling rate. Pos-
sibly the high surface temperature has made the crust too soft for Earth-style 
plates to develop. Or perhaps the high temperature and soft crust led to more vol-
canism, tapping energy that might otherwise have gone into convective motion.

Mercury

Mars

Moon

Earth

Mantle

Core

 Figure 6.33 Terrestrial Planet interiors  The internal 
structures of Earth, the Moon, Mercury, and Mars, drawn to 
the same scale. Note how large a fraction of Mercury’s interior 
is core. The interior structure of Venus is largely unknown, but 
is thought to be similar to that of Earth.
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Mars
In 1997 the orbiting Mars Global Surveyor succeeded in detecting a very weak 
Martian field, about 1/800 that of Earth. However, this is most likely a local 
anomaly, not a global field. Because Mars rotates rapidly, the weakness of the 
magnetic field is taken to mean that the planet’s core is nonmetallic, or nonliquid, 
or both.  (Sec. 5.7)

Mars’s small size means that any internal heat would have been able to 
escape more easily than in a larger planet like Earth or Venus. The evidence of 
ancient surface activity, especially volcanism, suggests that at least parts of the 
Martian interior must have melted at some time in the past, but the lack of 
current activity and the absence of any significant magnetic field indicate that 
the melting was never as extensive as on Earth. The latest data indicate that 
Mars’s core has a diameter of about 2500 km, is composed largely of iron 
sulfide (a compound about twice as dense as surface rock), and is still at least 
partly molten.

Mars appears to be a planet where large-scale tectonic activity almost 
started but was stifled by the planet’s rapidly cooling outer layers. On a larger, 
warmer planet, the upwelling that formed the Tharsis bulge might have devel-
oped into full-fledged plate tectonics, but the Martian mantle became too rigid, 
the crust too thick, for that to occur. Instead, although the upwelling fired an-
cient volcanic activity, geologically much of the planet died 2 billion years ago.

6.8  Atmospheric evolution on earth, 
Venus, and Mars

Now that we have studied the structure and history of the three terrestrial worlds 
that still have atmospheres today—Venus, Earth, and Mars—let’s return to the 
question of why their atmospheres are so different from one another.

The runaway greenhouse effect on Venus
Why is Venus so hot? And if, as seems likely, Venus started off like Earth, then 
why is its atmosphere now so different from Earth’s? The answer to the first ques-
tion is easy. Given the present composition of its atmosphere, Venus is hot be-
cause of the greenhouse effect.  (Sec. 5.3) Venus’s dense atmosphere is made 
up almost entirely of a prime greenhouse gas, carbon dioxide (Figure 6.34). This 
thick blanket absorbs about 99 percent of all the infrared radiation released from 
the surface of Venus and is the immediate cause of the planet’s sweltering 730 K 
surface temperature. The answer to the second question is more complex, how-
ever, and requires us to consider in detail how the atmospheres of the terrestrial 
planets formed and evolved.

The terrestrial atmospheres did not come into being along with the planets 
themselves. Instead, they developed over many millions of years as secondary 
atmospheres, made up of gases released from the planets’ interiors by volcanic 
activity—a process called outgassing. Volcanic gases are rich in water vapor, car-
bon dioxide, sulfur dioxide, and compounds containing nitrogen. On Earth, as 
the surface temperature fell and the water vapor condensed, oceans formed. Most 
of the carbon dioxide and sulfur dioxide dissolved in the oceans or combined 
with surface rocks. Solar ultraviolet radiation liberated nitrogen from its chemi-
cal bonds with other elements, and a nitrogen-rich atmosphere slowly appeared.

 AniMATiOn/ViDeO

terrestrial Planets ii

ConCepT CheCk 

Why do Venus and mars lack magnetic fields?

The greenhouse effect

Almost 40 percent of students encountered 
problems describing the greenhouse effect on the 
terrestrial planets. Some points to remember:

 The greenhouse effect occurs when 
atmospheric gases (particularly carbon dioxide) 
prevent reemitted infrared radiation from 
escaping. The result is that the planet’s 
temperature rises.

 The strength of the greenhouse effect increases 
with the amount of carbon dioxide in the 
atmosphere. Mars has only a little, resulting in a 
weak effect. Earth has significantly more, raising 
our planet’s temperature by some 40 K. Venus 
has a lot, resulting in very strong greenhouse 
heating.

DaTa poinTs
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The basic mechanism controlling the level of carbon dioxide in Earth’s 
atmosphere is the competition between its production by volcanic (and  
human) activity and its absorption by the rocks and oceans that make up our  
planet’s surface.  (Sec. 5.4) Illustrated in Figure 6.35(a), this constant 
recycling of atmospheric carbon dioxide is known as the carbon cycle. The 
presence of liquid water accelerates the absorption process—carbon dioxide 
dissolves in water, eventually reacting with surface material to form carbonate 
rocks. At the same time, plate tectonics steadily releases carbon dioxide back into 
the air. The level of carbon dioxide in Earth’s atmosphere today is the result of a 
balance between these opposing forces.

The initial stages of atmospheric development on Venus probably took 
place in much the same way as just described for our own planet. The real 
difference between Earth and Venus is that the greenhouse gases in Venus’s 
secondary atmosphere never left the atmosphere as they did on Earth. Indeed, 
if all the dissolved or chemically combined carbon dioxide on Earth were 
released back into our present-day atmosphere, its new composition would be 
98 percent carbon dioxide and 2 percent nitrogen, and it would have a pressure 
about 70 times its current value. In other words, apart from the presence of 
oxygen (which is a consequence of life on Earth) and water (whose absence on 
Venus will be explained in a moment), Earth’s atmosphere would look a lot like 
that of Venus.

To understand what happened on Venus, imagine taking Earth from its pres-
ent orbit and placing it in that of Venus. Being closer to the Sun, our planet  
would warm up. More water would evaporate from the oceans, leading to an in-
crease in atmospheric water vapor. Because the ability of both the oceans and 
surface rocks to hold carbon dioxide diminishes with increasing temperature, 
more carbon dioxide would enter the atmosphere. The additional greenhouse 
heating would warm our planet still further, leading to a further increase in at-
mospheric greenhouse gases, and so on. This runaway greenhouse effect would 
eventually lead to the complete evaporation of the oceans, restoring all the origi-
nal greenhouse gases to the atmosphere. Essentially the same thing must have 
happened on Venus long ago (Figure 6.35b), leading to the planetary inferno we 
see today.

The greenhouse effect on Venus was even more extreme in the past, when 
the atmosphere also contained water vapor. By adding to the blanketing effect of 
the carbon dioxide, the water vapor helped push the surface of Venus to temper-
atures perhaps twice as hot as at present. At those high temperatures, the water 
vapor was able to rise high into the planet’s upper atmosphere—so high that 
solar ultraviolet radiation broke it up into its components, hydrogen and oxygen. 
The light hydrogen rapidly escaped, the reactive oxygen quickly combined with 
other atmospheric gases, and all water on Venus was lost forever.

evolution of the Martian Atmosphere
The runaway greenhouse effect on Venus defines the “hot” edge of the habitable 
zone that features so prominently in discussions of Earth-like exoplanetary 
systems.  (Sec. 4.4) The “cold” edge is more closely related to the history  
of Mars.
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 Figure 6.34 Venus’s Atmosphere  Venus’s atmosphere is much deeper and denser 
than Earth’s, so a much smaller fraction of the infrared radiation leaving the planet’s surface 
escapes into space. The result is a much stronger greenhouse effect and a correspondingly 
hotter planet.
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Presumably, Mars also had an outgassed secondary atmosphere early in its 
history. As we saw in Section 6.6, around 4 billion years ago Mars may have had a 
relatively dense atmosphere rich in carbon dioxide, perhaps even with blue skies 
and rain. Planetary scientists estimate that the greenhouse effect could have kept 
average surface temperatures above 0°C (Figure 6.36). Sometime during the next 
billion years, however, most of the Martian atmosphere disappeared. Possibly 
some of it escaped due to impacts with large bodies in the early solar system, and 
a large part may have leaked away into space because of the planet’s weak gravity, 
but most of the remainder probably was lost in a kind of “reverse runaway green-
house effect.”  (More Precisely 5-1)

As we have just seen, Mars cooled faster than Earth and apparently never 
developed large-scale plate tectonic motion. As a result, even taking into 
consideration the large volcanoes discussed earlier in this chapter, Mars has had 
on average far less volcanism than Earth, so the processes depleting carbon 
dioxide were much more effective than those replenishing it. The level of 
atmospheric carbon dioxide steadily declined, its greenhouse effect diminished, 
and the planet cooled, causing still more carbon dioxide to be absorbed in the 
surface layers and leave the atmosphere. The carbon cycle turned into a “one-way 
street” of ever lower temperatures and decreasing levels of carbon dioxide in the 
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 Figure 6.35 carbon cycle  (a) On Earth, competition between volcanic activity and 
absorption into surface rocks and water keeps atmospheric carbon dioxide at a modest 
level, leading to a small but beneficial greenhouse effect. (b) On Venus, the temperature is 
so high that relatively little carbon can be absorbed, leading to the runaway greenhouse 
effect. (c) On Mars, there is little volcanic activity, and so most of the carbon dioxide now 
resides in the surface rocks.

 Figure 6.36 Ancient Mars  Artist’s conception of Mars some 4 billion years ago, with a 
dwindling atmosphere and some lingering surface water. 
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atmosphere. Calculations suggest that much of the Martian atmospheric carbon 
dioxide could have been lost in this way in a relatively short period of time, 
perhaps as quickly as a few hundred million years.

As the temperature continued to fall, water froze out of the atmosphere, low-
ering still further the level of atmospheric greenhouse gases and accelerating the 
cooling. Eventually, even carbon dioxide began to freeze out, particularly at the 
poles, and Mars the frigid state we see today—a cold, dry planet with most of its 
original complement of atmospheric gases now residing in or under the barren 
surface.

ConCepT CheCk 

if Venus and mars had formed at earth’s distance 
from the Sun, what might their climates be like 
today?

The Big QueSTiOn

For well over a century, people have wondered, is there life on Mars? 
After years of careful observation, this intriguing world has yielded no hint 
of living creatures, intelligent or otherwise—not even bugs hiding beneath 
the dusty rocks. Perhaps future robots will find archaeological evidence 
for life now extinct, or maybe they will find no organisms at all, dead or 
alive. Either way, the consequences for our place in the cosmos will be 
profound.

LO1 Mercury’s rotation rate is strongly influenced 
by the tidal effect of the Sun, which causes 
the planet to rotate exactly one and a half 
times for every one revolution around the 
Sun.

LO2 Mercury has no permanent atmosphere. The 
atmospheres of Venus and Mars are mainly 
carbon dioxide. Venus’s atmosphere is 
extremely hot and 90 times denser than 
Earth’s. The density of the cool Martian 
atmosphere is only 0.7 percent that of Earth’s.

LO3 Mercury’s surface is heavily cratered, much 
like the lunar highlands. Mercury lacks 
lunarlike maria but has extensive intercrater 
plains (p. 175) and cliff-forming cracks, or 
scarps (p. 175), in its crust. The plains were 
caused by lava flows early in Mercury’s history. 
The scarps were apparently formed when the planet’s core 
cooled and shrank, causing the surface to crack.

LO4 Because of its thick cloud cover, Venus’s 
surface cannot be seen in visible light 
from Earth, although it has been 
thoroughly mapped by radar. Many  
lava domes and shield volcanoes  
(p. 177) have been found. No eruptions 
have been observed, although there is 
indirect evidence that Venus is still 
volcanically active today. The northern hemisphere of Mars 
consists mainly of rolling plains, while the south is rugged 
highlands. The reason for this asymmetry is unknown. Mars’s 
major surface feature is the Tharsis bulge. Associated with the 
bulge is the largest-known volcano in the solar system and a 
huge crack, called the Valles Marineris, in the planet’s surface.

LO5 There is clear evidence that water 
once existed in great quantity on 
Mars. The runoff channels  
(p. 184) are the remains of ancient 
Martian rivers. The outflow 
channels (p. 184) are the paths 
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nonmetallic, nonliquid, or both. Mars also appears to have had 
some form of tectonic activity long ago, but plate tectonics 
never developed because the planet cooled too rapidly.

LO7 Any initial atmospheres 
of light gases that Earth, 
Venus, and Mars had at 
formation rapidly 
escaped. All the 
terrestrial planets 
probably developed 
secondary atmospheres (p. 193), outgassed from 
volcanoes, early in their lives. On Mercury the atmosphere 
escaped, as on the Moon. On Earth much of the outgassed 
material became absorbed in surface rocks or dissolved in the 
oceans. On Venus the runaway greenhouse effect (p. 194) 
has resulted in all the planet’s carbon dioxide being left in the 
atmosphere, leading to the extreme conditions we observe 
today. On Mars part of the secondary atmosphere escaped 
into space. Of the remainder, most of the carbon dioxide is 
now locked up in surface rock, and most of the water vapor is 
now stored in the permafrost and the polar caps.

taken by floods that cascaded from the southern highlands 
into the northern plains. Today, a large amount of that water 
may be locked up in the polar caps and in a layer of 
permafrost (p. 185) lying under the Martian surface. Images 
from orbiting spacecraft seem to show what may be ancient 
coastlines; others suggest that there may still be liquid water 
below the surface in some places. The most recent craft to 
land on the surface have found strong geological evidence for 
standing water.

LO6 Mercury’s weak magnetic field seems to be a 
fossil remnant from the time when the 
planet’s iron core solidified. Geological 
activity on Mercury ceased long ago. Venus 
does not have a detectable magnetic field even 
though, like Earth, it probably has a molten 
core. This is due to the planet’s slow rotation. 
The surface of Venus shows no sign of plate tectonics. 
Features called coronae (p. 178) are thought to have been 
caused by an upwelling of mantle material that never 
developed into full convective motion. Mars rotates rapidly, 
but has a very weak magnetic field, implying that its core is 
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW AnD DiScuSSiOn
 1. In contrast to Earth, Mercury undergoes extremes in tempera-

ture. Why?

 2. What do Mercury’s magnetic field and large average density 
imply about the planet’s interior?

 3. LO3 How is Mercury’s evolutionary history like that of the 
Moon? How is it different?

 4. LO1 POS Mercury used to be called “the Moon of the Sun.” 
Why do you think it had this name? What piece of scientific 
evidence proved the name inappropriate?

 5. Why does Venus appear so bright to the naked eye?

 6. LO6 Venus probably has a molten iron-rich core like Earth. 
Why doesn’t it also have a magnetic field?

 7. LO4 POS How did radio observations of Venus made in the 
1950s change our conception of that planet?

 8. What are the main constituents of Venus’s atmosphere? What 
are clouds in the upper atmosphere made of?

 9. What is the runaway greenhouse effect, and how might it have 
altered the climate of Venus?

 10. Why is Mars red?

 11. LO5 POS What is the evidence that water once flowed on Mars? 
Is there water on Mars today?

 12. Why were Martian volcanoes able to grow so large?

 13. LO2 Since Mars has an atmosphere and it is composed mostly 
of a greenhouse gas, why isn’t there a significant greenhouse 
effect to warm its surface?

 14. Do you think that sending humans to Mars in the near future is 
a reasonable goal? Why or why not?

 15. LO7 Compare and contrast the evolution of the atmospheres of 
Mars, Venus, and Earth. Include a discussion of the impor-
tance of volcanoes and water.

 Chapter review 197
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cOncePTuAL SeLF-TeST: True Or FALSe/MuLTiPLe chOice
 1. Mercury’s solar day is longer than its solar year. (T/F)

 2. Numerous surface features on Venus can be seen in Earth-
based images made in the ultraviolet part of the spectrum. 
(T/F)

 3. Evidence of lava flows is common on the surface of Venus. 
(T/F)

 4. There is strong circumstantial evidence that active volcanism 
continues on Venus. (T/F)

 5. Mars has the largest volcanoes in the solar system. (T/F)

 6. There are many indications of past plate tectonics on Mars. 
(T/F)

 7. Valles Marineris is comparable in size to Earth’s Grand 
Canyon. (T/F)

 8. Mercury’s large overall density suggests that the planet (a) has 
an interior structure similar to that of Earth’s Moon; (b) has a 
dense metal core; (c) has a weaker magnetic field than the 
Moon; (d) is younger than the Moon.

 9. Venus’s surface is permanently obscured by clouds. As a result, 
the surface has been studied primarily by (a) robotic landers; 
(b) orbiting satellites using radar; (c) spectroscopy; (d) radar 
signals from Earth.

 10. Compared with Earth, Venus has a level of plate tectonic activ-
ity that is (a) much more rapid; (b) somewhat less rapid;  
(c) about the same; (d) virtually nonexistent.

 11. Venus’s atmospheric temperature is (a) about the same as 
Earth’s; (b) cooler than temperatures on Mercury; (c) hotter 
than temperatures on Mercury; (d) high due to the presence of 
sulfuric acid.

 12. In terms of area, the extinct Martian volcano Olympus Mons is 
about the size of (a) Mt. Everest; (b) Colorado; (c) North 
America; (d) Earth’s Moon.

 13. In comparison to the atmosphere of Venus, the vastly different 
atmospheric character of Mars is likely due to a(n) (a) ineffec-
tive greenhouse effect; (b) a reverse greenhouse effect; (c) ab-
sence of greenhouse gases in the Martian atmosphere;  
(d) greater distance from the Sun.

 14. ViS In Figure 6.3 (Planetary Radar), part (b), the highest-frequency 
reflected radiation is received from (a) the upper part of the 
planet; (b) the center of the planet; (c) the lower part of the planet.

 15. ViS Of the following, the best evidence for the existence of liq-
uid water on an ancient Mars is Figure (a) 6.19; (b) 6.22;  
(c) 6.23; (d) 6.30.

PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  How long does it take a radar signal to travel from Earth to 
Mercury and back when Mercury is at its closest point to Earth?

 2.  Assume that a planet will have lost its initial atmosphere by 
the present time if the average (daytime) molecular speed ex-
ceeds one-sixth of the escape speed (see More Precisely 5-1). 
What would Mercury’s mass have to be in order for it still to 
have a nitrogen (molecular weight 28) atmosphere?

 3.  Approximating Venus’s atmosphere as a layer of gas 50 km 
thick with a uniform density of 21 kg/m3, calculate its total 
mass. Compare your answer with the mass of Earth’s atmos-
phere (Chapter 5, Problem 6) and with the mass of Venus.

 4.  Pioneer Venus observed high-level clouds moving around 
Venus’s equator in 4 days. What was their speed in kilometers 
per hour? In miles per hour?

 5.  (a) What is the size of the smallest feature that can be dis-
tinguished on the surface of Venus (at closest approach) by the 
Arecibo radio telescope at an angular resolution of 1′?  
(b) Could an infrared telescope with an angular resolution of 
0.1″ distinguish impact craters on the surface of Venus?

 6.  Calculate the orbital period of the Magellan spacecraft, 
moving around Venus on an elliptical orbit with a minimum 

altitude of 294 km and a maximum altitude of 8543 km above 
the planet’s surface. In 1993 the spacecraft’s orbit was changed to 
have minimum and maximum altitudes of 180 km and 541 km, 
respectively. What was the new period?

 7.  Verify that the surface gravity on Mars is 40 percent that of 
Earth. What would you weigh on Mars?

 8.  The outflow channel shown in Figure 6.24 is about 10 km 
across and 100 m deep. If it carried 107 metric tons (1010 
kilograms) of water per second, as stated in the text, estimate 
the speed at which the water must have flowed.

 9.  Calculate the total mass of a uniform layer of water covering 
the entire Martian surface to a depth of 2 m (see Section 6.8). 
Compare it with the mass of Mars and with the mass of Venus’s 
atmosphere (Problem 3).

 10.  Mars has two small, irregular moons, Phobos and Deimos, 
which orbit at distances of 9400 km and 23,500 km, respectively, 
from the planet. Their longest diameters are 28 km (Phobos) 
and 16 km (Deimos). Calculate their maximum angular 
diameters, as seen by an observer on the Martian surface 
directly under their orbits. Would the observer ever see a total 
solar eclipse?
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AcTiViTieS
collaborative
 1. If Mars is visible in the night sky, observe it with as large a tel-

escope as is available to you; binoculars will not be of much 
use. Use your almanac (or go online) to find out which Mar-
tian season is occurring at the time of your observation, which 
hemisphere is tilted in Earth’s direction, and what longitude is 
pointing toward Earth. Sketch what you see. Look carefully 
and take your time. Repeat this observation several times over 
the course of a night. Take turns making the sketches. After-
ward, try to identify the various features you have seen by re-
ferring to known objects on Mars (e.g., as shown in Figure 
6.6). You should also be able to see the planet’s rotation by 
watching the surface features move. Do the same the next 
night. Because Mars’s rotation period is so similar to Earth’s, 
you should see the same surface features again.

individual
Consult an almanac to determine where Mercury, Venus, and Mars 
are in the sky this year.

 1. Try to spot Mercury in the morning or evening twilight—not 
an easy task! From the Northern Hemisphere, the best evening 
sightings of the planet take place in the spring; the best morn-
ing sightings take place in the fall.

 2. Find out when Venus will next pass between Earth and the 
Sun. How many days before and after this event can you 
glimpse the planet with the naked eye? Using binoculars or a 
small telescope, examine Venus as it goes through its phases. 
Note the phase and the relative size (you can compare its size 
to the field of view in a telescope; always use the same eyepiece). 
Observe it every few days or once a week. Make a table of its 
shape, size, and relative brightness. Can you see the correla-
tions between these properties first recognized by Galileo?

 3. Several months before opposition, Mars begins retrograde 
motion. Chart the planet’s motion relative to the stars to 
determine when it stops moving eastward and begins moving 
toward the west. Notice the increase in Mars’s brightness as it 
approaches opposition.

 Chapter review 199
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The Jovian Planets
Giants of The Solar System

7

probe has also monitored seasonal atmospheric 
changes on Saturn as the planet enters northern 
spring and the north pole emerges from 15 years of 
darkness. Note the hexagonal weather pattern around 
Saturn’s north pole, apparently defined by a polar jet 
stream circling the planet. (NASA/JPL)

 NASA’s Cassini probe captured this true-color view 
of Saturn and its rings in 2013 as the spacecraft 
orbited high above the planet’s north pole. The Sun is 
to the right, casting a long shadow across the rings at 
the left. Since its arrival at Saturn in 2004, Cassini has 
explored the planet and its moon system, using each 
moon’s gravity to propel it on to its next target. The 

Studying this chapter will 
enable you to:

LO1 Explain how both chance and 
calculation played major roles 
in the discovery of Uranus 
and Neptune.

LO2 Outline some basic 
similarities and differences 
among the four jovian worlds.

LO3 Describe some processes 
responsible for the properties 
and appearance of the jovian 
atmospheres.

LO4 Compare the storm systems 
observed on the jovian 
planets with storms on Earth.

LO5 Describe the internal 
structure and composition of 
the jovian planets.

LO6 Explain why three of the four 
jovian worlds radiate more 
energy into space than they 
receive from the Sun.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Engineering feats of today’s space age have allowed us to explore the planets and moons 
of our rich and varied solar system. Such thrilling exploration calls to mind earlier voyages 
of discovery, launched from Europe toward the Americas by Columbus, Magellan, Cortes, 
de Champlain, and many other seafarers who ventured forth across an unknown Atlantic 
and eventually around our world. Now, in the 21st century, robot spacecraft controlled by 
humans back on Earth act as modern spacefarers, exploring new, unknown worlds—and 
what they are finding is absolutely amazing.

The Big PicTure

Beyond the orbit of Mars, the solar system is a very different place. In sharp contrast to 

the small, rocky terrestrial bodies found near the Sun, the outer solar system presents us 

with a totally unfamiliar environment—huge gas balls, peculiar moons, planet-circling 

rings, and a wide variety of physical and chemical properties, many of which are only 

poorly understood even today. U.S. spacecraft visiting the outer planets over the past two 

decades have revealed these worlds in detail that was only dreamed of by centuries of 

Earth-bound astronomers. The jovian planets—Jupiter, Saturn, Uranus, and Neptune—

differ from Earth and from each other in many ways, but they have much in common, 

too. As with the terrestrial planets, we learn from their differences as well as from their 

similarities.

L e a r n i n G 
O u TcO m e S
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202 chAPTer 7   The Jovian Planets

7.1 Observations of Jupiter and Saturn

The View from earth
Named after the most powerful god of the Roman pantheon, Jupiter is the third-
brightest object in the night sky (after the Moon and Venus), making it easy to 
locate and study from Earth. Ancient astronomers could not have known the 
planet’s true size, but their name choice was very apt—Jupiter is by far the largest 
planet in the solar system. Figure 7.1(a) is a photograph of Jupiter taken through 
a small telescope on Earth, showing the planet’s overall reddish coloration and 
the alternating light and dark bands paralleling its equator. Figure 7.1(b) is a 
Hubble Space Telescope image of Jupiter, showing the colored bands in much 
more detail and displaying numerous oval structures within them (note in par-
ticular the large orange oval at lower right). These atmospheric features are quite 
unlike anything found on the terrestrial planets. In further contrast to the inner 
planets, Jupiter has many moons that vary greatly in size and other properties. 
The four large Galilean moons (named after Galileo Galilei, who discovered them) 
are visible in Figure 7.1(a).  (Sec. 1.2) They can be seen from Earth with a 
small telescope (and, for a few people, with the naked eye).

Saturn (Figure 7.2), the next major body we encounter as we continue out-
ward beyond Jupiter, was the most distant planet known to Greek astronomers. 
Named after the father of Jupiter in Greco-Roman mythology, Saturn orbits at 
almost twice Jupiter’s distance from the Sun, making it considerably fainter  
(as seen from Earth) than either Jupiter or Mars. The planet’s banded atmosphere 
is somewhat similar to Jupiter’s, but Saturn’s atmospheric bands are much less 
distinct. Overall, the planet has a rather uniform butterscotch hue. Again, like 
Jupiter and unlike the inner planets, Saturn has many moons orbiting it. Saturn’s 
best-known feature, its spectacular ring system, is clearly visible in Figure 7.2. The 
moons and rings of the jovian planets are the subject of Chapter 8.

Spacecraft exploration
Discovery 7-1 presents an overview of some key planetary missions over the past 
half century. Most of our detailed knowledge of the jovian planets has come from 
NASA spacecraft visiting those worlds. Of particular importance are the two 
Voyager probes and the more recent Galileo and Cassini missions.

The Voyager spacecraft left Earth in 1977, reaching Jupiter in March 
(Voyager 1) and July (Voyager 2) of 1979. Both craft subsequently used Jupiter’s 
strong gravity to send them on to Saturn in a maneuver called a gravity assist, in 
which a spacecraft loops around a planet, using the planet’s motion to increase its 
speed and the planet’s gravitational pull to redirect its trajectory to the next tar-
get. Virtually all recent planetary missions have used multiple gravity assists to 
reach their eventual destinations.

Voyager 2 took advantage of a rare planetary configuration that enabled it to 
use Saturn’s gravity to propel it to Uranus and then on to Neptune in a spec-
tacularly successful “grand tour” of the outer planets. Each craft carried 
equipment to study planetary magnetic fields and magnetospheres, as well as 
radio, visible-light, and infrared sensors to analyze reflected and emitted ra-

diation from the jovian planets and their moons. The data they returned revo-
lutionized our knowledge of all the jovian worlds and remain our primary source of 

R I V U X G

(a)

(b)

 Figure 7.2 Saturn Saturn as seen by the Hubble Space Telescope in 2003 when 
the planet was at its maximum tilt (27°) toward Earth in its 30-year orbit about the Sun. 
The colors in this photo are natural—that is, as we would see it if we had telescopic 
vision. (See also the full-page opening photo on page 200.) (NASA)R I V U X G

 Figure 7.1 Jupiter  (a) Photograph of Jupiter made with 
an Earth-based telescope, showing the planet and its four 
Galilean moons. (b) A 2014 Hubble Space Telescope image of 
Jupiter, in true color—that is, as the human eye would see it. 
(AURA/NASA)
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detailed information on Uranus and Neptune. The two Voyager craft are now headed 
out of the solar system, still returning data as they race toward interstellar space.

Galileo was launched in 1989 and reached Jupiter in December 1995, after a 
circuitous route that took it three times through the inner solar system, receiving 
gravity assists from both Venus and Earth before finally reaching its target. The 
mission had two components: an atmospheric probe and an orbiter. The probe, 
slowed by a heat shield and a parachute, made measurements and chemical anal-
yses as it descended into Jupiter’s atmosphere. The orbiter executed a complex 
series of gravity-assisted maneuvers through Jupiter’s moon system, returning to 
some moons studied by Voyager and visiting others for the first time. Many of 
Galileo’s findings are described in Chapter 8.

The mission ended in 2003, when the spacecraft began to run out of the fuel 
needed to fine-tune its orbit and keep its antenna pointed toward Earth. Knowing 
that they would ultimately lose control of the probe, and wishing to avoid at all 
costs any possible contamination of Jupiter’s moon Europa (see Section 8.1), the 
Galileo team elected to end the mission by steering the spacecraft into Jupiter’s 
atmosphere in September 2003.

In 1997, NASA launched the Cassini mission to Saturn. The craft reached 
Saturn in 2004 after four planetary gravity assists—two from Venus and one each 
from Earth and Jupiter—en route. Figure 7.3 shows Cassini’s close-up view of 
Jupiter during its encounter with that planet in 2001. In December 2004 the craft 
released a probe built by the European Space Agency into the atmosphere of Titan, 
Saturn’s largest moon (see Section 8.2). Cassini is now orbiting among Saturn’s 
moons, much as Galileo did at Jupiter, returning detailed data on the moons, the 
planet, and its famous ring system. The mission was originally scheduled to last 
for 4 years after arrival at Saturn, but the gravity-assisted maneuver that placed 
the probe in orbit around the planet was so accurate that almost no fuel had to be 
used to fine-tune the trajectory, extending Cassini’s lifetime by several years. The 
current mission, now renamed Cassini Solstice, is scheduled to end in 2017.

7.2 The Discoveries of uranus and neptune
British astronomer William Herschel discovered Uranus in 1781. Herschel was 
mapping the faint stars in the sky when he came across an unusual object that he 
described as “a curious either nebulous star or perhaps a comet.” Repeated observa-
tions showed that it was neither. The object appeared as a disk in Herschel’s 6-inch 
telescope and moved relative to the stars, but it traveled too slowly to be a comet. 
Herschel soon realized that he had found the seventh planet in the solar system.

Because this was the first new planet discovered in recorded history, the 
event caused quite a stir. The story goes that Herschel’s first instinct was to name 
the new planet Georgium Sidus (Latin for “George’s star”) after his king, George III 
of England. The world was saved from a planet named George by the wise advice 
of another astronomer, Johann Bode, who suggested instead that the tradition of 
using names from ancient mythology be continued and that the planet be named 
after Uranus, the father of Saturn.

Uranus is just barely visible to the naked eye, under the best possible observ-
ing conditions. It looks like a faint, undistinguished star. Even through a large 
optical telescope, Uranus appears hardly more than a tiny, pale, slightly greenish 
disk. Figure 7.4 shows a close-up visible-light image taken by Voyager 2 in 1986. 
Uranus’s apparently featureless atmosphere contrasts sharply with the bands and 
spots visible in the atmospheres of the other jovian planets.

 AnimATiOn/ViDeO

Galileo mission to Jupiter

R I V U X G

 Figure 7.3 Jupiter from Cassini This Cassini spacecraft 
image of Jupiter shows intricate atmospheric clouds of 
different heights, thicknesses, and chemical composition. The 
image is approximately true color. (NASA)

R I V U X G

 Figure 7.4 uranus A close-up view of Uranus sent back to Earth by Voyager 2 while the 
spacecraft was whizzing past the planet at 10 times the speed of a rifle bullet. Color is 
natural, and the upper atmosphere is nearly featureless, except for a few wispy clouds in the 
northern hemisphere. (NASA)
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Pioneer 11
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1973 Jupiter

Pioneer
10 (NASA)

1972 Venus
Venera 8 (USSR)

1964 Mars
Mariner 4 (NASA)

1962 Venus
Mariner 2 (NASA)

1979 Saturn Pioneer 11 (NASA)

1989 Neptune
Voyager 2 (NASA)

1983 Venus
Venera 15, 16

(USSR)1981 Saturn
Voyager 1

(NASA)
1979 Jupiter
Voyager 1, 2

(NASA)

1976 Mars
Viking 1, 2 (NASA)1974 Mercury

Mariner 10 (NASA)

1971 Mars
Mariner 9 (NASA)

1969 Mars
Mariner 6,
7 (NASA)

1967 Venus
Venera 4 (USSR)

1986 Uranus
Voyager 2

(NASA)

2015 Kuiper Belt
New Horizons
(NASA)

2012 Mars
Mars Science
Laboratory (NASA)

2008 Mars:
Phoenix (NASA)

2008 Mercury:
Messenger (NASA)

2006 Mars
Mars Reconnaissance
Orbiter (NASA)

2004 Saturn
Cassini-Huygens (NASA/ESA)

2001 Mars
Mars Odyssey (NASA)

1997 Mars
Mars Global Surveyor
(NASA)

1990 Venus
Magellan (NASA)

2016 Jupiter
Juno (NASA)

2011 Asteroid Belt
Dawn (NASA)

2006 Venus
Venus Express

 (ESA)

2004 Mars
Mars Exploration Rover (NASA)

2003 Mars Mars Express (ESA)

1997 Mars
Mars Pathfinder

(NASA)

1995
Jupiter Galileo
(NASA)

1982 Saturn Voyager 2
(NASA)

Space exploration of the Solar System

7.1  D i s c o v e r y

Since the 1960s, dozens of uncrewed space missions have trave-
led throughout the solar system. All of the planets have been 
probed at close range, and robot spacecraft have visited comets, 
asteroids, and dwarf planets. The impact of these missions on 
our understanding of our planetary system has been nothing 
short of revolutionary. The timeline stretching across these two 
pages shows all major missions since the dawn of the space age 
in the early 1960s. Together, they have redefined our view of our 
cosmic backyard. Here we highlight just a few of them.

Mercury has been visited by just two spacecraft to date. In the 
mid-1970s, Mariner 10 executed a series of flybys of the planet, 
snapping thousands of images revealing it to be almost as heavily 
cratered as Earth’s Moon. More than 30 years later, NASA’s Messenger 
probe went into orbit around Mercury in 2011, mapping the surface 
in detail and probing the planet’s interior during its 4-year mission.

More spacecraft have explored Venus than any other planet. 
The Soviet Union took the lead in the 1960s when nearly a dozen 
Venera probes orbited (and some landed on) Venus—the photo-
graph below shows one of the heavily armored landers. Since 
then, the United States (Pioneer and Magellan) and Europe 
(Venus Express) have sent several more craft to spy on this hell-
ish world. The new data have taught us 
much about Venus’s surface and atmos-
phere, and the results have helped us bet-
ter understand weather here on planet 
Earth.

Mars has been the target of very active 
robotic exploration. The United States has 
sent more than a dozen probes to orbit the 
“red planet” and often to land on its surface; 
Russia and Europe have also aimed craft at 

Mars, but most have missed the planet or crash-landed. Several U.S. 
Mariner craft paved the way in the 1960s, showing the planet to be 
surprisingly inhospitable yet geologically intriguing. The Viking 
program in the 1970s was one of NASA’s finest missions, not only 
safely landing two spacecraft but also imaging the surface for the 
first time and searching for life (which it did not find).

Since the late 1990s, a series of robots has orbited Mars and 
landed on its surface, sampling the air and dirt, drilling into stones, 
and digging for ice. The true-color panoramic view on the facing page 
was taken in 2005 from the rover Spirit, whose mother ship is shown 
in the foreground. The latest generation of rovers has mainly been 
searching for water, or evidence of it in the past. “Follow the water” 
has become a popular mantra in the search for extraterrestrial life. So 
far, though, neither liquid water nor life of any kind has been found, 
although there seems to be ample evidence for water in Mars’s past.

Two pairs of U.S. spacecraft launched in the 1970s—Pioneer 
and Voyager—rewrote our knowledge of the jovian planets. Pioneer 
10 and 11 took many photographs and made numerous scientific 
discoveries. The Voyager spacecraft carried radio, visible-light, and 
infrared sensors as well as magnetometers to study planetary mag-
netic fields. Pioneer 11, and both Voyager I and II, used Jupiter’s 

gravity to propel them onward to Saturn. Voy-
ager I was programmed to visit Titan, Saturn’s 
largest moon, and so did not come close 

Craters on Mars discovered by 
Mariner 4 in 1964

Viking 1/2 1976–1982

Russian engineers with Venera 11 in 1978

Voyager 1/2 1979–1989
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enough to the planet to receive a gravity-assisted boost to Uranus. 
However, Voyager II went on to visit both Uranus and Neptune in a 
spectacularly successful “Grand Tour” of the outer planets.

During the past 2 decades, two multibillion-dollar missions 
have explored the outer solar system. The Galileo mission to Jupi-
ter (arriving in 1995) toured Jupiter’s moons for 8 years, trans-
forming our understanding of their structure and history. The U.S./
European Cassini mission to Saturn arrived in 2004 and is still 
gliding among Saturn’s moons, providing spectacular images of 
the Saturn system, as well as key new insights into its evolution.

Galileo during assembly in 1988

Spirit on Mars 2005

Saturn from Cassini in 2006

Mercury from Messenger in 2012

Pluto-Charon from New 
Horizons in 2015

The most recent missions have explored dwarf planets in the 
solar system. In 2015, NASA’s Dawn probe went into orbit around 
Ceres, the largest asteroid. A few months later, the New Horizons 
mission flew by the Pluto system, in the Kuiper Belt. All the major 
bodies of our planetary system (except the Sun) have now been 
visited by robots from Earth. The future of solar system explora-
tion looks very bright!
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Once Uranus was discovered, astronomers set about charting its orbit. They 
quickly discovered a discrepancy between the planet’s predicted and observed 
positions. Try as they might, they could not find an elliptical orbit that fit the 
planet’s path. By the early 19th century the discrepancy had grown to a quarter of 
an arc minute, far too large to be explained away as observational error. Uranus 
seemed to be violating—slightly—Kepler’s laws of planetary motion.  (Sec. 1.3)

Astronomers realized that although the Sun’s gravitational pull dominates the 
planet’s orbital motion, the small deviation meant that some unknown body was 
exerting a much weaker but still measurable gravitational force on Uranus. There 
had to be another planet in the solar system influencing Uranus. In September 
1845, after almost 2 years of work, an English mathematician named John Adams 
solved the problem of determining the new planet’s mass and orbit. In June 1846 a 
French mathematician, Urbain Leverrier, independently came up with essentially 
the same answer. Later that year the German astronomer Johann Galle found the 
new planet within one degree of the predicted position. The new planet was 
named Neptune, and Adams and Leverrier are jointly credited with its discovery.

Unlike Uranus, distant Neptune cannot be seen with the naked eye, although it 
can be seen through binoculars or a small telescope. In fact, according to his notes, 
Galileo may actually have seen Neptune, although he surely had no idea what it 
really was at the time. Through a large telescope on Earth, the planet appears only 
as a small, bluish disk, with few features visible. Even under the best observing 
conditions, only a few markings, suggestive of multicolored cloud bands, can be 
seen. With Voyager 2’s arrival, much more detail emerged (Figure 7.5)—in fact, the 
bulk of our knowledge of the two outermost jovian worlds has come from just 
this one spacecraft. Superficially, at least, Neptune resembles a blue-tinted 
Jupiter, with atmospheric bands and spots clearly evident.

7.3 Bulk Properties of the Jovian Planets
Table 7.1 extends Table 6.1 to include the four jovian planets. Figure 7.6 shows 
them to scale, along with Earth for comparison.

Physical characteristics
The large masses and radii and relatively low average densities of these gigantic 
worlds imply that they differ radically in both composition and structure from the 
terrestrial planets.  (Sec. 4.1) Saturn’s density is actually less than that of 
water—the planet would float, if only we could find a bathtub big enough! Hydro-
gen and helium make up most of the mass of Jupiter and Saturn and about half the 
mass of Uranus and Neptune. These light gases have densities on Earth (at room 
temperature and sea level) of 0.08 kg/m3 and 0.16 kg/m3, respectively, but they are 
compressed enormously by the jovian planets’ strong gravitational fields. The 
abundance of hydrogen and helium on these worlds is a consequence of the strong 
jovian gravity. The jovian planets are massive enough to have retained even the 
lightest gas—hydrogen—and very little of their original atmospheres have escaped 
since the birth of the solar system 4.6 billion years ago.  (More Precisely 5-1)

None of the jovian planets has a solid surface of any kind. Their gaseous 
atmospheres just become hotter and denser with depth because of the pressure of 
the overlying layers, eventually becoming liquid in the interior. What we see from 
Earth is simply the outermost layer of atmospheric clouds.

At the heart of each jovian planet lies a dense, compact core many times 
more massive than Earth. As we will see in Section 7.6, three of the four (Jupiter, 
Saturn, and Neptune) have significant internal heating, which impacts the behav-
ior and appearance of their atmospheres.

R I V U X G

concept check

How did observations of uranus lead to the 
discovery of neptune?

 Figure 7.5 neptune Neptune as seen in natural color 
by Voyager 2 from a distance of 1,000,000 km. Its cloud streaks 
range in width from 50 km to 200 km. (NASA)
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rotation rates
Because the jovian planets have no solid surfaces to “tie 
down” the gas flow, different parts of their atmospheres 
can and do move at different speeds. This state of af-
fairs—when the rotation rate is not constant from one 
location to another—is called differential rotation. It 
is not possible in solid objects like the terrestrial worlds 
but is normal for fluid bodies such as the jovian planets 
(and the Sun–see Chapter 9).

The amount of differential rotation on Jupiter is 
small—the equatorial regions rotate once every 9h 50m, 
while the higher latitudes take about 6 minutes longer. 
On Saturn the difference between the equatorial and 
polar rotation rates is 26 minutes, again slower at the 
poles. On Uranus and Neptune the differences are greater 
still—more than 2 hours for Uranus and 6 for Neptune—
with the poles rotating more rapidly in both cases. The 
differential rotation observed in the clouds reflects large-
scale wind flows in the planets’ atmospheres.

More meaningful measurements of overall planetary 
rotation rates are provided by observations of their 
magnetospheres. All four jovian worlds have strong 
magnetic fields and emit radiation at radio wavelengths. 
The strength of this radio emission varies with time and 
repeats periodically. Scientists assume that this period 
matches the rotation of the planet’s deep interior, where (as 
on Earth) the magnetic field arises.  (Sec. 5.7) The 
rotation periods listed in Table 7.1 were obtained in this 
way. There is no clear relationship between the interior and 
atmospheric rotation rates of the jovian planets. In Jupiter 
and Saturn the interior rotation rate matches the polar 
rotation. In Uranus the interior rotates more slowly than 
any part of the atmosphere. In Neptune the reverse is true.

table 7.1 Planetary Properties

mass radius
Average 
Density

Surface1 
gravity

escape 
Speed

rotation 
Period Axial Tilt

Surface1 
Temperature

Surface1 
magnetic 

Field
(kg) (earth 5 1) (km) (earth 5 1) (kg/m3) (earth 5 1) (km/s) (solar days) (degrees) (K) (earth 5 1)

Mercury 3.3 * 1023 0.550 2,400 0.38 5400 0.38 4.3 59 0 100–700 0.01

Venus 4.9 * 1024 0.82 6,100 0.95 5300 0.91 10 -2432 179 730 0.0

Earth 6.0 * 1024 1.00 6,400 1.00 5500 1.00 11 1.00 23 290 1.0

Mars 6.4 * 1023 0.11 3,400 0.53 3900 0.38 5.0 1.03 24 180–270 0.0

Jupiter 1.9 * 1027 320 71,000 11 1300 2.5 60 0.41 3 120 14

Saturn 5.7 * 1026 95 60,000 9.5 710 1.1 36 0.43 27 97 0.7

Uranus 8.7 * 1025 15 26,000 4.0 1200 0.91 21 -0.692 98 58 0.73

Neptune 1.0 * 1026 17 25,000 3.9 1700 1.1 24 0.72 30 59 0.43

1For the jovian planets, “surface” refers to the cloud tops.
2The minus sign indicates retrograde rotation.
3Average values. Because of the planet’s asymmetric magnetic field geometry (see Section 7.6), the field strength varies substantially from one point on the surface to another.

 Figure 7.6 Jovian Planets  Jupiter, Saturn, Uranus, and Neptune, 
showing their relative scales compared to Earth. Note the very 
different sizes and atmospheric features of these five worlds. (NASA)

Jupiter
Saturn

Neptune

Earth

Uranus

Water in a very big bathtub 
illustrates two useful facts:

Saturn is less dense than water 
and would therefore float.

Water swirling down the drain 
rotates differentially—faster at 
the center than at the edges.
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Curiously, the Cassini measurement of Saturn’s rotation period using the 
planet’s magnetic field is about 6 minutes longer than the corresponding result 
obtained by Voyager more than 20 years earlier. Scientists don’t think that Sat-
urn’s actual rotation rate has changed during this relatively short time. Rather, it 
seems that the planet’s magnetic field may not be as good an indicator of interior 
rotation as was previously thought.

The observations used to measure a planet’s rotation period also let us deter-
mine the orientation of its rotation axis. Jupiter’s rotation axis is almost perpen-
dicular to the orbit plane, the axial tilt being only 3°, quite small compared with 
Earth’s tilt of 23°. The tilts of Saturn and Neptune (Table 7.1) are similar to those 
of Earth and Mars.

Each planet in our solar system seems to have some outstanding peculiarity. 
In the case of Uranus, it is its rotation axis. Unlike the other major planets, which 
have their spin axes (very) roughly perpendicular to the ecliptic plane, Uranus’s 
rotation axis lies almost within that plane. We might say that Uranus is “tipped 
over” onto its side, for its axial tilt is 98°. (Because the north pole lies below the 
ecliptic plane, the planet’s rotation, like that of Venus, is classified as retrograde.) 
As a result, the north pole1 of Uranus, at some point in the planet’s orbit, points 
almost directly toward the Sun. Half a Uranian year later the south pole faces the 
Sun, as illustrated in Figure 7.7. When Voyager 2 encountered the planet in 1986, 
the north pole happened to be pointing nearly directly at the Sun, so it was mid-
summer in the northern hemisphere. At the same time, the south polar regions 
were halfway through a 42-year period of permanent darkness.

No one knows why Uranus is tilted in this way. Astronomers speculate that a 
catastrophic event, such as a grazing collision between the planet and another 
planet-size body, might have altered the planet’s spin axis.  (Sec. 4.3) How-
ever, there is no direct evidence for such an occurrence and no theory to tell us 
how we should seek to confirm it.

SeLF-guiDeD TuTOriAL

Jupiter—Differential rotation

 Figure 7.7 Seasons on uranus  Because of Uranus’s 
axial tilt of 98°, the planet experiences the most extreme 
seasons known in the solar system.

1We adopt here the convention that a planet’s rotation is counterclockwise as seen from above the north pole 
(that is, planets always rotate from west to east).

Autumn
equinox

Spring
equinox

2007

1986

2070

2049

2028

Sun
  Northern winter solstice
Southern summer solstice

Northern summer solstice
   Southern winter solstice

Uranus’s equatorial regions have two 
summers at the two equinoxes—42 
years apart c

cand two winters at the solstices, with 
its poles plunged into darkness, also for 

42 years at a time.

concept check 

Why do observations of a planet’s magnetosphere 
allow astronomers to measure the rotation rate of 
the interior?
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7.4 Jupiter’s Atmosphere
Just as Earth has been our yardstick for the terrestrial worlds, Jupiter will be our 
guide to the outer planets. We therefore begin our study of jovian atmospheres 
with Jupiter itself.

Overall Appearance and composition
Visually, Jupiter is dominated by two atmospheric features (both clearly visible in 
Figure 7.1): a series of ever-changing atmospheric cloud bands arranged parallel 
to the equator and an oval atmospheric blob called the Great Red Spot. The 
cloud bands display many colors—pale yellows, light blues, deep browns, drab 
tans, and vivid reds, among others. The Red Spot is one of many features associ-
ated with Jupiter’s weather. This egg-shaped region, twice the size of Earth, seems 
to be a hurricane that has persisted for hundreds of years.

What is the cause of Jupiter’s colors? The most abundant gas in Jupiter’s at-
mosphere is molecular hydrogen (roughly 86 percent of all molecules), followed 
by helium (nearly 14 percent). Small amounts of atmospheric methane, ammo-
nia, and water vapor are also found. None of these gases can, by itself, account 
for Jupiter’s observed coloration. For example, frozen ammonia and water vapor 
would produce white clouds, not the many colors we see. Scientists think that 
complex chemical processes occurring in Jupiter’s turbulent atmosphere are re-
sponsible for these colors, although the details are not fully understood. The trace 
elements sulfur and phosphorus may play important roles in influencing the 
cloud colors—particularly the reds, browns, and yellows. The energy that powers 
the reactions comes in many forms: the planet’s own internal heat, solar ultravio-
let radiation, aurorae in the planet’s magnetosphere, and lightning discharges 
within the clouds.  (Sec. 5.7)

Astronomers describe the banded structure of Jupiter’s atmosphere as con-
sisting of a series of lighter-colored zones and darker belts crossing the planet. 
The zones and belts vary in both latitude and intensity during the year, but the 
general pattern is always present. These variations appear to be the result of con-
vective motion in the planet’s atmosphere. (Recall from Chapter 5 that convection 
can occur whenever cool gas overlies hotter material, as is the case here.) 

 (Sec. 5.3) Voyager sensors indicated that the zones lie above upward-moving 
convective currents, while the belts are the downward part of the cycle, where 
material is generally sinking, as illustrated in Figure 7.8. Thus, because of the up-
welling material below them, the zones are regions of high pressure; the belts, 
conversely, are low-pressure regions. However, observations made during the 
Cassini flyby have challenged this standard view, suggesting that upward convec-
tion is actually confined to the belts. For now, planetary scientists have no clear 
resolution of this contradiction between the Voyager and Cassini results.

The belts and zones are Jupiter’s equivalents of the familiar high- and low-
pressure systems that control the weather on Earth. A major difference from 
Earth is that Jupiter’s rapid differential rotation causes these systems to wrap all 
the way around the planet, instead of forming localized circulating storms as on 
our own world. Because of the pressure difference between them, the belts and 
zones lie at slightly different heights in Jupiter’s atmosphere. Cloud chemistry is 
very sensitive to temperature, and the temperature difference between the two 
levels is the main reason for the different colors we see.

Underlying the bands is an apparently stable pattern of east-west winds 
called Jupiter’s zonal flow. The equatorial regions of Jupiter’s atmosphere rotate 
faster than the planet as a whole, with an average flow speed of about 500 km/h 
in the easterly direction, somewhat similar to the jet stream on Earth. At higher 

 Figure 7.8 Jupiter’s convection  The colored bands in 
Jupiter’s atmosphere are associated with vertical convective 
motion. As on Earth, winds tend to blow from high-pressure 
regions to low-pressure regions. Jupiter’s rapid rotation 
channels these winds into an east–west flow pattern, as 
indicated by the three yellow-red arrows drawn atop the  
belts and zones. (NASA)

This is a real Voyager photo of Jupiter’s clouds,
showing its actual banded structure.

Belt

Zonal wind pattern

Zone

North

R I V U X G

To planet’s
center

Cooler gas sinks into the 
atmosphere, creating darker bands 

atop lower-pressure regions.

Warm material rises and 
creates lighter-colored 

zones.
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latitudes there are alternating regions of westward and eastward flow, the 
alternations corresponding to the pattern of belts and zones. The flow speed 
decreases toward the poles. Near the poles, where the zonal flow disappears, the 
band structure vanishes also.

Atmospheric Structure
Jupiter’s clouds are arranged in several layers, with white ammonia clouds generally 
overlying the colored layers, whose composition we will discuss in a moment. 
Above the ammonia clouds lies a thin, faint layer of haze created by chemical 
reactions similar to those that cause smog on Earth. When we observe Jupiter’s 
colors, we are looking down to many different depths in the planet’s atmosphere.

Figure 7.9 is a diagram of Jupiter’s atmosphere, based on observations and 
computer models. Because the planet lacks a solid surface to use as a reference 
level for measuring altitude, scientists conventionally take the top of the 
troposphere (the turbulent region containing the clouds we see) to lie at 0 km. With 
this level as the zero point, the troposphere’s colored cloud layers all lie at negative 
altitudes in the diagram. As on other planets, weather on Jupiter is the result of 
convection in the troposphere. The haze layer lies at the upper edge of Jupiter’s 
troposphere. The temperature at this level is about 110 K. Above the troposphere, 
as on Earth, the temperature rises as the atmosphere absorbs solar ultraviolet light.

Below the haze layer, at an altitude of –30 km, lie white, wispy clouds of 
ammonia ice. The temperature at this level is 125–150 K. A few tens of kilometers 
below the ammonia clouds, the temperature is a little warmer—above 200 K—
and the clouds are made up mostly of droplets or crystals of ammonium 
hydrosulfide, produced by reactions between ammonia and hydrogen sulfide. At 
deeper levels the ammonium hydrosulfide clouds give way to clouds of water ice 
or water vapor. The top of this lowest cloud layer, which is not seen in visible-light 
images of Jupiter, lies some 80 km below the top of the troposphere.

The Galileo atmospheric probe arrived at Jupiter in December 1995. It 
survived for about an hour before being crushed by atmospheric pressure at an 
altitude of –150 km (that is, just at the bottom of Figure 7.9). The probe’s entry 
location (Figure 7.10) was in Jupiter’s equatorial zone and, as luck would have it, 
coincided with an atypical hole almost devoid of upper-level clouds and with 
abnormally low water content. However, once these factors were taken into 
account, Galileo’s findings on wind speed, temperature, and composition were in 
good agreement with the description presented above.

Weather on Jupiter
In addition to the large-scale zonal flow, Jupiter has many small-scale weather 
patterns. The Great Red Spot (Figure 7.11) is a prime example. Observational 
records indicate that it has existed continuously in one form or another for more 
than 300 years, and it may well be much older. Voyager and Galileo observations 
show the Spot to be a region of swirling, circulating winds, like a whirlpool or a 
terrestrial hurricane, a persistent and vast atmospheric storm. Scientists think 
that the Spot’s color may be due to its enormous size and strength, which lifts its 
cloud tops high above the surrounding clouds where solar ultraviolet radiation 

 Figure 7.9 Jupiter’s Atmosphere  Models of the vertical structure of Jupiter’s atmosphere 
indicate that the planet’s clouds are arranged in three main layers, each with quite different 
colors and chemistry. The white regions are the tops of the upper ammonia clouds. The yellows, 
reds, and browns are associated with the second cloud layer, which is composed of ammonium 
hydrosulfide ice. The lowest (bluish) cloud layer is water ice. The blue curve shows how Jupiter’s 
atmospheric temperature depends on altitude. (For comparison with Earth, see Figure 5.5.)0.01

0.1

P
ressure (E

arth atm
osp

heres)

1

2

10

5000
-150

-100

-50

0

A
lti

tu
d

e 
(k

m
)

50

100

100

Gaseous hydrogen,
helium, methane,
ammonia, water

Water ice

Ammonia ice

Troposphere

Haze layer

Stratosphere

200
Temperature (K)

300 400

Ammonium hydrosulfide ice
Cloud
layers

 Figure 7. 10 Galileo’s entry Site  The arrow on this 
image shows where the Galileo atmospheric probe plunged 
into Jupiter’s cloud deck on December 7, 1995. Until its 
demise, the probe took numerous weather measurements, 
transmitting those signals to the orbiting mother ship, which 
then relayed them to Earth. (NASA)
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 Figure 7.11 Jupiter’s red Spot interactive  Voyager 1 
took this photograph of Jupiter’s Great Red Spot (upper right) 
from a distance of about 100,000 km. The arrows indicate 
direction of gas flow above, below, and inside the Great Red 
Spot. (NASA) 

 AnimATiOn/ViDeO

Jupiter’s rotation

Note the complex turbulence to
the left of both the Red Spot and
the smaller white oval below it.

A typical break (”brown oval”)
in Jupiter’s atmosphere

This is Earth, drawn to scale
relative to Jupiter’s clouds.
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causes chemical reactions that produce the 
colors we observe. The Spot varies in length, 
averaging about 25,000 km. It rotates around 
Jupiter at a rate similar to that of the planet’s 
interior, suggesting that its roots lie far below 
the atmosphere. Astronomers think that the 
Spot is somehow sustained by Jupiter’s large-
scale atmospheric motion. The zonal motion 
north of the Spot is westward, while that to the 
south is eastward (Figure 7.11), supporting the 
idea that the Spot is confined and powered by 
the zonal flow. Turbulent eddies form and drift 
away from the spot’s edge. The center, however, 
remains tranquil in appearance, like the eye of 
a hurricane on Earth.

The Voyager mission discovered many smaller 
spots that are also apparently circulating storm sys-
tems. Examples of these smaller systems are the white 
ovals seen in many images of Jupiter (see, for example, 
the one just south of the Great Red Spot in Figure 7.11). 
Their high cloud tops give these regions their white 
color. The white oval in Figure 7.11 is known to be at 
least 80 years old. The inset shows a brown oval—a 
long-lived hole in the overlying clouds that allows us to 
look down into the lower atmosphere. Many more oval 
storm systems—dark and light—can be seen in the 
Cassini view of Jupiter shown in Figure 7.3.

The simplified picture presented in Figure 7.8, 
with wind direction alternating between adjacent bands as Jupiter’s rotation 
deflects the winds into eastward or westward streams, is really too crude to 
describe the many details observed in Jupiter’s atmosphere. More likely, the 
interaction between convection in Jupiter’s atmosphere and the planet’s rapid 
differential rotation channels the largest eddies into the observed zonal pattern, 
but smaller eddies—like the Red Spot and white ovals—tend to cause localized 
irregularities in the flow.

In the late 1990s, astronomers observed the collision and merger of three 
relatively small white ovals in Jupiter’s atmosphere. For several years the result-
ant larger oval remained white, but in early 2006 it changed from white to brown 
to red, becoming in a matter of months a smaller version of the Great Red Spot! 
Merger and growth may well be the mechanism by which large storms on the 
jovian planets form and strengthen. However, the “baby red spot” did not live 
long. Figure 7.12(a) is a time sequence of Hubble images showing how the 
smaller spot was shredded by the Great Red Spot’s swirling winds over a period 
of a few months in 2008. Incidentally, the large white oval at the bottom of the 
frames in Figure 7.12(a) also formed by similar process in 1930s—but it was a 
little larger and farther from the Great Red Spot, so it is still around today.

These observations may help explain the longevity of storm systems on 
Jupiter. On Earth a large storm, such as a hurricane, forms over the ocean and 
may survive for many days, but it dies quickly once it encounters land because 
the land disrupts the energy supplied and flow patterns that sustain the storm. 
Jupiter has no continents, so once a storm is established and has reached a 
size at which other storm systems cannot destroy it, apparently little affects it. 
Still, encounters with other storms may take a toll. As illustrated in Figure 
7.12(b), the Great Red Spot has been steadily shrinking since detailed meas-
urements began, possibly as a result of these interactions.
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7.5 Atmospheres of the 
Outer Jovian Worlds

composition of Saturn’s 
Atmosphere
Saturn is not as colorful as Jupiter. Figure 7.13(a) 
shows yellowish and tan cloud bands that parallel the 
equator, but these regions display less atmospheric 
structure than do the bands on Jupiter. No obvious 
large spots or ovals adorn Saturn’s cloud decks. Storms 
do exist, but the color changes that distinguish them 
on Jupiter are largely absent on Saturn. Figure 7.13(b) 
is the highest-resolution full-global image ever made of 
Saturn—a mosaic of more than a hundred photo-
graphs taken in true color—showing clarity yet sub-
tlety in the structure of its cloud deck.

Spectroscopic studies show that Saturn’s 
atmosphere consists of molecular hydrogen (92.4 
percent) and helium (7.4 percent), with traces of 
methane and ammonia. As on Jupiter, hydrogen and 
helium dominate. However, the fraction of helium on 
Saturn is substantially less than on Jupiter. It is unlikely 
that the processes that created the outer planets 
preferentially stripped Saturn of nearly half its helium 
or that the missing helium somehow escaped from the 
planet while the hydrogen remained behind. Instead, 
astronomers theorize that at some time in Saturn’s past 
the helium liquefied and then sank toward the center 

 Figure 7.12 red Spot evolution  (a) In mid-2008, 
the Hubble telescope recorded this sequence of images 
at monthly intervals (left to right), showing a “baby red 
spot” (arrows) approaching the Great Red Spot and being 
destroyed by it. (b) Perhaps because of such interactions, 
the Spot has steadily decreased in size since detailed 
observations began. It was estimated in the late 19th 
century to be 40,000 km long. In 1979 Voyager 1 measured 
the long axis at 23,000 km. These Hubble observations 
indicate lengths of 21,000 km in 1995, 18,000 km in 2009, 
and 15,000 km in 2014. (NASA)

(a)

(b)
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 Figure 7.13 Saturn, 
up close  (a) The 
banded structure of 
Saturn’s atmosphere 
appears clearly in this 
Voyager 2 image. (Three 
of Saturn’s moons appear 
at bottom; a fourth, 
not visible here, casts 
a black shadow on the 
cloud tops.) (b) This 2004 
Cassini image is actually 
a mosaic of many images 
taken in true color. 
(NASA) (a)
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of the planet, reducing the abundance of that gas in the outer layers. The reason 
for this gas-to-liquid transformation is discussed in Section 7.6.

Figure 7.14 illustrates the vertical structure of Saturn’s atmosphere. In many 
respects it is similar to Jupiter’s (Figure 7.9), except that Saturn’s overall atmos-
pheric temperature is a little lower because of its greater distance from the Sun. 
As on Jupiter, the troposphere contains clouds arranged in three distinct layers, 
composed (in order of increasing depth) of ammonia ice, ammonium hydro-
sulfide ice, and water ice. Above the clouds lies a layer of haze.

The total thickness of the three cloud layers in Saturn’s atmosphere is roughly 
250 km—about three times the cloud thickness on Jupiter—and each layer is thicker 
than its counterpart on Jupiter. The reason for this difference is Saturn’s weaker 
gravity. At the haze level, Jupiter’s gravitational field is nearly 2.5 times stronger 
than Saturn’s, so Jupiter’s atmosphere is pulled much more powerfully toward the 
center of the planet and the cloud layers are squeezed more closely together.

The colors of Saturn’s cloud layers, as well as the planet’s overall yellowish 
coloration, are likely due to the same basic photochemistry as on Jupiter. However, 
because Saturn’s clouds are thicker, there are fewer holes and gaps in the top layer, 
with the result that we rarely glimpse the more colorful levels below. Instead, we 
see only the topmost layer, which accounts for Saturn’s less-varied appearance.

Weather on Saturn
Computer-enhanced images of Saturn clearly show bands, oval storm systems, 
and turbulent flow patterns, many looking very much like those on Jupiter. In 
addition, there is an apparently quite stable east–west zonal flow, although the 
wind speed is considerably greater than on Jupiter and shows fewer east–west 
alternations. The equatorial eastward jet stream reaches a brisk 1500 km/h. 
Astronomers do not fully understand the reasons for the differences between 
Jupiter’s and Saturn’s flow patterns.

Figure 7.15(a) shows a sequence of Cassini images of a storm system on Saturn 
in 2011. The storm appeared as a small white spot (marked in the second frame) 
and rapidly developed into a band of clouds completely encircling the planet. 
Astronomers think that the white coloration arose from crystals of ammonia ice 
that formed when an upwelling plume of warm gas penetrated the cool upper cloud 
layers. Because the crystals were freshly formed, they had not yet been affected by 
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 Figure 7.14 Saturn’s Atmosphere  The vertical structure 
of Saturn’s atmosphere contains several cloud layers, like 
Jupiter, but Saturn’s weaker gravity results in thicker clouds 
and a more uniform appearance.

 Figure 7.15 Storm on Saturn  (a) This huge storm was 
observed by the Cassini spacecraft in 2011. While churning its 
way through the northern hemisphere, it left behind a “tail” 
wrapping around the planet. (b) After the storm faded from 
view in visible light, infrared observations continued to show 
its ongoing activity. (NASA)

(a)

(b)

Dec 5, 2010 Jan 2, 2011 Feb 25, 2011

Apr 22, 2010 May 18, 2011 Aug 12, 2011
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the chemical reactions that color the planet’s other clouds. The 
turbulent flow patterns seen in and around the spot had many 
similarities to the flow around Jupiter’s Great Red Spot. Even after 
the storm faded from view at visible wavelengths, its ferocity was 
still evident in the infrared (Figure 7.15b). Routine observations of 
temporary atmospheric phenomena on the outer worlds are giving 
scientists greater insight into the dynamics of planetary atmospheres.

These large, complex storms may be Saturn’s equivalent of 
thunderstorms on Earth (although on scales comparable to our en-
tire planet). Cassini’s detectors have measured strong bursts of radio 
waves associated with them, most likely produced by intense light-
ning discharges deep below the cloud tops. The lightning is powered 
by convection and precipitation (water and ammonia “rain”), as on 
Earth, but the bursts are millions of times stronger than anything 
ever witnessed here at home. Astronomers suspect that these storms 
may actually be long-lived phenomena rooted deep in Saturn’s at-
mosphere—perhaps a little like Jupiter’s Great Red Spot—but nor-
mally hidden below the upper cloud layers. Occasionally they flare 
up, producing bright plumes visible from outside.

Figure 7.16 shows Cassini’s view of two other storm systems of 
great interest to planetary scientists—the planet’s polar vortices. 
The orbiter’s close-up imagery has allowed scientists to study these 
systems with unprecedented clarity. The north polar vortex (Figure 
7.16b) is surrounded by smaller storms, all confined within a 
peculiar hexagonal jet stream, still not fully understood. The Earth-
sized southern vortex (Figure 7.16a) is a hurricane-like storm with 
an eye wall at its center some 50 km in height. As mentioned in 
Chapter 6, Venus Express has mapped the south polar vortex on 
Venus in great detail.  (Sec. 6.3) The opportunity to compare 
polar vortices in planets with such different atmospheres, orbits, 
and rotational properties as Venus, Earth, and Saturn offers 
astronomers unique opportunities for comparative planetology.

Atmospheric composition of uranus and 
neptune
The atmospheres of Uranus and Neptune are very similar in 
composition to that of Jupiter—the most abundant gas is molecular 
hydrogen (84 percent), followed by helium (about 14 percent) and 
methane, which is more abundant on Neptune (about 3 percent) 
than on Uranus (2 percent). Ammonia is not observed in any 
significant quantity in the atmosphere of either planet, most likely 
because, at the low atmospheric temperatures of those planets, the 
ammonia exists in the form of ice crystals, which are much harder to 
detect spectroscopically than gaseous ammonia.

The blue color of the outer jovian planets is the result of their 
relatively high percentages of methane. Because methane absorbs 
long-wavelength red light quite efficiently, sunlight reflected from 
these planets’ atmospheres is deficient in red and yellow photons 
and appears blue-green or blue. The greater the concentration of 
methane, the bluer the reflected light. Therefore Uranus, having less 
methane, looks blue-green, while Neptune, having more methane, 
looks distinctly blue.

 Figure 7.16 Saturn’s Polar Vortices  These Cassini 
images show giant swirling vortices at Saturn’s poles, 
apparently the result of jet streams circling the planet.  
(a) The south polar vortex, in the infrared. (b) The north  
polar vortex, in enhanced color, with the rings in the 
background (blue). For a true color view, see the chapter-
opening image on p. 200. (NASA)

(a)

(b)

10,000 km

20,000 km

This is a close-up of the polar vortex
at Saturn’s south pole.

R I V U X G

Storm system

concept check 

List some similarities and differences between 
Jupiter’s belts and zones and weather systems  
on earth.
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Weather on uranus and 
neptune
Voyager 2 detected only a few atmospheric 
features on Uranus, and even they became 
visible only after extensive computer 
enhancement. Few clouds exist in Uranus’s 
cold upper atmosphere. Clouds of the kind 
found on Jupiter and Saturn are found 
only at lower, warmer atmospheric levels, 
so we must look deep into the planet’s 
atmosphere to see any structure, and the 
bands and spots that characterize flow 
patterns on the other jovian worlds are 
largely washed out on Uranus by 
intervening stratospheric haze. Figure 
7.17(a) and (b) show some of the best 
images of atmospheric features on Uranus, 
including circulating clouds, massive 
weather events, and unusual convective 
features, as well as an Earth-sized dark 
spot. Figures 7.17(c) and (d) shown 
atmospheric clouds and flow patterns 
moving around the planet in the same 
direction as the planet’s rotation, with wind 
speeds ranging from 200 to 500 km/h.

Although Neptune lies farther from the Sun, its internal heat (see Section 7.6) 
means that its upper atmosphere is actually slightly warmer than that of Uranus. 
This is probably the reason why Neptune’s atmospheric features are more easily 
visible than those of Uranus (Figure 7.18a). The extra warmth causes Neptune’s 
stratospheric haze to be thinner than the haze on Uranus and also makes the 
cloud layers less dense than they would otherwise be, with the result that they lie 
at higher levels in the atmosphere.

Voyager 2 detected numerous white methane clouds on Neptune (some of 
them visible in Figure 7.5) lying about 50 km above the main cloud tops. 
Neptune’s equatorial winds blow from east to west with speeds of over  
2000 km/h relative to the planet’s interior. Why such a cold planet should have 
such rapid winds, and why they should be retrograde relative to the west-to-east 
rotation of the interior, remains a mystery.

Neptune sports several storm systems similar in appearance to those seen 
on Jupiter, and probably produced and sustained by the same basic processes. 
The largest storm, the Great Dark Spot (Figure 7.18b), was discovered by 
Voyager 2 in 1989. Comparable in size to Earth, the Spot was located some 20° 
south of the planet’s equator—quite similar to the Great Red Spot on Jupiter. 
The Dark Spot also exhibited other characteristics in common with Jupiter’s 
Red Spot. The flow around it was counterclockwise, and there appeared to be 
turbulence where the winds associated with the Dark Spot interacted with the 
zonal flow to its north and south. Astronomers did not have long to study the 
Dark Spot’s properties, however. By the time detailed Hubble Space Telescope 
observations of the planet became available in the mid-1990s, the Spot had 
disappeared (see Figure 7.18a). At around the same time, a new Dark Spot of 
comparable size became visible in Neptune’s northern hemisphere. The origins 
and lifetimes of large storm systems on the jovian planets are currently not 
well understood.

5000 km

(d)

(c)

(b)

(a)

R I V U X G

R I V U X G

R I V U X G

R I V U X G

 Figure 7.17 uranus’s Atmosphere  (a) This infrared 
image of Uranus was captured in 2004 by an adaptive 
optics system on an exceptionally clear night at the Keck 
Observatory in Hawaii. It shows unprecedented atmospheric 
detail, as well as a very thin ring. (b) The Hubble Space 
Telescope took this image of a rare dark spot on Uranus in 
2006. (c, d) These computer-enhanced HST images, taken 
roughly 4 hours apart, show the motion of a pair of bright 
clouds (labeled A and B) in Uranus’s southern hemisphere, 
allowing astronomers to track the planet’s rotation.  
(L. Sromovsky and P. Fry; NASA)

concept check 

Why are atmospheric features much less evident 
on uranus than on the other jovian planets?
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7.6 Jovian interiors
The visible cloud layers of the jovian planets are all less than a few hundred kilo-
meters thick. How, then, do we determine the conditions beneath the clouds, in 
the unseen interiors of these distant worlds? We have no seismographic informa-
tion on these regions (but see Discovery 7-2), nor do we happen to live on a more 
or less similar planet that we can use for comparison. Instead, we must use all 
available bulk data on each planet, along with our knowledge of physics and 
chemistry, to construct a model of its interior that agrees with observations. 

 (Sec. 0.5) Our statements about the interiors of the jovian worlds, then, are 
really statements about the models that best fit the facts. As we will see through-
out this book, astronomers rely heavily on model building, often aided by power-
ful computers, as a tool to interpret data about objects too far away for direct 
exploration.

internal Structure
As illustrated in Figure 7.19, both the temperature and the pressure of Jupiter’s 
atmosphere increase with depth. At a depth of a few thousand kilometers, the gas 
makes a gradual transition into the liquid state. By a depth of about 20,000 km, 
the pressure is about 3 million times greater than atmospheric pressure on Earth. 

 Figure 7.18 neptune’s Dark Spot  (a) These 2011 
Hubble Space Telescope views of Neptune were taken at 
roughly 4-hour intervals, offering a full view of the planet. The 
cloud features (mostly methane ice crystals) are tinted pink 
here because they were imaged in the infrared, but they are 
white in visible light. (b) Close-up views, taken by Voyager 2 of 
the Great Dark Spot of Neptune, show a large storm system 
in the planet’s atmosphere, possibly similar in structure to 
Jupiter’s Great Red Spot. The entire dark spot is roughly the 
size of Earth. (NASA)

(a)

 Figure 7.19 Jupiter’s interior  Jupiter’s internal structure, 
as deduced from spacecraft measurements and theoretical 
modeling. Pressure and temperature increase with depth, and 
the atmosphere gradually liquefies over the outermost few 
thousand kilometers. Below 20,000 km, the hydrogen behaves 
like a liquid metal. At the center of the planet lies a rocky core 
(red region), itself larger than any of the terrestrial planets.

Depth 100 km
Temperature 300 K
Pressure 10 atm

Molecular
hydrogen

Metallic
hydrogen

Depth 20,000 km
Temperature 11,000 K
Pressure 3 *  106 atm

Depth 60,000 km
Temperature 18,000 K
Pressure 4 *  107 atm

Icy, rocky core
Depth 70,000 km
Temperature 25,000 K
Pressure 6 *  107 atm

(b)
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Under these conditions 
the hot liquid hydro-
gen is compressed so 
much that it undergoes 
another transition, this 
time to a metallic state, 
with properties in 
many ways similar to 
some liquid metals on 
Earth. Of particular 
importance for Jupi-
ter’s magnetic field, 
this metallic hydrogen 
is an excellent conduc-
tor of electricity.

Jupiter’s rotation produces a strong outward push that causes a pronounced 
bulge at the planet’s equator—Jupiter’s equatorial radius (Table 7.1) exceeds its polar 
radius by nearly 7 percent. However, careful calculations indicate that if Jupiter were 
composed of hydrogen and helium alone, it should be more flattened than is ob-
served. The actual degree of flattening implies a dense core having a mass perhaps 
10–20 times the mass of Earth. The core’s precise composition is unknown, but many 
scientists think it consists of materials similar to those found in the terrestrial worlds: 
molten, perhaps semisolid, rock. Because of Jupiter’s enormous central pressure—
approximately 50 million times that on Earth’s surface, or 10 times that at Earth’s 
center—the core must be compressed to very high densities (perhaps twice the core 
density of Earth). It is probably not much more than 20,000 km in diameter.

Saturn has the same basic internal parts as Jupiter, but their relative pro-
portions are different: Its metallic hydrogen layer is thinner, although the cen-
tral dense core (again inferred from studies of the planet’s polar flattening) is 
similar—around 15 Earth masses. Because of its lower mass, Saturn has a less 
extreme core temperature, density, and pressure than Jupiter. The central pres-
sure is around one-tenth of Jupiter’s—not too different from the pressure at the 
center of Earth.

The interior pressures of Uranus and Neptune are sufficiently low that hydrogen 
stays in its molecular form all the way into the planets’ cores. Currently, astronomers 
theorize that deep below the cloud layers, Uranus and Neptune may have high-den-
sity, “slushy” interiors containing thick layers of highly compressed water clouds. It is 
also possible that much of the planets’ ammonia could be dissolved in the water, pro-
ducing a thick, electrically conducting layer that could conceivably explain the planets’ 
magnetic fields. At the present time, however, we don’t know enough about the interi-
ors to assess the correctness of this picture.

The cores of Uranus and Neptune are inferred mainly from considerations of 
those planets’ densities. Because of their lower masses, we would not expect the 
hydrogen and helium in the interiors of Uranus and Neptune to be compressed as 
much as in the two larger jovian worlds, yet the average densities of Uranus and 
Neptune are actually greater than the density of Saturn and similar to that of 
Jupiter. Astronomers interpret this to mean that Uranus and Neptune each have 
Earth-sized cores some 10 times more massive than our planet, with compositions 
similar to the cores of Jupiter and Saturn.

Our current knowledge of the internal structures of the four jovian worlds is 
summarized in Figure 7.20. The next space mission to significantly expand our 
knowledge of jovian interiors will be NASA’s Juno probe, launched in August 2011 
and due to arrive at Jupiter in 2016. From its polar orbit, Juno will map Jupiter’s 
gravity and magnetism to study the planet’s internal structure. It will also observe 
the composition and circulation of the planet’s atmosphere.

 Figure 7.20 Jovian interiors interactive  A 
comparison of the interior structures of the four jovian 
planets. (a) The planets drawn to scale. (b) The relative 
proportions of the various internal zones. 
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magnetospheres
The combination of rapid overall rotation and an extensive region of highly con-
ductive fluid in its interior gives Jupiter by far the strongest planetary magnetic 
field in the solar system.  (Sec. 5.7) The field at the cloud tops is some 14 
times that of Earth, but taking the planet’s radius into account implies an intrin-
sic field strength some 20,000 times Earth’s. Jupiter is surrounded by a vast sea 
of energetic charged particles (mostly electrons and protons), somewhat similar 
to Earth’s Van Allen belts but very much larger. Direct spacecraft measurements 
show Jupiter’s magnetosphere to be almost 30 million km across (north to 
south), roughly a million times more voluminous than Earth’s magnetosphere 
and far larger than the entire Sun. All four Galilean moons lie within it.

On the sunward side the boundary of Jupiter’s magnetic influence on the solar 
wind lies about 3 million km from the planet. On the opposite side, however, the 
magnetosphere has a long “tail” extending away from the Sun at least as far as Sat-
urn’s orbit (some 4 AU, or 600 million kilometers), as sketched in Figure 7.21. Near 
the planet the magnetic field channels particles from the magnetosphere into the 
upper atmosphere, forming aurorae vastly larger and more energetic than those 
observed on Earth (Figure 7.22).  (Sec. 5.7)

Saturn’s electrically conducting interior and rapid rotation also produce a strong 
magnetic field and an extensive magnetosphere. However, because of the considera-
bly smaller mass of Saturn’s metallic hydrogen zone, the magnetic field strength at 
the planet’s cloud tops is only about 1/20 that of Jupiter. Saturn’s magnetosphere ex-
tends about 1 million kilometers toward the Sun and is large enough to contain the 
planet’s ring system and most of its moons.

Voyager 2 found that both Uranus and Neptune have fairly strong magnetic 
fields, comparable to those of Saturn and Earth. Taking the planets’ radii into ac-
count, we find intrinsic field strengths a few percent that of Saturn, or 30–40 times 
Earth’s. Both planets have substantial magnetospheres, populated largely by elec-
trons and protons either captured from the solar wind or created from hydrogen 
gas escaping from the planets below. Figure 7.23 compares the magnetic field 
structures of Earth and the four jovian planets. The locations and orientations of 
the bar magnets represent the observed planetary fields, and the sizes of the bars 
indicate overall magnetic field strength. Note that the fields of Uranus and Neptune 
are not aligned with the planets’ rotation axes and are significantly offset from the 
planets’ centers. Astronomers do not yet understand why this should be so.

internal heating
On the basis of Jupiter’s distance from the Sun, astronomers expected to find the 
temperature of the cloud tops to be around 105 K. At that temperature, they 
reasoned, Jupiter would radiate back into space the same amount of energy as it 
receives from the Sun. However, radio and infrared observations of the planet 
revealed a black-body spectrum corresponding to a temperature of 125 K, 
implying (from Stefan’s law) that Jupiter emits about twice—(125/105)4—as 
much energy as reaches the planet in the form of sunlight.  (Sec. 2.4)

Astronomers theorize that the source of Jupiter’s excess energy is heat left 
over from the planet’s formation.  (Sec. 4.3) In the distant past, Jupiter’s inte-
rior was probably very much hotter than it is today (although not nearly hot 
enough for Jupiter ever to have become a star like the Sun). That early heat is 
slowly leaking out through the planet’s heavy atmospheric blanket, resulting in 
the excess emission we observe today.

Infrared measurements indicate that Saturn, too, has an internal energy 
source. Saturn’s cloud-top temperature is 97 K, substantially higher than the 

 Figure 7.22 Aurorae on Jupiter  The main (underlying) 
image was taken by the Hubble telescope in visible (true-
color) light, but the two insets at the poles were taken 
in the ultraviolet part of the spectrum. The oval-shaped 
aurorae, extending hundreds of kilometers above Jupiter’s 
surface, result from charged particles escaping the jovian 
magnetosphere and colliding with the atmosphere, causing 
the gas to glow. (See Figure 5.24.) (NASA)

R I V U X G

 Figure 7.21 Pioneer mission  The Pioneer 10 spacecraft (a forerunner to the Voyager mis-
sions) did not detect any solar particles while moving far behind Jupiter in March 1976, indicat-
ing that the tail of Jupiter’s magnetosphere (drawn in red) extends beyond the orbit of Saturn.
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Earth
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temperature at which Saturn would reradiate all the energy it receives from 
the Sun. In fact, Saturn radiates away almost three times more energy than it 
absorbs. However, the explanation for Jupiter’s excess emission doesn’t work 
for Saturn. Saturn is smaller than Jupiter and so must have cooled more 
rapidly—fast enough, in fact, that its original supply of heat should have 
been used up long ago. What then is happening inside Saturn to produce this 
extra heat?

The explanation for this strange state of affairs also explains Saturn’s 
atmospheric helium deficit. At the temperatures and high pressures found in 
Jupiter’s interior, liquid helium dissolves in liquid hydrogen. In Saturn, where 
the internal temperature is lower, the helium doesn’t dissolve so easily and tends 
to form droplets instead. (The basic phenomenon is familiar to cooks who know 
that it is generally much easier to dissolve ingredients in hot liquids than in cold 
ones.) Saturn probably started out with a fairly uniform mix of hydrogen and 
helium, but the helium tended to condense out of the surrounding hydrogen, 
much as water vapor condenses out of Earth’s atmosphere to form a mist. The 
amount of helium condensation was greatest in the planet’s cool outer layers, 
where the mist turned to rain about 2 billion years ago. A light shower of liquid 
helium has been falling through Saturn’s interior ever since. This helium 
precipitation is responsible for depleting the outer layers of their helium content.

As the helium sinks toward the center, the planet’s gravitational field com-
presses it and heats it up. The energy thus released is the source of Saturn’s inter-
nal heating. In the distant future the helium rain will stop and Saturn will cool 
until its outermost layers radiate only as much energy as they receive from the 
Sun. When that happens, the temperature at Saturn’s cloud tops will be 74 K.

 Figure 7.23 Jovian magnetic Fields  Comparison of 
magnetic field strengths, orientations, and offsets in the four 
jovian planets. The magnetic fields are depicted here as 
simple bar magnets. The size and location of each magnet 
represent the strength and orientation of the planetary field.

Rotation axes are drawn as
white dashed lines; magnetic
axes are drawn as yellow 
dashed lines.

Earth is added here to scale,
relative to each of the jovian
planets.

Note how odd the magnetic axes
of Uranus and Neptune are.
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process of science check

Why is mathematical modeling essential to 
understanding the interior structures of the jovian 
planets?
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In 1994, astronomers were granted a rare alternative means of 
studying Jupiter’s atmosphere and interior when a comet, called 
Shoemaker-Levy 9, collided with the planet. Discovered in 1993, 
the comet had an unusual flattened nucleus made up of several 
large pieces, as shown in the first image (a) below. The largest piece 
was no larger than 1 km across. Tracing the orbit backward in 
time, researchers found that the comet had narrowly missed Jupi-
ter in 1992. They realized that the objects shown in the figure were 
fragments produced when a previously “normal” comet was cap-
tured by Jupiter and torn apart by the planet’s strong tidal forces. 

 (Sec. 5.2) The data also revealed an even more remarkable 
fact—the comet would collide with Jupiter on its next approach!

Between July 16 and July 22, 1994, as most of the telescopes 
on (and in orbit around) Earth watched, the comet fragments 
struck Jupiter’s upper atmosphere at speeds of over 60 km/s, 
causing a series of enormous explosions. Each impact created, 
for a period of a few minutes, a brilliant fireball hundreds of kilo-
meters across and having a temperature of many thousands of 
kelvins. The energy released in each explosion was comparable to 
a billion terrestrial nuclear detonations. One of the largest pieces 
of the comet, fragment G, produced the spectacular fireball 
shown in the second image (b). The effects on the planet’s atmos-
phere and the vibrations produced throughout Jupiter’s interior 
were observable for days after the impact.

As far as we can determine, none of the cometary fragments 
breached the jovian clouds. Only Galileo had a direct view of the 

impacts on the back side of Jupiter, and in every case the explosions 
seemed to occur high in the atmosphere, above the uppermost cloud 
layer. Spectral lines from water vapor, silicon, magnesium, and iron 
were observed, but all apparently came from the comet itself—
which really did resemble a loosely packed snowball.  (Sec. 4.2) 
Debris from the impacts, like the “black eye” shown in image (c), 
spread slowly around Jupiter and eventually encircled the planet. It 
took years for all the cometary matter to settle into the interior.

The Shoemaker-Levy 9 impact has scientific significance far 
beyond its direct effect on Jupiter. Since the 1960s, planetary sci-
entists have become increasingly aware that collisions between 
small bodies—asteroids, comets, and meteoroids—and the major 
planets are relatively commonplace events in the solar system. As 
we have seen, the consequences for life can be catastrophic. 

 (Discovery 4-1) The fact that we witnessed such an event 
during the few decades since it became technologically feasible 
for us to do so underscores just how frequent these encounters 
probably are and has convinced many scientists of the impor-
tance of planetary impacts to solar system evolution.

The final figure (d) shows a 2009 comet collision with Jupiter, 
comparable in violence to the 1994 event, discovered by pure 
chance on the 15th anniversary of the Shoemaker-Levy 9 impact! 
Another collision was observed in 2012. Such collisions are becom-
ing important sources of information about planetary interiors.

A cometary impact

7.2 D i s c o v e r y
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LO1 Jupiter and Saturn were the 
outermost planets known to 
ancient astronomers. Uranus 
was discovered in the 18th 
century, by chance. Neptune 
was discovered after 
mathematical calculations of Uranus’s slightly non-Keplerian 
orbit revealed the presence of an eighth planet.

LO2 The four jovian planets are all much 
more massive than the terrestrial 
worlds and are of much lower density. 
They are composed primarily of 
hydrogen and helium. However, all 
have large, dense cores, each roughly 
10 times Earth’s mass and of 
chemical composition similar to that 
of the terrestrial planets. The jovian 
planets all rotate more rapidly than 
Earth. Having no solid surfaces, they display differential 
rotation (p. 207)—the rotation rate varies with latitude and 
with depth below the cloud tops. For unknown reasons, 
Uranus’s spin axis lies nearly in the ecliptic plane, leading to 
extreme seasonal variations in solar heating on the planet as it 
orbits the Sun.

LO3 The cloud layers on all the jovian worlds are arranged into 
bands of light-colored zones and darker belts crossing the 

planets parallel to their equators. The 
bands are the result of convection in the 
planets’ interiors and the planets’ rapid 
rotation. The lighter zones are the tops 
of upwelling, warm currents, and the 
darker bands are cooler regions, where 
gas is sinking. Underlying them is a 
stable pattern of eastward or westward 
wind flow called a zonal flow. The 
wind direction alternates as we move north or south away 
from the equator. Jupiter’s atmosphere consists of three main 
cloud layers. The colors we see are the result of chemical 
reactions at varying depths below the cloud tops.

LO4 A major weather pattern on Jupiter is 
the Great Red Spot (p. 209), a huge 
hurricane that apparently has been 
raging for at least three centuries. 
Other, smaller, atmospheric features—
white ovals (p. 211) and brown ovals 
(p. 211)—are also observed. Similar 
systems are found on the other jovian planets, although they are 
less distinct on Saturn and Uranus. Long-lived storms on Saturn 
may lie hidden below the planet’s clouds. The Great Dark Spot 
(p. 215) on Neptune had many similarities to Jupiter’s Red 
Spot. It disappeared within a few years of its discovery by 
Voyager 2. Storms in the jovian atmospheres are long-lived 
because there is no solid surface to dissipate their energy.

SummAry
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Water in a very big bathtub 
illustrates two useful facts:

Saturn is less dense than water 
and would therefore float.

Water swirling down the drain 
rotates differentially—faster at 
the center than at the edges.

0.01

0.1

P
ressure (E

arth atm
osp

heres)

1

2

10

5000
-150

-100

-50

0

A
lti

tu
d

e 
(k

m
)

50

100

100

Gaseous hydrogen,
helium, methane,
ammonia, water

Water ice

Ammonia ice

Troposphere

Haze layer

Stratosphere

200
Temperature (K)

300 400

Ammonium hydrosulfide ice
Cloud
layers

10,000 km

Direction of gas flow

5,000 km

 chapter review 221

The Big QueSTiOn

Knowing the structure and evolution of the jovian planets is key to 
understanding the formation of our solar system, but these distant worlds 
guard their secrets well. Will the next generation of planetary probes dig 
deep enough below the surfaces of these worlds to let us discriminate 
among competing theories? Or will the breakthrough instead come from 
studies of exoplanets, using the statistics of thousands of remote 
planetary systems to shed light on our own?

Uranus apparently has no internal energy source, radiating into space as 
much energy as reaches it from the Sun. It never experienced helium precipita-
tion, and its initial heat was lost to space long ago. Surprisingly, given its other 
similarities to Uranus, Neptune does have an internal heat source—it emits 2.7 
times more energy than it receives from the Sun. The reason is still uncertain. 
Some scientists think that Neptune’s relatively high concentration of methane in-
sulates the planet, helping to maintain its initially high internal temperature.

concept check 

Why do all the jovian planets have strong 
magnetic fields?
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW AnD DiScuSSiOn
 1. How was Uranus discovered?

 2. LO1 POS Why did astronomers suspect an eighth planet beyond 
Uranus?

 3. Why has Jupiter retained most of its original atmosphere?

 4. What is differential rotation, and how is it observed on 
Jupiter?

 5. Why does Saturn have a less varied appearance than Jupiter?

 6. LO2 How (and why) do the thicknesses of Saturn’s various lay-
ers (clouds, molecular and metallic hydrogen, core) compare to 
those in Jupiter?

 7. LO4 What is the Great Red Spot? What is the source of its 
energy?

 8. Describe the cause of the colors in the jovian planets’ 
atmospheres.

 9. LO3 Compare and contrast the atmospheres of the jovian plan-
ets, describing how the differences affect the appearance of each.

 10. Explain the theory that accounts for Jupiter’s internal heat 
source.

 11. LO6 Describe the theoretical model that accounts for Saturn’s 
missing helium and the surprising amount of heat the planet 
radiates.

 12. What is unusual about the rotation of Uranus?

 13. What is responsible for Jupiter’s enormous magnetic field?

 14. LO5 How are the interiors of Uranus and Neptune thought to 
differ from those of Jupiter and Saturn?

 15. POS How much do you think we might know about the outer 
solar system without the Voyager, Galileo, and Cassini 
missions?

cOncePTuAL SeLF-TeST: True Or FALSe?/muLTiPLe chOice
 1. The solid surface of Jupiter lies just below the cloud layers that 

are visible from Earth. (T/F)

 2. Storms in the jovian planets’ atmospheres are generally much 
longer lived than storms on Earth. (T/F)

 3. The element helium plays an important role in producing Sat-
urn’s atmospheric colors. (T/F)

 4. Jupiter emits more energy than it receives from the Sun. (T/F)

 5. Although often referred to as a gaseous planet, Jupiter is mostly 
liquid in its interior. (T/F)

 6. Neptune probably does not have a rocky core. (T/F)

 7. Around northern midsummer on Uranus, an observer near the 
north pole would observe the Sun high and almost stationary 
in the sky. (T/F)

 8. The magnetic fields of Uranus and Neptune are highly tilted 
relative to their rotation axes and offset from the planets’ cen-
ters. (T/F)

 9. The main constituent of Jupiter’s atmosphere is (a) hydrogen; 
(b) helium; (c) ammonia; (d) carbon dioxide.

 10. Saturn’s cloud layers are much thicker than those of Jupiter 
because Saturn has (a) more mass; (b) lower density; (c) a 
weaker magnetic field; (d)weaker gravity.

 11. Compared to Earth, Saturn’s core is roughly (a) half the mass; 
(b) the same mass; (c) twice as massive; (d) 10 times more 
massive.

 12. Uranus was discovered about the same time as (a) Columbus 
reached North America; (b) the U.S. Declaration of Indepen-
dence; (c) the American Civil War; (d) the Depression.

LO5 The atmospheres of the jovian 
planets become hotter and denser 
with depth, eventually becoming 
liquid. In Jupiter and Saturn the 
interior pressures are so high that 
the hydrogen near the center exists 
in a liquid-metallic form rather than 
as molecular hydrogen. In Uranus 
and Neptune this change from molecular hydrogen to metallic 
hydrogen apparently does not occur. Radio waves emitted from 
the planets’ magnetospheres provide a measure of their interior 
rotation rates. The combination of rapid rotation and 
conductive interiors means that all four jovian planets have 
strong magnetic fields and extensive magnetospheres.

LO6 Three jovian planets radiate 
more energy than they 
receive from the Sun. On 
Jupiter and Neptune the 
source of this energy is most 
likely heat left over from the planet’s formation. On Saturn 
the heating is the result of helium precipitation in the interior, 
where helium liquefies and forms droplets that then fall 
toward the center of the planet. This process is also 
responsible for reducing the amount of helium observed in 
Saturn’s outer layers.
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PrOBLemS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  The Hubble Space Telescope has an angular resolution of 0.05″. 
What is the size of the smallest feature visible on (a) Jupiter, at 
4.2 AU, and (b) Neptune, at 29 AU?

 2.  What is the gravitational force on Uranus from Neptune, at 
closest approach? Compare with the Sun’s gravitational force 
on Uranus.

 3.  What is the round-trip travel time of light from Earth to 
Jupiter (at the minimum Earth–Jupiter distance of 4.2 AU)? 
How far would a spacecraft orbiting Jupiter at a speed of 20 
km/s travel in that time?

 4.  What would be the mass of Jupiter if it were composed 
entirely of hydrogen at a density of 0.08 kg/m3 (the density of 
hydrogen at sea level on Earth)?

 5.  Verify the statement made in the text that the force of gravity 
at Jupiter’s cloud tops is nearly 2.5 times that at Saturn’s  
cloud tops.

 6.  Given Jupiter’s current atmospheric temperature, what is the 
smallest possible mass the planet could have and still have 
retained its hydrogen atmosphere?  (More Precisely 5-1)

 7.  How long does it take for Saturn’s equatorial flow, moving at 
1500 km/h, to encircle the planet?

 8.  If the temperature at Saturn’s cloud tops is 97 K and the 
planet radiates three times more energy than it receives from 
the Sun, use Stefan’s law to calculate what the temperature 
would be in the absence of any internal heat source.  (More 
Precisely 2-2)

 9.  If the core of Uranus has a radius twice that of planet Earth 
and an average density of 8000 kg/m3, calculate the mass of 
Uranus outside the core. What fraction of the planet’s total 
mass is its core?

 10.  From Wien’s law, at what wavelength does Neptune’s thermal 
emission peak? In what part of the electromagnetic spectrum 
does this wavelength lie?  (More Precisely 2-2, Fig. 2.9)

AcTiViTieS
collaborative
 1. Jupiter’s rapid (10-hour) rotation and ever-changing atmos-

pheric features make it a highly dynamic telescopic object. 
Even a small telescope should reveal several of the planet’s 
cloud belts, as well as its four brightest moons. Can you see 
the Great Red Spot? Make a series of sketches of the planet. 
You’ll have to work fast because of the planet’s rotation! Try 
to complete each sketch within 20–30 minutes, and prepare 
in advance a series of sheets of paper with a circle to repre-
sent the planet. Note the date and time of each sketch. By 
carefully timing some easily recognizable surface feature, 
such as the Great Red Spot, measure Jupiter’s rotation pe-
riod. (You may have to come back on another night to be able 
to conveniently observe the chosen feature cross the entire 
planetary disk.) Repeat your observations a week or two later. 
Have any of the surface features, or their relation to one an-
other, changed?

individual
 1. Consult a sky chart and find Jupiter in the night sky. It’s an 

easy-to-find naked-eye object. Do any stars look as bright as 
Jupiter? What other differences do you notice between Jupiter 
and the stars?

 2. Use a telescope to look at Saturn. Does the planet appear flat-
tened? Can you see any atmospheric features?

 3. Locate Uranus in the night sky. It may be barely visible to the 
naked eye, but binoculars will make the search much easier. 
(Hint: Uranus shines more steadily than the background 
stars.) Can you detect the planet’s color?

 4. The search for Neptune requires a much more determined effort! 
A telescope is best, but high-powered binoculars mounted on a 
steady support will also do. Comparing Uranus and Neptune, 
which planet appears bluer? Through a telescope, does either 
planet appear as a disk, or do they look more like points of light?

 13. Compared with Uranus, the planet Neptune is (a) much 
smaller; (b) much larger; (c) roughly the same size; (d) closer to 
the Sun.

 14. ViS According to Figure 7.9 (Jupiter’s Atmosphere), if ammonia 
and ammonium hydrosulfide ice were transparent to visible 

light, Jupiter would appear (a) bluish; (b) red; (c) tawny brown; 
(d) exactly as it does now.

 15. ViS According to Figure 7.21, Jupiter’s magnetosphere extends 
about (a) 1 AU; (b) 5 AU; (c) 10 AU; (d) 20 AU beyond the 
planet.
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Moons, Rings,  
and Plutoids
Small Worlds Among Giants

8

deposits formed as Io’s superheated interior squirts 
through the surface. This ongoing volcanism 
continually resurfaces the moon and blasts plumes of 
ionized gas out into the larger jovian environment. 
(NASA/JPL/University of Arizona)

 Jupiter’s innermost large moon Io is a world unlike 
any other in our planetary system. This 1999 color-
enhanced mosaic from the Galileo space probe spans 
slightly more than the visible spectrum, and shows a 
landscape of volcanoes, lava flows and sulfurous 

Studying this chapter will 
enable you to:

LO1 Describe how the Galilean 
moons form a miniature solar 
system around Jupiter and 
exhibit a wide range of 
properties.

LO2 Describe the composition  
and likely origin of the 
atmosphere on Titan, Saturn’s 
largest moon.

LO3 Explain why astronomers 
think Neptune’s moon Triton 
was captured by that planet.

LO4 Outline the properties of the 
medium-sized moons of the 
outer planets.

LO5 Describe the nature and 
detailed structure of Saturn’s 
rings.

LO6 Explain how planetary rings 
form and evolve.

LO7 List the major differences 
between the rings of Saturn 
and those of the other jovian 
planets.

LO8 Describe the composition of 
the solar system beyond 
Neptune, and explain why 
astronomers no longer regard 
Pluto as a planet.

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Our knowledge of the moons and other small bodies of the solar system has steadily 
increased over the past half century as bigger telescopes and more sophisticated space 
probes have enabled astronomers to better explore our cosmic neighborhood. But the 
more closely we examine these alien worlds, the more complex and bizarre they seem to 
be, and in many cases their properties depend critically on their environment, so that 
planetary moon and ring systems seem much more like giant ecosystems than collections 
of individual objects.

The Big PicTuRe

All four jovian planets have systems of moons and rings that exhibit fascinating variety 

and complexity. The six largest jovian moons have many planetary features, providing  

us with insight into the terrestrial worlds. Two of these moons, Jupiter’s Europa and 

Saturn’s Titan, have become prime candidates for study in the search for life elsewhere in 

the solar system. Like the moons, the rings of the jovian planets also differ greatly. The 

rings of Saturn—the best-known ring system among the jovian planets—are one of the 

most spectacular displays in the sky. Plutoids are dwarf planets outside the orbit of 

Neptune—small icy bodies having much in common with the large jovian moons and 

little similarity to the eight major planets. For these reasons we study them here, along 

with the moons and rings of their giant neighbors.

L e A r n i n G 
O u tcO m e S
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8.1 The galilean Moons of Jupiter
All four jovian planets have extensive moon systems—Jupiter has at least 67 natural 
satellites orbiting it, Saturn has 62, Uranus 27, and Neptune 14. These moons range 
greatly in size and other physical properties, but they fall into three natural groups.

The first group consists of the 6 “large” jovian moons, each comparable in size 
to Earth’s Moon. They are listed in Table 8.1, along with our own Moon for com-
parison. All have diameters greater than 2500 km and are large enough to have 
their own distinctive geologies and histories. Next are the 12 “medium-sized” 
moons—spherical bodies with diameters ranging from about 400 to 1500 km. 
Their heavily cratered surfaces offer tantalizing clues to the past and present states 
of the environment in the outer solar system. Finally, there are the many “small” 
moons—irregularly shaped chunks of ice, all less than 300 km across—that exhibit 
a bewildering variety of complex and fascinating motions. Most are probably little 
more than captured interplanetary debris.  (Sec. 4.3) The number of known 
small moons has increased rapidly in recent years (and will probably continue to 
rise) thanks to steadily improving ground and space-based technology.

In this chapter we focus our attention on the large and midsize jovian moons, 
beginning with the Galilean satellites of Jupiter.  (Sec. 1.2)

A “Miniature Solar System”
Jupiter’s four large moons travel on nearly circular, prograde orbits in Jupiter’s 
equatorial plane. Moving outward from the planet, they are named Io, Europa, 
Ganymede, and Callisto, after the mythical attendants of the Roman god Jupiter. 
The two Voyager spacecraft and, more recently, the Galileo mission returned many 
remarkable images of these small worlds, allowing scientists to discern much fine 
surface detail on each. Figure 8.1 is a Voyager 1 image of Io and Europa, with 
Jupiter providing a spectacular backdrop. Figure 8.2 shows the four Galilean 
moons to scale, along with their relative orbits.

The Galilean moons range in size from slightly smaller than Earth’s Moon 
(Europa) to slightly larger than Mercury (Ganymede). Their densities decrease 
with increasing distance from Jupiter in a manner very reminiscent of the falloff 
in density of the terrestrial planets with increasing distance from the Sun. 

 (Sec. 4.1) Indeed, many astronomers think that the formation of Jupiter and 
its Galilean satellites may have mimicked on a small scale the formation of the 
Sun and the inner planets, with generally denser moons forming closer to the in-
tense heat of the young Jupiter. (Sec. 4.3)

Detailed gravity measurements made by the Galileo orbiter support this pic-
ture of the origin of the Jupiter system. Io and Europa have large, iron-rich cores 

Table 8.1  The Large Moons of the Solar System

AniMATiOn/VideO

Galilean moons transit Jupiter

name
Parent 
Planet

distance from 
(km)

Parent Planet 
(planet radii)

Orbit Period 
(earth days) Radius (km)

Mass  
(earth’s Moon 5 1) density (kg/m3)

Moon Earth 384,000 60.2 27.3 1740 1.00 3300

Io Jupiter 422,000 5.90 1.77 1820 1.22 3500

Europa Jupiter 671,000 9.38 3.55 1570 0.65 3000

Ganymede Jupiter 1,070,000 15.0 7.15 2630 2.02 1900

Callisto Jupiter 1,880,000 26.3 16.7 2400 1.46 1800

Titan Saturn 1,220,000 20.3 16.0 2580 1.83 1900

Triton Neptune 355,000 14.3 −5.881 1350 0.29 2100

1The minus sign indicates a retrograde orbit.

Io

Great Red Spot

Europa

R I V U X G

 FiguRe 8.1 Jupiter, up close  Voyager 1 took this 
photograph of Jupiter with ruddy Io on the left and pearl-like 
Europa toward the right. Note the scale of objects here: Io 
and Europa are both comparable in size to our Moon; the 
Great Red Spot is roughly twice as big as Earth. (NASA)
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surrounded by thick mantles of generally rocky composition, perhaps similar to 
the crusts of the terrestrial planets. Europa has a water/ice outer shell between 100 
and 200 km thick. Ganymede and Callisto are less dense overall; low-density mate-
rials, such as water ice, may account for as much as half their total mass. Gany-
mede has a relatively small metallic core topped by a rocky mantle and a thick icy 
outer shell. Callisto seems to be a largely undifferentiated mixture of rock and ice. 
Figure 8.3 summarizes our knowledge of the interiors of these bodies.

io: The Most Active Moon
Io is the most geologically active object in the entire solar system. In mass and radius 
it is similar to Earth’s Moon, but there the resemblance ends. Shown in Figure 8.4, 
Io’s uncratered surface is a collage of oranges, yellows, and blackish browns.

As Voyager 1 sped past Io, it made an outstanding discovery: Io has active 
volcanoes! The spacecraft photographed eight erupting volcanoes. Six of them 
were still erupting when Voyager 2 passed by 4 months later. Inset (a) in Figure 
8.4 shows one volcano, called Prometheus, ejecting matter at speeds of up to  
2 km/s to an altitude of about 150 km. The orange color immediately surround-
ing the volcanoes most likely results from sulfur compounds in the ejected mate-
rial. Io’s exceptionally smooth surface is apparently the result of molten matter 
constantly filling in any “dents and cracks.” Io has a thin atmosphere composed 

Io

Io

Jupiter

Jupiter’s
orbit

Europa

Ganymede

Callisto

CallistoGanymede

Europa

R I V U X G

 FiguRe 8.2 galilean Moons interactive  The 
orbits of the four Galilean moons of Jupiter, drawn 
to scale, as seen from above the planet’s north pole. 
The four insets show actual images of those moons, 
taken by the Galileo spacecraft and scaled here as 
they would appear from a distance of about 1 million 
kilometers. (NASA) 

Io

Europa

Ganymede

Callisto

Ice/rock
mixture

Icy crust

Rocky
mantle

Rocky
mantle

Icy crust

Possible water

Rocky
mantle

Iron/
iron sulfide core

Iron/
iron sulfide core

Iron/
iron sulfide core

Europa and Ganymede may
have layers of liquid water
beneath their icy surfaces.

 FiguRe 8.3 galilean Moon interiors  Cutaway diagrams of the interior structure of the 
four Galilean satellites. Moving outward from Io to Callisto, densities steadily decrease as 
the composition shifts from rocky mantles and metallic cores in Io and Europa, to a thick icy 
crust and smaller core in Ganymede, to an almost uniform rock and ice mix in Callisto.
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mainly of sulfur dioxide, produced by volcanic activity and temporarily retained 
by the moon’s gravity.  (More Precisely 5-1)

By the time Galileo arrived, some of the volcanoes observed by Voyager 2 had 
subsided, but many new ones were seen—in fact, Galileo found that Io’s surface 
features can change significantly in as little as a few weeks. In all, more than 80 ac-
tive volcanoes have been identified on Io. The largest, known as Loki (located on 
the “back” side of Io in Figure 8.4), is larger than the state of Maryland and emits 
more energy than all of Earth’s volcanoes combined. According to Galileo’s instru-
ments, lava temperatures on Io generally range from 650 to 900 K, although tem-
peratures as high as 2000 K—far hotter than any earthly volcano—have been 
measured at some locations. Mission scientists speculate that these superhot volca-
noes may be similar to those that occurred on Earth more than 3 billion years ago.

Io is far too small to have geological activity similar to that on Earth. It should 
be long dead, like our Moon, its internal heat lost to space billions of years ago. In-
stead, the source of Io’s energy is external—Jupiter’s gravity. Because Io orbits very 
close to Jupiter, the planet’s huge gravitational field produces strong tidal forces on 
the moon, resulting in a large (100 m) tidal bulge.  (Sec. 5.2) If Io were Jupiter’s 
only satellite, it would long ago have come into a state of synchronous rotation 
with the planet. In that case, Io would move in a perfectly circular orbit with one 
face permanently turned toward Jupiter. The tidal bulge would be stationary with 
respect to the moon, and there would be no internal stresses and no volcanism.

But Io is not alone. As it orbits, it is constantly tugged by the gravity of its 
nearest large neighbor, Europa. These tugs are small and not enough to cause any 
great tidal effect in and of themselves, but they are sufficient to make Io’s orbit 
slightly noncircular, preventing the moon from settling into a precisely synchro-
nous state. The moon’s orbital speed varies from place to place as it revolves 
around the planet, but its rate of rotation on its axis remains constant. Thus, it 
cannot keep one face permanently turned toward Jupiter. Instead, Io rocks or 
wobbles slightly from side to side on its axis as it moves. The tidal bulge, however, 
always points directly toward Jupiter, so it moves back and forth across Io’s sur-
face as the moon wobbles. The conflicting forces acting on Io result in enormous 
tidal stresses that continually flex and squeeze its interior.

R I V U X G

PlumeVolcano

Volcanic
plume

Surface

(a)

(b)

 FiguRe 8.4 io 
interactive  Jupiter’s 
innermost moon, Io, 
differs from the other 
three Galilean satellites. 
Its surface is kept smooth 
and brightly colored 
by constant volcanism, 
shown here as dark, 
circular features. The  
two inserts show Io’s 
umbrella-like eruptions  

as Galileo flew past in 1997; both volcanoes are 
about 300 km across, and the plume at the left is 
about 150 km high. (NASA) 

AniMATiOn/VideO

Jupiter icy moons Orbiter mission

AniMATiOn/VideO

lo cutaway

AniMATiOn/VideO

Galileo’s View of europa
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Just as repeated back-and-forth bending of a wire can produce heat 
through friction, this ever-changing distortion continually energizes Io. Re-
searchers estimate that the total amount of heat generated within Io as a result 
of tidal flexing is about 100 million megawatts—five times the total power con-
sumption of all the nations on Earth. The large amount of heat generated 
within Io causes huge jets of gas and molten rock to squirt out of the surface. It 
is likely that much of Io’s interior is soft or molten, with only a relatively thin 
solid crust overlying it.

europa: Liquid Water Locked in ice
Europa (Figure 8.5) is a world very different from Io. Europa has relatively few 
craters on its surface, again suggesting that recent activity has erased the scars of 
ancient meteoric impacts. However, the surface displays a vast network of lines 
crisscrossing bright, clear fields of water ice. Many of these linear bands extend 
halfway around the satellite.

Based on the Voyager images, planetary scientists theorized that Europa is 
covered by an ocean of liquid water whose surface layers are frozen. Later im-
ages from Galileo seem to support this idea. Figure 8.5(b) is a high-resolution 
image of this weird moon, showing ice-filled surface cracks similar to those 
seen in Earth’s polar ice floes. Figure 8.5(c) shows what appear to be ice-
bergs—flat chunks of ice that have been broken apart and reassembled, per-
haps by the action of water below. Mission scientists speculate that Europa’s 
ice may be several kilometers thick and that the ocean below it may be 100 km 
deep. As on Io, the ultimate source of the energy that keeps the ocean liquid 
and also drives the internal motion leading to the cracks in the icy surface is 
Jupiter’s gravity. The heating mechanism is essentially similar to that on Io, 
but the effects are less extreme on Europa because of its greater distance from 
the planet.

Other detailed images of the surface support this hypothesis. Figure 8.5(d) 
shows a region where Europa’s icy crust appears to have been pulled apart and 
new material has filled in the gaps between the separating ice sheets. Elsewhere 
on the surface, Galileo found what appeared to be the icy equivalent of lava flows 
on Earth—regions where water apparently erupted through the surface and 
flowed for many kilometers before solidifying. The scarcity of impact craters on 
Europa implies that the processes responsible for these features did not stop long 
ago. Rather, they must be ongoing.

Further evidence comes from studies of Europa’s magnetic field. Galileo 
found that Europa has a weak magnetic field that constantly changes strength 
and direction. This finding is consistent with the idea that the field is generated 
by the action of Jupiter’s magnetism on a shell of electrically conducting fluid 
about 100 km below Europa’s surface—in other words, the salty liquid water 
layer suggested by the surface observations. These results convinced quite a few 
skeptical scientists of the reality of Europa’s deep ocean.

The likelihood that Europa has an extensive layer of liquid water below its 
surface ice opens up many interesting avenues of speculation about the possi-
ble development of life there. In the rest of the solar system, only Earth has 
liquid water on or near its surface, and most scientists agree that water played 
a key role in the appearance of life here (see Chapter 18). Europa may well con-
tain more liquid water than exists on our entire planet! Of course, the existence 
of water does not necessarily imply the emergence of life. Europa, even with its 
liquid ocean, is still a hostile environment compared to Earth. Nevertheless, the 
possibility, even a remote one, of life on Europa was an important motivating 
factor in the decision to extend the Galileo mission for 6 additional years. 

 (Sec. 7.1).

(a)

(d)

(b) (c)

R I V U X G

 FiguRe 8.5 europa  (a) A Voyager 1 mosaic of Europa. 
(b) Its icy surface is only lightly cratered, indicating that some 
ongoing process must be obliterating impact craters soon 
after they form. (c) This image from the Galileo spacecraft 
shows a smooth yet tangled surface, called Conamara Chaos, 
resembling the huge ice floes that cover Earth’s polar regions. 
(d) This detailed Galileo image shows “pulled apart” terrain 
that suggests liquid water upwelling from the interior and 
freezing, filling in the gaps between separating surface ice 
sheets. (NASA)
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ganymede and callisto: Fraternal Twins
Ganymede (Figure 8.6) is the largest moon in the solar system, exceeding both 
Earth’s Moon and the planet Mercury in size. It has many impact craters on its 
surface, and light and dark patterns reminiscent of features on the Moon. 
Ganymede’s history has many lunar parallels (with water ice replacing lunar rock).

As with the inner planets and Earth’s Moon, we can estimate the ages of 
Ganymede’s surface features by counting craters. The darker regions are the 
oldest parts of Ganymede’s surface. They are the original icy surface, just as the 
ancient highlands on our Moon are its original crust. Ganymede’s surface has 
darkened with age as micrometeorite dust has slowly covered it. The light-colored 
regions are much less heavily cratered, and so must be younger. They are 
Ganymede’s “maria” and probably formed similarly to the maria on the Moon. 

 (Sec. 5.6) Intense meteoritic bombardment caused liquid water—Ganymede’s 
counterpart to the Moon’s molten lava—to upwell from the interior, flooding the 
impacting regions before solidifying. Not all of Ganymede’s surface features 
follow the lunar analogy, however. Ganymede has a system of grooves and ridges 
(Figure 8.6b, c) that may have resulted from tectonic motion, like mountain 
building and faulting at plate boundaries on Earth.  (Sec. 5.5) The process 
stopped about 3 billion years ago when the cooling crust became too thick.

Callisto (Figure 8.7) is in many ways similar in appearance to Ganymede, al-
though Callisto is more heavily cratered and has few fault lines. Callisto’s most 
obvious feature is a huge series of concentric ridges surrounding two large ba-
sins, one clearly visible in Figure 8.7. The ridges resemble the ripples made as a 
stone hits water, but on Callisto they probably resulted from a cataclysmic impact 
with a meteorite. The upthrust ice was partially melted, but it resolidified quickly, 
before the ripples could subside. Today the crust is frigid ice and shows no obvi-
ous signs of geological activity. Apparently, Callisto froze before plate tectonic or 
other activity could start. The density of impact craters indicates that the impact 
basins formed long ago, perhaps 4 billion years in the past.

Ganymede’s internal differentiation indicates that the moon was largely 
molten at some time in the past, yet Callisto is undifferentiated and hence appar-
ently never melted (Figure 8.3).  (Sec. 5.4) Researchers are unsure why two 
such similar bodies evolved so differently. The Galileo orbiter also found that 
Ganymede has a weak magnetic field, about 1 percent that of Earth, suggesting 
that this moon, too, may have liquid or “slushy” water below its surface.  (Sec. 
5.7) Figure 8.6(d) shows an aurora on Ganymede, the result of the moon’s mag-
netic field interacting with its environment, strongly supporting this idea. The 
presence of an extensive saltwater ocean means that Ganymede’s heating and dif-
ferentiation must have happened relatively recently—less than a billion years ago, 
based on estimates of how rapidly the moon’s heat escapes into space. Scientists 
have no clear explanation for how this could have occurred, although some spec-
ulate that interactions among the inner moons may have caused Ganymede’s 
orbit to change significantly about 1 billion years ago and that tidal heating by 
Jupiter melted the moon’s interior.

1000 km
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 FiguRe 8.6 ganymede  (a) and (b) Voyager 2 images of Ganymede. The dark regions 
are the oldest parts of the moon’s surface and may represent its original icy crust. Galileo 
Regio spans some 3200 km. The lighter, younger regions are the result of flooding and 
freezing that occurred within a billion years or so of Ganymede’s formation. (c) Grooved 
terrain on Ganymede may have been caused by a process similar to plate tectonics on Earth. 
(d) This 2015 Hubble ultraviolet image shows an aurora in Ganymede’s magnetosphere, 
here superimposed on a Galileo image of the moon itself. By studying Ganymede’s aurorae, 
scientists can estimate the extent of liquid water in the moon’s interior. (NASA)

AniMATiOn/VideO

Galileo’s View of Ganymede
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8.2  The Large Moons of Saturn  
and neptune

The other two jovian moons, Titan and Triton, are very different worlds. Titan’s 
thick atmosphere continues to evolve even today, while distant Triton, the small-
est of the six “large” moons, may well be a recent acquisition from the Kuiper 
belt. Both pose new riddles and offer unique insights into the formation and evo-
lution of our planetary system.

Titan: A Moon with an Atmosphere
Titan is the largest and most intriguing of Saturn’s moons. From Earth, it is visi-
ble only as a barely resolved orange disk. Long before the Voyager missions, as-
tronomers knew from spectroscopic observations that the moon’s ruddy 
coloration is caused by something quite special—an atmosphere. So anxious 
were mission planners to obtain a closer look, they programmed Voyager 1 to pass 
very close to Titan, even though that meant the spacecraft could not then use Sat-
urn’s gravity to continue on to Uranus and Neptune.

Unfortunately, despite this close encounter, the moon’s surface remained a 
mystery. The spacecraft’s view was completely obscured by a thick, uniform haze 
layer, in some ways similar to the smog found over many cities on Earth, that en-
velops the moon (Figure 8.8). More detailed, close-up information on Titan is one 
of the principal goals of the ongoing Cassini mission.  (Discovery 7-1) The 
spacecraft’s carefully planned trajectory looping among Saturn’s moons has in-
cluded some 130 visits to Titan so far, with another 30 planned by the time the 
Cassini Solstice mission ends in 2017.

(a) (b)
R I V U X G

Valhalla

 FiguRe 8.7 callisto  (a) Callisto 
resembles Ganymede in overall 
composition but is more heavily 
cratered. Extending nearly 1500 
km from the Valhalla basin center, 
its concentric ridges formed when 
“ripples” from a large meteoritic 
impact froze before they could 
disperse completely. (b) This  
higher-resolution Galileo image of 
Callisto’s equatorial region, about 
200 km across, displays more clearly 
its heavy cratering. (NASA)

ConCepT CheCk

What is the source of energy for all the activity 
observed on Jupiter’s Galilean moons?

R I V U X G

 FiguRe 8.8 Titan  Larger than Mercury and roughly half the size of Earth, Titan was 
photographed from only 4000 km away as the Voyager 1 spacecraft passed by in 1980. 
The inset shows a contrast-enhanced true color image of the haze layers in Titan’s upper 
atmosphere, taken by the Cassini spacecraft in 2005. (NASA)
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Figure 8.9 shows how Cassini’s infrared instruments penetrated the moon’s foggy 
atmosphere, revealing details of the surface. The image shows light and dark regions 
near the center of the field of view, thought to be icy plateaus, apparently smeared 
with hydrocarbon tar. Ridges and cracks on the moon’s surface suggest that geologi-
cal activity may be common. The rather blurred boundaries between the light and 
dark regions, the peculiar surface markings in the light-colored region, and the ab-
sence of extensive cratering suggest that some sort of erosion is occurring, perhaps 

as a result of wind or volcanic activity. Radar imaging has revealed few large 
(10–100 km diameter) craters on the moon’s surface, but fewer small craters 

than expected given Titan’s location in Saturn’s congested ring plane (see 
Section 8.4). The inset in Figure 8.9 shows what appears to be an icy vol-
cano, supporting the view that the moon’s surface is geologically active.

Titan’s atmosphere is thicker and denser than Earth’s and is cer-
tainly more substantial than that of any other moon. Radio and infra-
red observations made by Voyager 1 and Cassini show that the 
atmosphere is composed mostly of nitrogen (more than 98 percent), 
with methane and trace amounts of other gases making up the rest. 
The surface temperature is a frigid 94 K, roughly what we would ex-
pect on the basis of Titan’s distance from the Sun. Under these condi-

tions, as on Ganymede and Callisto, water ice plays the role of rock on 
Earth, and liquid water the role of lava. The presence of an atmosphere 

allows us to extend this analogy further—at the temperatures typical of 
the lower atmosphere, methane and ethane behave like water on Earth, 

resulting in methane rain, snow, and fog and ethane rivers and oceans!
On January 14, 2005, the Huygens probe, transported to Saturn by Cassini 

and released 3 weeks earlier, arrived at Titan and parachuted through the thick 
atmosphere to the moon’s surface. Figure 8.10(a) shows an intriguing image ra-
dioed back from Huygens during its descent. It appears to show a network of 
drainage channels leading to a shoreline, but this interpretation is uncertain. 
The probe landed on solid ground, and for the next hour transmitted images and 
instrument readings to Cassini as it passed overhead. The hazy view from the 
surface (Figure 8.10b) reveals an icy landscape. The rocks in the foreground are 
a few centimeters across and show evidence of erosion by liquid of some sort.

 FiguRe 8.9 Titan Revealed  Cassini’s telescopes revealed this infrared, false-color view 
of Titan’s surface in late 2004. The inset shows a circular surface feature thought to be an icy 
volcano. (NASA/ESA)

R I V U X G

(c)

(b)

(a)

Drainage
channels

R I V U X G

 FiguRe 8.10 Titan’s Surface  (a) This 
photograph of the surface, rendered in 
approximately true color, was taken from an 
altitude of about 15 km as the Huygens probe 
descended. (b) This enlargement of a portion 
of part (a) shows a network of dark channels 
reminiscent of streams (at center) or rivers 
draining from the light-shaded uplifted terrain into 
darker, low-lying regions (at bottom). (c) Huygens’s 
view of its landing site, again in approximately 
true color. The foreground icy “rocks” are about 
10 centimeters across. (NASA/ESA)
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Figure 8.11 shows the probable structure of Titan’s atmosphere, based on 
Voyager 1 and Huygens measurements. Despite Titan’s low mass (a little less than 
twice that of Earth’s Moon) and hence low surface gravity (one-seventh of Earth’s), 
the atmospheric pressure at ground level is 60 percent greater than that on Earth. 
Titan’s atmosphere contains about 10 times more gas than Earth’s atmosphere 
and, because of Titan’s weaker gravitational pull, extends 10 times farther into 
space than does our own. The top of the main haze layer lies about 200 km above 
the surface (Figure 8.8 inset), although there are additional layers, seen primarily 
through their absorption of ultraviolet radiation, at 300 km and 400 km.

Below the haze the atmosphere is clear, although rather gloomy because so 
little sunlight gets through. Cassini detected low-lying methane clouds at roughly 
the altitude (20 km) predicted by the theoretical models, but the clouds were less 
common than scientists had expected, with the result that the rain supposedly 
responsible for the channels in Figure 8.10(a) is not as widespread as was previ-
ously thought. Current models suggest that the methane rain may be a seasonal 
phenomenon, falling onto the poles in winter and evaporating again in summer. 
Huygens reached Titan almost at the end of winter at its landing site.

In 2003, radio astronomers using the Arecibo telescope reported the detec-
tion of liquid hydrocarbon lakes on Titan’s surface.  (Sec. 3.4) In 2007, Cassini 
mission specialists confirmed this finding, presenting radar images showing nu-
merous lakes, some many tens of kilometers in length, near Titan’s north polar 
regions (Figure 8.12). As with the Magellan radar images of Venus, the darkest 
regions are extremely smooth, in Titan’s case implying that they are composed of 
liquid; the shapes of the regions also strongly suggest liquid bodies.  (Sec. 6.5)

Subsequently, Cassini confirmed the presence of liquid ethane in the lakes, al-
though their exact composition remains uncertain. Methane is surely present; the 
methane rain feeds the lakes, but it is much more volatile than ethane under the 
conditions found on Titan, so it probably evaporates rapidly, leaving heavier hydro-
carbons behind. Computer models indicate that the lakes are mostly ethane (75 per-
cent), with methane (10 percent) and propane (7 percent) making up much of the 
remainder. No waves have been detected on the lakes, hinting that they may also 
contain heavier tar-like hydrocarbons, increasing their viscosity. The number of 
lakes observed near Titan’s south pole is significantly smaller than the number seen 
in the north, suggesting that the lakes grow during the rainy winter season. Scien-
tists hope that repeated observations on future Cassini passes will reveal changes in 
the size and structure of the lakes as spring on Titan gives way to summer.

Titan’s atmosphere seems to act like a gigantic chemical factory. Powered by 
the energy of sunlight, it is undergoing a complex series of chemical reactions that 
ultimately result in the observed composition. The upper atmosphere is thick with 
smoggy haze, and the surface may be covered with hydrocarbon sediment that has 
settled from the clouds. Spectrometers aboard Cassini have detected organic mole-
cules below the haze layers. Exploration of the lakes and other surface features by 
Cassini and future missions may afford scientists the opportunity to study the kind 
of chemistry thought to have occurred billions of years ago on Earth—the prebiotic 
chemical reactions that eventually led to life on our own planet (see Chapter 18).

Why does Titan have a thick atmosphere when Ganymede and Callisto do 
not? The answer lies largely in Titan’s 94 K surface temperature, which is consid-
erably lower than that of Jupiter’s moons, making it easier for the moon to retain 
an atmosphere. (More Precisely 5-1) Also, gases may have become trapped in the 
surface ice when the moon formed. As Titan’s internal radioactivity warmed it, the 
ice released the trapped gases, forming a thick methane–ammonia atmosphere. 
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FiguRe 8.11 Titan’s Atmosphere  The structure of Titan’s 
atmosphere, as deduced from Voyager 1 observations. The 
blue curve represents temperature at different altitudes.

R I V U X G

 FiguRe 8.12 Titan’s Lakes  Radar aboard Cassini detected many smooth regions 
(colored dark blue in this false-colored radio image) thought to be lakes of liquid methane, 
near Titan’s north pole. This scene spans about 200 km vertically, with the largest features 
much smaller than any of the Great Lakes on Earth. (NASA/ESA)

AniMATiOn/VideO

Huygens Landing on titan
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Sunlight split the ammonia into hydrogen, which escaped into space, and nitro-
gen, which remained in the atmosphere. The methane, which was less easily bro-
ken apart, survived intact. Detailed studies by Cassini scientists of the composition 
of Titan’s atmosphere suggest that the atmosphere is steadily escaping, in large 
part due to the constant buffeting by Saturn’s harsh magnetosphere, and may have 
been much thicker—perhaps 5–10 times denser—in the distant past.

Each pass of Cassini allows scientists to probe the gravity of Titan, and 
repeated passes, coupled with knowledge of the properties of Titan’s likely con-
stituents, have allowed construction of a remarkably detailed model of the moon’s 
interior (Figure 8.13). The model indicates that Titan has a rocky core surrounded 
by a thick mantle of water ice, but intriguingly, also predicts the presence of a 
thick layer of liquid water a few tens of kilometers below the surface. Thus, Titan 
joins Europa, Ganymede, Earth, and (as we will see) Enceladus on the list of solar 
system objects containing large bodies of liquid water, with all that implies for 
the prospects of life developing there.

Triton: captured from the Kuiper Belt?
Neptune’s large moon, Triton, is the smallest of the seven large moons in the solar 
system, with about half the mass of the next smallest, Europa. Lying 4.5 billion 
kilometers from the Sun and possessing an icy surface that reflects much of the 
solar radiation reaching it, Triton has a temperature of just 37 K. Voyager 2 found 
that this moon has an extremely thin nitrogen atmosphere and a solid, frozen 
surface probably composed primarily of water ice.

A Voyager 2 mosaic of Triton’s south polar region is shown in Figure 8.14. The 
moon’s low temperatures produce a layer of nitrogen frost that forms, evaporates, and 
reforms seasonally over the polar caps. The frost is visible as the pinkish region at the 
bottom right of Figure 8.14. Overall, there is a marked lack of cratering on Triton, pre-
sumably indicating that surface activity has obliterated the evidence of most impacts. 
There are many other signs of an active past. Triton’s face is scarred by large fissures 
similar to those seen on Ganymede, and the moon’s odd cantaloupe-like terrain may 
indicate repeated faulting and deformation over the moon’s lifetime. In addition, 
Triton has numerous frozen lakes of water ice, thought to be volcanic in origin.

Triton’s surface activity is not just a thing of the past. As Voyager 2 passed the 
moon, its cameras detected great jets of nitrogen gas erupting several kilometers 

into the sky. These geysers may result when liquid nitrogen 
below Triton’s surface is heated and vaporized by some inter-
nal energy source, or perhaps even by the Sun’s feeble light. 
Scientists conjecture that nitrogen geysers may be very com-
mon on Triton and are perhaps responsible for much of the 
moon’s thin atmosphere.

Triton is unique among the large moons of the solar sys-
tem in that its orbit around Neptune is retrograde. Also, with 
an orbital inclination of about 20°, Triton is the only large 
jovian moon not to orbit in its parent planet’s equatorial plane. 
The event(s) that placed Triton on a tilted, retrograde orbit are 
the subject of considerable speculation. Triton’s peculiar orbit 
and surface features suggest to many astronomers that the 
moon did not form as part of the Neptune system but instead 

Near-surface ice

Surface

High-pressure ice

Silicate core

Liquid water

 FiguRe 8.13 Titan’s interior  Based on measurements 
of Titan’s gravitational field during numerous flybys, Titan’s 
interior seems to be largely a rocky silicate mix. Most 
intriguing is the subsurface layer of liquid water, similar to  
that hypothesized on Jupiter’s Europa and Ganymede.

Frozen
lake

100 km

R I V U X G

 FiguRe 8.14 Triton  The south polar region of Triton, showing  
a variety of terrains ranging from deep ridges and gashes to what 
appear to be frozen water lakes, all indicative of past surface activity. 
The pinkish region at the lower right is nitrogen frost, forming the 
moon’s polar cap. The roughly circular lakelike feature shown in the 
inset may have been caused by the eruption of an ice volcano. (NASA)

M10_CHAI7702_08_SE_C08.indd   234 12/11/15   12:19 PM



 SecTiOn 8.3   the medium-Sized Jovian moons 235

was captured from the Kuiper belt, probably not too long ago. The surface defor-
mations on Triton certainly suggest violent and relatively recent events in the 
moon’s past, but the details remain uncertain. The absence of a “normal” midsize 
moon system around Neptune (see Section 8.3) is also often cited as evidence for 
some catastrophic event in the planet’s history.

Whatever Triton’s past, its future seems clear. Because of its retrograde orbit, 
the tidal bulge that Triton raises on Neptune tends to make the moon spiral to-
ward the planet rather than away from it (as our Moon moves away from Earth). 

 (Sec. 5.2) Calculations indicate that Triton is doomed to be torn apart by Nep-
tune’s tidal gravitational field, probably in no more than about 100 million years.

8.3 The Medium-Sized Jovian Moons
Table 8.2 lists the 12 medium-sized satellites of the solar system, conventionally 
defined as bodies having radii between about 200 and 800 km. The 6 that orbit 
Saturn are shown in Figure 8.15. The remainder (5 orbiting Uranus, 1 orbiting 
Neptune) are shown in Figure 8.16 at the same scale as Figure 8.15. Their densi-
ties suggest that all 12 are composed largely of rock and water ice. All move on 
nearly circular paths and are tidally locked by their parent planet’s gravity, and so 
have permanently “leading” and “trailing” faces.  (Sec. 5.2)

Most of these moons have old, heavily cratered surfaces, with no evidence for 
extensive geological activity. Prior to Cassini’s arrival, scientists thought that the light-
colored wispy terrain on Saturn’s Rhea and Dione (see Figure 8.15) was the result of 
events in the distant past, during which water was released from the moons’ interiors 
and condensed on their surfaces. However, Cassini images reveal that the markings are 

ConCepT CheCk

Why was Voyager 1 unable to photograph the 
surface of titan? Why do we now have a much 
better understanding of the moon’s surface?

AniMATiOn/VideO

Saturn Satellite transit

Enceladus is
 volcanically
  active.

Iapetus

Earth's
Moon

Mimas Enceladus
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R I V U X G

Iapetus shows strong contrast between its 
icy (top) and cratered (bottom) 

hemispheres.

              Rhea and Dione
      have icy cliffs caused
by surface cracking.

 FiguRe 8.15 Saturnian 
Moons Saturn’s six 
medium-sized satellites, 
to scale, as imaged by the 
Cassini spacecraft. All are 
heavily cratered and all are 
shown here in natural color. 
For scale, part of Earth’s 
Moon is shown at left.  
(UC/Lick Observatory; 
NASA)
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in fact bright ice cliffs created 
by tectonic fractures, where 
stresses in the moons’ icy inte-
riors as they cooled and con-
tracted caused the surface 
layers to crack and buckle. 
Dione also has “maria” of 
sorts, where flooding from ice 
volcanism appears to have 
obliterated the older craters. 
Both Tethys in the Saturn sys-
tem and Ariel orbiting Uranus 
have extensive cracks on their 
surfaces, which may also be 
tectonic fractures, or possibly 
the results of violent ancient 
impacts.

The Uranian moons 
Titania, Oberon, and Umbriel 

are heavily cratered and show few signs of geological activity—they are compara-
ble to Rhea in appearance (and probable history), except they lack Rhea’s wispy 
streaks. All the moons of Uranus are darker than those of Saturn, indicating much 
less reflective surfaces. The most likely explanation is radiation darkening, where 
solar radiation and high-energy particles break up surface molecules, leading to 
chemical reactions that slowly form a layer of dark, organic material. However, 
our knowledge of these distant moons is quite limited—our only source of detailed 
information is the 1988 Voyager 2 flyby.  (Discovery 7-1)

Table 8.2 The Medium-Sized Moons of the Solar System

name
Parent 
Planet

distance 
from (km)

Parent Planet 
(planet radii)

Orbit Period 
(earth days)

Radius 
(km)

Mass  
(Moon 5 1)

density  
(kg/m3)

Mimas Saturn 186,000 3.10 0.94 200 0.00051 1100

Enceladus Saturn 238,000 3.97 1.37 250 0.00099 1000

Tethys Saturn 295,000 4.92 1.89 530 0.0085 1000

Dione Saturn 377,000 6.28 2.74 560 0.014 1400

Rhea Saturn 527,000 8.78 4.52 760 0.032 1200

Iapetus Saturn 3,560,000 59.3 79.3 720 0.022 1000

Miranda Uranus 130,000 5.09 1.41 240 0.00090 1200

Ariel Uranus 191,000 7.48 2.52 580 0.018 1700

Umbriel Uranus 266,000 10.4 4.14 590 0.016 1400

Titania Uranus 436,000 17.1 8.71 790 0.048 1700

Oberon Uranus 583,000 22.8 13.5 760 0.041 1600

Proteus Neptune 118,000 4.76 1.12 210 — —

 FiguRe 8.16 Moons of uranus 
and neptune  The five medium-sized 
moons of Uranus and the single 
medium-sized moon of Neptune, 
Proteus, shown at the same scale as 
Figure 8.15. All six moons are heavily 
cratered, and most show no clear 
evidence of any present or past 
geological activity. (NASA) R I V U X G
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Saturn’s moon Iapetus has a distinctly “two-faced” appearance. Its leading 
hemisphere is very dark, while the other is very bright. For years astronomers 
puzzled over how the dark markings could adorn only the leading face, as there 
seemed to be no nearby material for the moon to sweep up as it orbited the 
planet. However, in 2009 the Spitzer Space Telescope discovered a new, huge, dif-
fuse ring more than 6 million kilometers from Saturn.  (Sec. 3.5) Iapetus lies 
at the inner edge of this ring, and the steady accumulation of ring particles over 
billions of years, coupled with the effects of solar heating and radiation darken-
ing, could naturally account for the moon’s asymmetric appearance.

Iapetus’s other prominent surface feature is a giant 20-km-high, 1400-km-
long ridge spanning half of the moon’s circumference. Discovered by Cassini in 
2005, it is clearly visible cutting across the bottom third of the moon in Figure 8.15. 
It is unique in the solar system, and so far defies explanation.

One surprising Cassini finding has been that Saturn’s moon Enceladus 
(Figure 8.17a) has ongoing geological activity. Its surface is bright and shiny—
reflecting virtually 100 percent of the sunlight falling on it-because it is completely 
coated with fine crystals of pure ice, the icy “ash” of water volcanoes. Impact 
craters on the surface have been erased by “lava flows” of liquid water emerging 
from the moon’s interior and freezing on the surface.

Cassini detected icy jets emerging from cracks near Enceladus’s south pole 
(Figure 8.17b) and a transient water vapor atmosphere surrounding the moon. 
The jets steadily replenish the atmosphere as it escapes from the moon’s weak 
gravity to form Saturn’s E ring (see Section 8.4). Models of the jets suggest that an 
extensive liquid ocean lies just below the south polar crust, as indicated in the 
inset to Figure 8.17(a). Interestingly, some of the jets contain organic material, 
fueling speculation about the possibility of life in the moon’s interior.

Why is there so much activity on such a small moon? The best explanation 
seems to be that the internal heating is the result of tidal stresses, much like those 
operating in Io and Europa (Section 8.1). The orbit of Enceladus is slightly noncir-
cular due to the gravity of the other moons, especially Dione. Saturn’s tidal force 
on Enceladus is only one-quarter of the force exerted by Jupiter on Io, but this may 
still be enough to partially liquefy the interior and cause the activity observed.

Why is the jet activity concentrated at the south pole? Scientists speculate 
that upwelling material at an interior warm spot may have caused the entire 
moon to “roll over” to place the low-density warm region on the rotation axis—at 
the pole—in much the same way as a spinning bowling ball will tend to rotate so 
as to place the (low-density) holes on its spin axis.

Most of the midsized moons show heavy cratering, indicating the cluttered 
and violent planetary environment that existed just after the outer planets formed, 
as the remaining planetesimals were accreted by larger bodies or ejected from the 
vicinity of the jovian planets to form the Oort cloud.  (Sec. 4.3) The innermost 
midsize moons, Mimas (Saturn) and Miranda (Uranus), show perhaps the clearest 
evidence of violent meteoritic impacts. The impact that caused the large crater vis-
ible on the image of Mimas in Figure 8.15 must have come very close to shattering 
the moon. Miranda (Figure 8.18) displays a wide range of surface terrains, includ-
ing ridges, valleys, faults, and many other geological features. To explain why Mi-
randa seems to combine so many types of terrain, some researchers have 
hypothesized that it has been catastrophically disrupted several times, with the 
pieces falling back together in a chaotic, jumbled way. However, it will be a long 
time before we can obtain more detailed information to test this theory.

(a)

(b)

 FiguRe 8.17 enceladus  (a) Saturn’s tiny ice-covered moon Enceladus shows evidence 
of youthful terrain in the south where craters are mostly absent. The long blue “tiger stripe” 
streaks (about 1 km wide) are fractures in the ice through which gas escapes to form a thin 
but real atmosphere. (b) Some of the jets emerging from cracks near the south pole. The 
inset to part (a) shows a model of the moon’s interior, featuring an extensive salt-water ocean 
below the south pole. (JPL)

ConCepT CheCk

What surface property of the medium-sized 
moons tells us that the outer solar system was 
once a very violent place?
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8.4 Planetary Rings
All four jovian worlds have planetary ring systems girdling their equators. The 
properties and appearance of each planet’s rings are intimately connected with 
the planet’s small and medium-sized moons, with many of the inner jovian moons 
orbiting close to (or even within) the parent planet’s rings. Saturn’s rings are by 
far the best known and best observed, and we study them here in greatest detail. 
However, the rings of all the jovian planets have much to tell us about the envi-
ronment in the outer solar system.

Saturn’s Spectacular Ring System
Figure 8.19 shows the main features of Saturn’s rings. From Earth, astronomers 
identified three rings, which they simply labeled A, B, and C. The A ring lies far-
thest from the planet and is separated from the inner B and C rings by a dark gap 
called the Cassini Division, named for the 17th century French–Italian astrono-
mer Giovanni Domenico Cassini. A smaller gap, known as the Encke Gap, is 
found in the outer part of the A ring. Its width is 270 km. No finer ring details are 
visible from Earth. Of the three main rings, the B ring is brightest, followed by 
the somewhat fainter A ring, and then by the almost translucent C ring. The ad-
ditional rings listed in Table 8.3 cannot be seen in Figure 8.19.

Because Saturn’s rings lie in the planet’s equatorial plane and the planet’s 
rotation axis is tilted with respect to the ecliptic, the appearance of the rings (as 
seen from Earth) changes seasonally, as shown in Figure 8.20. As Saturn orbits 
the Sun, the angle at which the rings are illuminated varies. When the planet’s 
north or south pole is tipped toward the Sun (which means it is either summer 
or winter on Saturn), the highly reflective rings are at their brightest. In Saturn’s 
spring and fall, the rings are close to being edge-on both to the Sun and to ob-
servers on Earth, so they seem to disappear. One important deduction we can 
make from this simple observation is that the rings are very thin. In fact, we now 
know that their thickness is less than a few hundred meters, even though they 
are more than 200,000 km in diameter.

30 km

R I V U X G

 FiguRe 8.18 Miranda   
The asteroid-sized 
innermost moon of 
Uranus, photographed 
by Voyager 2. Miranda 
has a fractured surface 
suggestive of a violent 
past, but the cause of 
the grooves and cracks is 
unknown. (NASA)

Table 8.3 The Rings of Saturn

inner Radius Outer Radius

Ring (km)
(planet 
radii) (km)

(planet 
radii)

Width 
(km)

D 60,000 1.00 74,000 1.23 14,000

C 74,000 1.23 92,000 1.53 18,000

B 92,000 1.53 117,600 1.96 25,600

A 122,200 2.04 136,800 2.28 14,600

F 140,500 2.34 140,600 2.34 100

E 210,000 3.50 300,000 5.00 90,000

AniMATiOn/VideO
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More than half of all students had difficulty 
describing the properties of Saturn’s rings. Some 
points to remember:

 The disruptive tidal force of a planet on a moon 
increases rapidly as the moon approaches the 
planet.

 The Roche limit is the distance at which the 
planet’s tidal force overcomes the moon’s 
gravity, tearing the moon apart.

 Generally speaking, we expect to find rings and 
small moons inside the Roche limit and larger 
moons outside.

DaTa poinTs
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Saturn’s rings are not solid objects. In 1857 Scottish physicist James Clerk 
Maxwell realized that they must be composed of a great number of small solid 
particles, all independently orbiting Saturn like so many tiny moons. Measure-
ments of the Doppler shift of sunlight reflected from the rings reveal that the 
orbital speeds decrease with increasing distance from the planet in precise ac-
cordance with Kepler’s laws and Newton’s law of gravity.  (Sec. 1.4) The 
highly reflective nature of the rings suggests that the particles are made of ice, 
and infrared observations in the 1970s confirmed that water ice is in fact a 
prime ring constituent. Cassini also detected substantial amounts of “mud”—
small rocky particles and dust—mixed in. Radar observations and later Voyager 
and Cassini studies of scattered sunlight showed that the sizes of the icy ring 
particles range from fractions of a millimeter to tens of meters in diameter, with 
most particles being about the size (and composition) of large, dirty snowballs. 
The rings are thin because collisions between ring particles tend to keep them 
moving in circular orbits in a single plane. Any particle straying from this or-
derly configuration soon runs into other ring particles and is eventually forced 
back into the fold.

The Roche Limit
To understand why rings form, consider the fate of a small moon orbiting close to 
a massive planet such as Saturn (Figure 8.21). As we bring our hypothetical moon 
closer to the planet, the tidal force exerted on it by the planet increases, stretching 
it along the direction to the planet.  (Sec. 5.2) The tidal force increases rapidly 
as the distance to the planet decreases. Eventually, a point is reached where the 
planet’s tidal force becomes greater than the internal forces holding the moon to-
gether, and the moon is torn apart by the planet’s gravity. The pieces of the satel-
lite move on their own individual orbits around that planet, eventually spreading 
all the way around it in the form of a ring.

For any given planet and any given moon, this critical distance inside which 
the moon is destroyed is known as the Roche limit, after the 19th-century French 
mathematician Edouard Roche, who first calculated it. If our hypothetical moon 
is held together by its own gravity, and if its average density is similar to that of 
the parent planet (both reasonably good assumptions for Saturn’s larger moons), 
then the Roche limit is approximately 2.4 times the radius of the planet. For ex-
ample, in the case of Saturn (of radius 60,000 km), the Roche limit lies roughly 
144,000 km from the planet’s center—just outside the outer edge of the A ring. 
The rings of Saturn occupy the region inside Saturn’s Roche limit. These consid-
erations apply equally well to the other jovian worlds. As indicated in Figure 8.22, 
all four ring systems in our solar system are found within (or close to) the Roche 
limit of their parent planet.

Note that the calculation of the Roche limit applies 
only to moons massive enough for their own gravity to be 
the dominant binding force. Space probes and suffi-
ciently small moons can survive within the Roche limit 
because they are held together not by gravity but rather 
by interatomic (electromagnetic) forces, so the above ar-
guments do not apply.

C ring B ring

A ring

Encke gap

Cassini
Division

R I V U X G

 FiguRe 8.19 Saturn’s Rings  Saturn as observed by 
the Cassini spacecraft in 2005. The main ring features are 
marked and are shown here in false color in order to enhance 
contrast. (NASA/ESA)

 FiguRe 8.20 Saturn’s Tilt  (a) Over time Saturn’s rings change 
their appearance to terrestrial observers as the tilted ring plane 
orbits the Sun. The roughly true-color images (inset) span a 
period of several years from 2003 (bottom) to nearly the present 
(top) and show how the rings change from our perspective on 
Earth, from almost edge-on to more nearly face-on. (NASA)
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Fine Structure in Saturn’s Rings
In 1979 the Voyager probes found that Saturn’s main rings 
are actually composed of tens of thousands of narrow ring-
lets. A Cassini view of this fine ring structure is shown in 
Figure 8.23. This intricate structure is not fixed, but instead 
varies both with time and with location in the rings. The 
ringlets form when the self-gravity of the ring particles, pos-
sibly in combination with the effects of Saturn’s inner 
moons, creates waves of matter—regions of high and low 
density—that move in the plane of the rings like ripples on 
the surface of a pond. Ring particles bunch up in some 
places and move apart in others, creating the ringlets we see.

The narrower gaps in the rings—about 20 in all—are the 
result of small moonlets embedded in them. Because these 
moonlets are much larger (perhaps 10 or 20 km across) than 
the largest ring particles, they sweep up ring material as they 
go. Prior to Cassini’s arrival, only one of these moonlets had 
been found, despite many careful searches of the Voyager 
images. Cassini has now identified numerous small moonlets 
(a few kilometers across) in the gaps between the main rings. 

The largest gap—the Cassini Division—has a different 
origin. It owes its existence to the gravitational influence of 
Saturn’s innermost medium-sized moon, Mimas. Over 
time, particles orbiting within the Division have been de-
flected by Mimas’s gravity into eccentric orbits that cause 

them to collide with other ring particles, effectively moving them into new orbits 
at different radii. The net result is that the number of ring particles in the Cassini 
Division is greatly reduced.

Outside the A ring lies perhaps the strangest ring of all: the faint, narrow F 
ring (Figure 8.24). It was discovered by Pioneer 11 in 1979, but its full complexity 

Moons near the Roche
limit can get seriously
distorted by tidal action,
and those inside the
limit can be completely
destroyed.

Satellite

Roche limit

 FiguRe 8.21 Roche Limit  The tidal field of a planet first distorts 
(top) and then destroys (bottom) a moon that strays too close.
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 FiguRe 8.22 Jovian Ring Systems  All of the 
distances to the rings of Jupiter, Saturn, Uranus, and 
Neptune are expressed in planetary radii. The red line 
represents the Roche limit, and all the rings lie within 
(or very close to) this limit of the parent planet.
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 FiguRe 8.24 Shepherd Moon  Saturn’s narrow F ring appears to contain kinks  
and braids, making it unlike any of Saturn’s other rings. Its thinness is caused by two  
shepherd satellites that orbit the ring, one a few hundred kilometers inside the ring  
and the other a similar distance outside it. One of the potato-shaped shepherding  
satellites, called Pandora and roughly 100 km across, can be seen at right. (NASA)

became evident only when the Voyager spacecraft took a closer look. Its oddest 
feature is that it looks as though it is made up of several strands braided together. 
The ring’s complex structure, as well as its thinness, arises from the influence of 
two small moons, known as shepherd satellites, that orbit about 1000 km on ei-
ther side of it. Their gravitational effect gently guides any particle straying too far 
out of the F ring back into it. Cassini has discovered several more braided rings 
within the main ring system. The braids are the result of waves created in the 
rings by the moons. However, the details of how the braids are produced, and why 
the shepherd moons are there at all, remain subjects of active research.

Voyager 2 also found a faint series of rings, now known collectively as the  
D ring, inside the inner edge of the C ring, stretching down almost to Saturn’s 
cloud tops. The D ring contains relatively few particles and is so dark that it is 
completely invisible from Earth. The faint E ring, also a Voyager 2 discovery, lies 
well outside the main ring structure. It is thought to be the result of volcanism on 
the moon Enceladus, discussed earlier. Figure 8.25 is a Cassini image showing the 
rings from a perspective never before seen—behind the planet looking back to-
ward the eclipsed Sun. Just as diffuse airborne dust is most easily seen against the 
light streaming in through a sunlit window, the planet’s faint rings show up clearly 
in this remarkable back-lit view. In addition, this image reveals several more faint 
rings, some of them also associated with the orbits of various small moons.

The Rings of Jupiter, uranus, and neptune
One of the many remarkable findings of the 1979 Voyager missions was the dis-
covery of a faint ring of matter encircling Jupiter in the plane of the planet’s equa-
tor (Figure 8.26). This ring lies roughly 50,000 km above the top cloud layer, 
inside the orbit of the innermost moon and is probably composed of dark frag-
ments of rock and dust chipped off the inner moons by meteorites. The outer 
edge of the ring is quite sharply defined, although a thin sheet of material may 
extend all the way down to Jupiter’s cloud tops. In the direction perpendicular to 
the equatorial plane, the ring is only a few tens of kilometers thick.

The ring system surrounding Uranus was discovered in 1977, when astrono-
mers observed the planet passing in front of a bright star, momentarily dimming 
the star’s light. Such a stellar occultation happens a few times per decade and 
allows astronomers to measure planetary structures that are too small and 
faint to be detected directly. The ground-based observations revealed 9 thin 
rings encircling Uranus. Two more were discovered by Voyager 2. The loca-
tions of all 11 rings are indicated in Figure 8.22.

R I V U X G

B ring A ring

Cassini Division

 FiguRe 8.23 Saturn’s Rings, up close interactive  Cassini took this true-color mosaic 
of Saturn’s dazzling ring structure just before flying through the tenuous outer rings. Earth is 
superposed, to scale, for a size comparison. (NASA/ESA)
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F ring

Pandora

  Similar to the way the
combined efforts of shepherd 

and sheepdogs contain sheep 
within a somewhat wavy line, 

shepherd moons confine loose 
material within the braided 

strands of Saturn’s rings.
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The nine rings known from Earth-based observation are shown in Figure 8.27, 
a Voyager 2 image that makes it readily apparent that Uranus’s rings are quite differ-
ent from those of Saturn. While Saturn’s rings are bright and wide, with relatively 
narrow, dark gaps between them, those of Uranus are dark, narrow, and widely 
spaced. However, like Saturn’s rings, the rings of Uranus are all less than a few tens 
of meters thick (measured in the direction perpendicular to the ring plane). Like the 
F ring of Saturn, Uranus’s narrow rings require shepherd satellites to keep them in 
place. During its 1986 flyby, Voyager 2 detected the shepherds of the Epsilon ring 
(Figure 8.28). Many other, undetected shepherd satellites must also exist.

As shown in Figure 8.29, Neptune is surrounded by four dark rings. Three are 
quite narrow, like the rings of Uranus, and one is quite broad and diffuse, more 
like Jupiter’s ring. The outermost ring is noticeably clumped in places. From Earth 
we see not a complete ring, but only partial arcs; the unseen parts of the ring are 
simply too thin (unclumped) to be detected. The connection between the rings 
and the planet’s small inner satellites has not yet been firmly established, although 
many astronomers now think the clumping is caused by shepherd satellites.

The Formation of Planetary Rings
The dynamic behavior—waves, collisions, and interactions with moons—observed 
in the rings of Saturn and the other jovian planets suggests to many researchers 
that the rings are quite young—perhaps no more than 50 million years old, just 1 
percent of the age of the solar system. If the rings are indeed so young, then either 
they are replenished from time to time, perhaps by fragments of moons chipped 
off by meteoritic impact, or they are the result of a relatively recent possibly cata-
strophic event in the planet’s system—a moon torn apart by tidal forces, or de-
stroyed in an impact with a large comet or even with another moon.

Astronomers estimate that the total mass of Saturn’s rings is enough to make a 
satellite about 250 km in diameter. If such a satellite strayed inside Saturn’s Roche 
limit or was destroyed (perhaps by a collision) near that radius, a ring system could 
have resulted. While we do not know if Saturn’s rings originated in this way, this is 
the likely fate of Neptune’s large moon Triton. As mentioned earlier (in Section 8.2), 
Triton will be torn apart by Neptune’s tidal gravitational field within 100 million years 
or so. By that time it is quite possible that Saturn’s ring system will have disappeared, 
and Neptune will then be the planet in the solar system with spectacular rings!

Enceladus

F G
E

R I V U X G

 FiguRe 8.25 Back-Lit Rings Cassini 
took this spectacular image of Saturn’s 
rings as it passed through Saturn’s 
shadow. The normally hard to see F, G, 
and E outer rings are clearly visible in this 
contrast-enhanced image. The inset shows 
the moon Enceladus orbiting within the E 
ring; its eruptions give rise to the ring’s icy 
particles. (NASA)
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 FiguRe 8.26 Jupiter’s Ring  Jupiter’s faint ring, as 
photographed nearly edge-on by Voyager 2. Made of dark 
fragments of rock and dust possibly chipped off the innermost 
moons by meteorites, the ring was unknown before the two 
Voyager spacecraft arrived at the planet. (NASA)
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 FiguRe 8.27 uranus’s Rings  The main rings of Uranus, as imaged by Voyager 2. All 
nine of the rings known before the spacecraft’s arrival can be seen in this photo. The inset at 
top shows a closeup of the Epsilon ring, revealing some internal structure. (NASA)
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8.5 Beyond neptune
The inventory of known Kuiper belt objects has expanded greatly since the early 
1990s. Ground-based telescopes have led the way in the painstaking effort to capture 
the meager amounts of sunlight reflected from these dark inhabitants of the outer 
solar system. However, one Kuiper belt resident has been known for decades—Pluto.

The discovery of Pluto
In Chapter 7, we saw how irregularities in Uranus’s orbit led to the discovery of 
Neptune in the mid-19th century.  (Sec. 7.2) By the end of that century, obser-
vations of the orbits of Uranus and Neptune suggested that Neptune’s influence was 
not sufficient to account for all of the observed irregularities in Uranus’s motion. 
Furthermore, it seemed that Neptune itself was affected by some other unknown 
body. Astronomers hoped to pinpoint the location of this new planet using tech-
niques similar to those that had guided them to the discovery of Neptune.

One of the most ardent planet hunters was Percival Lowell, one of the best-
known astronomers of his day.  (Discovery 6-1) Basing his investigation pri-
marily on the motion of Uranus (Neptune’s orbit was still quite poorly known at 
the time), Lowell calculated where the supposed ninth planet should be. He 
searched for it, without success, until his death in 1916. In 1930 the American as-
tronomer Clyde Tombaugh, working with improved equipment and photographic 
techniques at the Lowell Observatory, finally succeeded in finding Lowell’s ninth 
planet just 6° away from Lowell’s predicted position. The new object was named 
Pluto for the Roman god of the dead, who reigns over eternal darkness (and also 
because its first two letters and its astronomical symbol 

Б
 are Lowell’s initials).

On the face of it, the discovery of Pluto looks like another spectacular success 
for Newtonian mechanics. However, the supposed irregularities in the motions of 
Uranus and Neptune did not in fact exist, and the mass of Pluto, not measured 
accurately until the 1980s, is far too small to have caused them anyway. The dis-
covery of Pluto owed much more to simple luck than to complex mathematics!

The Pluto–charon System
At nearly 40 AU from the Sun, Pluto is hard to distinguish from background stars. 
It is never visible to the naked eye. In 1978 astronomers at the U.S. Naval Observa-
tory discovered that Pluto has a satellite. It is now named Charon, after the mythi-
cal boatman who ferried the dead across the river Styx into Hades, Pluto’s domain. 
Figure 8.30 is a 2012 Hubble view that clearly resolves Pluto and Charon and shows 
four additional small satellites orbiting the Pluto–Charon system. The two largest 
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 FiguRe 8.28 More Shepherd 
Moons  These two small moons, 
now named Cordelia and Ophelia, 
were discovered by Voyager 2 in 1986. 
They shepherd Uranus’s Epsilon ring, 
keeping it from diffusing away. (NASA)
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 FiguRe 8.29 neptune’s Faint Rings  In this 
long-exposure image, Neptune (center) is heavily 
overexposed and has been artificially obscured (by an 
instrument) to make the rings easier to see. One of the two 
fainter rings lies between the inner bright ring and the planet. 
The others lie between the two bright rings. (NASA)
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 FiguRe 8.30 Pluto charon System  Pluto, Charon, and 
four smaller moons can be seen in this 2012 Hubble Space 
Telescope image. The vertical black stripe in the middle of the 
frame is there because Pluto and Charon were imaged with 
a much shorter exposure than the other much fainter moons. 
The orbits of the outer moons are marked. (NASA)

ConCepT CheCk

What is the roche limit, and what is its relevance 
to planetary rights?
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are called Nix (for the goddess of darkness and mother of Charon) and Hydra (a 
mythical nine headed monster). They orbit Pluto at roughly twice the distance of 
Charon. Despite their overexposed appearance in Figure 8.30, both are very small—
roughly 50 km in diameter. The other two moons, Kerberos and Styx, are even 
smaller (10 km); they were spotted in 2011 and 2012, respectively.

By pure chance, Charon’s orbit between 1985 and 1991 produced a series of 
eclipses as Pluto and Charon repeatedly passed in front of one another, as seen 
from Earth, allowing astronomers to calculate the masses and radii of both bod-
ies to great accuracy. Pluto weighs in at just 0.0022 Earth masses—about 0.17 
times the mass of Earth’s Moon. Its radius is 1190 km, about one-fifth that of 
Earth. The mass of Charon is about 0.12 that of Pluto; Charon is about 600 km 
in radius and orbits 19,600 km from Pluto. By studying sunlight reflected from 
their surfaces, astronomers also found that Pluto and Charon are tidally locked 
as they orbit each other. Their orbital period, and the rotation period of each, is 
6.4 days. The Pluto-Charon orbit and the spin axes of both objects are inclined at 
an angle of 118° to the plane of the ecliptic (Figure 8.31).

The masses and radii of Pluto and Charon imply average densities of 1900  
kg/m3—just what we would expect for bodies of that size made up mostly of water 
ice, like several of the large moons of the outer planets. In fact, Pluto is very similar 
in both mass and radius to Neptune’s large moon, Triton—which, as we have just 
seen, is thought to be a captured Kuiper belt object.

Pluto and charon, up close
For decades following Pluto’s discovery, every new fact about this remote world was 
gleaned from painstaking observations from Earth or Earth-orbiting instruments. 
This situation changed radically in July 2015 when NASA’s New Horizons mission 
flew by Pluto and Charon after a 7-year journey from Earth. New Horizons spent 
just a few hours in the Pluto-Charon system, and is now speeding toward a 2019 
rendezvous with its next target (a Kuiper belt object called 2014 MU69, a billion 
kilometers farther away), but those few hours provided a wealth of information.

Figure 8.32 is a color-enhanced view of Pluto from New Horizons, taken from 
a distance of about 14,000 km. It reveals unexpectedly complex surface features, 
including icy mountains and frozen plains. Figure 8.33 shows the spacecraft’s 

view of Charon. Both Pluto and Charon 
are remarkably free of impact craters, 
suggesting relatively young surfaces—as 
little as 100 million years old—that have 
been shaped by recent geologic activity. 
Some of the canyons on Charon’s surface 
are up to 8 km deep. Scientists don’t yet 
understand what processes can power 
enough activity on these small, icy worlds 
to obliterate impact craters and produce 
the observed mountain ranges and other 
surface features.

As on Triton, water ice on Pluto plays 
the structural role of rock on Earth while 
nitrogen behaves somewhat like water  
on our planet. The central plain in Figure 
8.32 (unofficially named Sputnik 
Planum) is covered with ices of nitrogen, 
methane, and carbon monoxide, which 
apparently collect on Pluto’s higher 
elevations (white areas at right) and then 
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 FiguRe 8.31 Pluto–charon Orbit  Charon’s path around 
Pluto is circular, synchronous, and inclined at 118° to the  
orbit plane of the Pluto–Charon system about the Sun. The 
Pluto–Charon orbit plane is itself inclined at 17.2° to the plane 
of the ecliptic.

1000 km

 FiguRe 8.32 Pluto, in detail  This enhanced-color 
New Horizons image of Pluto shows a remarkable variety 
of terrains on this small world, ranging from smooth plains 
to towering water-ice mountains.  The cream-colored basin 
at center contains ices of nitrogen and methane, while the 
bright white upland region at right may be coated in nitrogen 
snow. The inset shows “snakeskin terrain” — oddly textured 
mountains highlighted by the low angle of the Sun. (NASA/
New Horizons)
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flow as glaciers into lower-lying regions. New Horizons also detected nitrogen 
fog in Pluto’s valleys and, as shown in the backlit view shown in Figure 8.34, 
multiple layers of nitrogen haze in the dwarf planet’s thin but surprisingly 
extended atmosphere.

The New Horizons data are being slowly downloaded to Earth as the spacecraft 
continues on its mission. The last Pluto data won’t arrive until late 2016, and we can 
be sure that they will keep scientists on their toes long after the last bit is received.

Plutoids and the Kuiper Belt
Most Kuiper belt objects are not nearly as well observed as Pluto, which happens to 
be the largest known member of the class and orbits near the inner edge of the belt, 
making it appear relatively bright as seen from Earth. Objects beyond Neptune—
even the large ones—are very faint. Nevertheless, as observational techniques have 
improved, the number of objects detected beyond Neptune has risen rapidly, and 
astronomers have pieced together a better understanding of their sizes and orbits. 
For example, we now know that about 25 percent of all Kuiper belt objects have 
exactly the same orbital period as Pluto. This is not a coincidence, of course—it is 
caused by gravitational interactions between these bodies and the planet Neptune, 
which maintains all their orbital periods at precisely 1.5 times that of Neptune.

Almost 2000 “trans-Neptunian” objects are currently known. Most orbit in the 
Kuiper belt, conventionally defined to lie between 40 and 50 AU from the Sun. 
Because they are so small and distant, researchers reason that only a tiny fraction 
of the total has so far been observed. The total number of Kuiper belt objects 
larger than 100 km across is estimated at more than 100,000. If so, the combined 
mass of all the debris beyond Neptune could be hundreds of times larger than the 
mass of the inner asteroid belt (although still less than the mass of Earth).

As the details were filled in and the number of known objects increased, it be-
came increasingly clear to astronomers that Pluto was not distinctly different from 
the other small bodies in the outer solar system, as had once been supposed. The 
Kuiper belt object Quaoar (pronounced “Kwah-o-ar,” and named for a native Ameri-
can creation god), discovered in 2002, is roughly 1200 km across—larger than the 
largest asteroid, Ceres, and more than half the size of Pluto. The Kuiper belt objects 

ConCepT CheCk

What do Pluto and triton have in common?

1Technically, because its eccentric orbit extends well beyond the Kuiper belt, Eris is not classified as a Kui-
per belt object. However, like the members of the Kuiper belt, it most likely formed as an icy planetesimal in 
the outer solar system and was subsequently kicked out by Neptune, so in terms of composition and history, 
it probably differs little from “true” Kuiper belt objects.   (Sec. 4.3)

 FiguRe 8.33 charon, 
in detail  Pluto’s large 
moon Charon also displays 
a surprisingly complex 
geological history, 
including smooth plains, 
surface fracturing, tall 
mountains, and heavy 
cratering. (NASA/New 
Horizons).

500 km

 FiguRe 8.34 Pluto’s Atmosphere  As New Horizons 
sped away from Pluto, it captured this backlit image of the 
dwarf planet, showing a 40-km deep nitrogen atmosphere 
containing more than a dozen layers of haze. (NASA/New 
Horizons)
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Haumea, discovered in 2003, and Makemake, in 2005, are larger still—both some 
1500–2000 km across. (Both names are drawn from Hawaiian mythology.) But the 
final blow came with the discovery in 2005 of the (non-Kuiper belt)1 object Eris (ap-
propriately named for the Greek goddess of discord, and shown in Figure 8.35), 
whose diameter, measured in 2006 by HST, is 2330 km—virtually identical to Pluto.

Figure 8.36 shows the sizes of some of the largest bodies orbiting beyond 
Neptune. It also includes yet another intriguing object called Sedna, discovered in 
2003 and thought to have a diameter of about 1500 km. It is the farthest known 
object in the solar system. Its highly elliptical orbit takes it out to almost 1000 AU 
from the Sun—almost to the (theoretical) inner edge of the Oort cloud. There may 
well be more Pluto-sized (or larger) objects still out there waiting to be discov-
ered—the possibility has not been conclusively ruled out.

Even before the discovery of Eris, many astronomers had al-
ready concluded that Pluto was simply a large Kuiper belt object, 
playing much the same role in the Kuiper belt as Ceres does 
among the asteroids. Once it became clear that Eris was larger 
than Pluto, pressure mounted to find a classification that reflected 
astronomers’ new understanding of the outer solar system. As 
mentioned in Chapter 4, the result was the invention of a new cat-
egory of solar system object—dwarf planet—containing Pluto, Eris, 
Ceres, and now also Haumea and Makemake.  (Sec. 4.1)

Some astronomers are unhappy at Pluto’s demotion from 
the solar system “A list.” They argue (probably correctly) that 
the new dwarf planet category was concocted largely to exclude 
Pluto and Eris from planetary status. Others applaud the redefi-
nition as long-overdue recognition of Pluto’s true identity. The 
arguments over terminology are not over, but it seems unlikely 
that future changes will restore Pluto to its former status. Few 
astronomers doubt that if Pluto were discovered today, its clas-
sification as a member (the biggest yet, the headlines would 
say!) of the Kuiper belt would be assured. As if for consolation, 

in 2008 the International Astronomical Union decided that the icy dwarf planets 
beyond Neptune would collectively be known as plutoids.
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 FiguRe 8.35 Kuiper Belt Object  (a) The trans-Neptunian object Eris and its small moon Dysnomia 
(named after the Greek goddess of discord and her daughter of chaos and lawlessness) were imaged 
in the infrared at the Keck Observatory in Hawaii. (b) An artist’s conception of the Eris system, with 
Dysnomia at the top and the distant Sun at right. (Keck)
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 FiguRe 8.36  
Trans-neptunian 
Objects   
Some large 
trans-Neptunian 
objects, including 
Pluto and the 
largest known, 
called Eris, with 
part of Earth and 
the Moon added 
for scale. Most 
diameters are 
approximate, as 
they are estimated 
from each object’s  
observed 
brightness.  
(NASA; Caltech)
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proCess of sCienCe CheCk

Why is Pluto no larger regarded as a major 
planet?

The Big QueSTiOn

In studies of exoplanetary systems, attention often focuses on the planetary 
habitable zone surrounding the parent star, where temperatures are suitable 
for liquid water to exit. But in our own solar system there are many examples 
of jovian planetary moons, far outside the usual habitable zone, where 
subsurface liquid water has apparently been found. If extrasolar life exists, 
might these unearthly environments be the ones more likely to host it?

LO1 Six large moons in the outer solar system 
are comparable to or larger than Earth’s 
Moon in size and mass. The four Galilean 
moons of Jupiter have densities that 
decrease with increasing distance from the 
planet. Io has active volcanoes powered by 
the constant flexing of the moon by Jupiter’s tidal forces. 
Europa’s cracked, icy surface may well conceal an ocean of 
liquid water. Ganymede and Callisto have heavily cratered 
surfaces. Ganymede’s magnetic field implies relatively recent 
geological activity, but Callisto shows none.

LO2 Saturn’s large moon Titan has a thick 
atmosphere that obscures the moon’s surface 
and may be the site of complex cloud and 
surface chemistry. The moon’s surface is so cold 
that water behaves like rock and liquid methane 
and ethane flow like water. Sensors aboard Cassini have 
mapped the moon’s surface, revealing evidence for ongoing 
erosion and volcanic activity. The Huygens probe landed on 
the icy surface and photographed what may be channels 
carved by flowing methane.

SuMMARy

Ch a p ter  r e v ie w
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Pluto’s reclassification illustrates the way in which science evolves. Our con-
ception of the cosmos has undergone many changes—some radical, others more 
gradual—since the time of Copernicus.  (Sec. 1.2) As our understanding grows, 
our terminology and classifications change. The situation with Pluto has a close 
parallel in the discovery of the first asteroids in the early 19th century. They, too, 
were initially classified as planets; indeed, in the 1840s, leading astronomy texts 
listed no fewer than 11 planets in our solar system, including as numbers 5 through 
8 the asteroids Vesta, Juno, Ceres, and Pallas. Within a couple of decades, however, 
the discovery of several dozen more asteroids had made it clear that these small 
bodies represented a new class of solar system objects, separate from the planets, 
and the number of planets fell to eight (including the newly discovered Neptune).

Much of the observational work on the Kuiper belt began as a search for a 
tenth planet. It is ironic that the end result of these efforts has been a reduction in 
the number of “true” (that is, major) solar system planets back to eight.

LO3 Neptune’s moon Triton has a fractured 
surface of water ice and a thin atmosphere 
of nitrogen, probably produced by nitrogen 
“geysers” on its surface. Triton is the only 
large moon in the solar system to have a 
retrograde orbit around its parent planet. 
This orbit is unstable and will eventually 
cause Triton to be torn apart by Neptune’s gravity.

LO4 The medium-sized moons of Saturn and 
Uranus are made up predominantly of 
rock and water ice. Many are heavily 
cratered, and some must have come close 
to being destroyed by the impacts whose 
craters we now see. Some show evidence of recent geological 
activity; in most cases the cause of the activity is not known.

LO5 From Earth, the main visible features of Saturn’s rings are 
the A, B, and C rings, the Cassini Division, 
and the Encke Gap (p. 238). The Cassini 
Division is a dark region between the A and 
B rings. The Encke Gap lies near the outer 
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edge of the A ring. The rings are made up of trillions of 
individual particles, ranging in size from dust grains to 
boulders. Their total mass is comparable to that of a small 
moon. Interactions between the ring particles and the planet’s 
inner moons are responsible for tens of thousands of narrow 
ringlets (p. 240). The tenuous E ring (p. 241) is associated 
with volcanism on the moon Enceladus. Saturn’s narrow F 
ring (p. 240) lies just outside the A ring. Its kinked, braided 
structure is due to two small shepherd satellites (p. 241) 
that orbit close to it and prevent it from breaking up.

LO6 The Roche limit (p. 239) of a planet is 
the distance within which the planet’s 
tidal field overwhelms the internal gravity 
of an orbiting moon, tearing the moon 
apart and forming a ring. All the rings of 
the four jovian planets lie inside (or close 
to) their parent planets’ Roche limits.

LO7 Jupiter has a faint, dark ring extending down to the planet’s 
cloud tops. Uranus has a series of dark, narrow rings first 

detected from Earth by stellar occultation 
(p. 241), which occurs when a body passing 
between Earth and a distant star obscures 
the light from that star. Shepherd satellites 
keep Uranus’s rings from breaking apart. Neptune has three 
narrow rings like Uranus’s and one broad ring, like Jupiter’s.

LO8 Pluto was discovered in 1930 after a laborious search for a 
planet that was supposedly affecting Uranus’s orbital motion. 
We now know that Pluto is far too small to have had any 
detectable influence on Uranus’s path. Pluto has a large moon, 
Charon, and two smaller moons. Studies of Charon’s orbit 
around Pluto have allowed the masses and radii of both 
bodies to be accurately determined. 
Several bodies beyond Neptune’s 
orbit have masses comparable to or 
greater than that of Pluto; Eris is the 
most massive. Eris, Pluto, and two 
other Kuiper belt objects are 
examples of plutoids (p. 246).

Moons near the Roche
limit can get seriously
distorted by tidal action,
and those inside the
limit can be completely
destroyed.

Satellite

Roche limit

a b h g d e

4

5

6

1000 km

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

ReVieW And diScuSSiOn
 1. LO1 How do the density and composition of the Galilean 

moons vary with increasing distance from Jupiter?

 2. What is unusual about Jupiter’s moon Io?

 3. POS Why is there speculation that the Galilean moon Europa 
might be an abode for life?

 4. POS Why do scientists think that Ganymede’s interior may 
have been heated as recently as a billion years ago?

 5. LO2 What properties of Saturn’s largest moon, Titan, make it 
of particular interest to astronomers?

 6. LO3 What is the predicted fate of Triton?

 7. LO4 What is the evidence for geological activity on Saturn’s 
midsized moons?

 8. LO5 Seen from Earth, Saturn’s rings sometimes appear broad 
and bright but at other times seem to disappear. Why?

 9. LO6 POS Why do many astronomers think Saturn’s rings 
formed quite recently?

 10. What effect does Mimas have on the rings of Saturn?

 11. Describe the behavior of shepherd satellites.

 12. LO7 How do the rings of Neptune differ from those of Uranus 
and Saturn?

 13. LO8 POS Why don’t astronomers regard Pluto as a major planet?

 14. In what respect is Pluto more like a moon than a planet?

 15. How was the mass of Pluto determined?

cOncePTuAL SeLF-TeST: TRue OR FALSe?/MuLTiPLe chOice
 1. Scientists speculate that Europa may have liquid water below 

its frozen surface. (T/F)

 2. Saturn’s ring particles are made up mainly of water ice. (T/F)

 3. Saturn’s rings lie within the planet’s Roche limit. (T/F)

 4. Two small shepherd satellites are responsible for the unusually 
complex form of Saturn’s F ring. (T/F)

 5. Titan’s surface is obscured by thick clouds of ammonia ice. 
(T/F)

 6. Uranus has no large moons. (T/F)

 7. Triton’s orbit is unusual because it is retrograde. (T/F)

 8. Pluto was discovered via its gravitational effect on Neptune. (T/F)

 9. Io’s surface appears very smooth because it (a) is continually 
resurfaced by volcanic activity; (b) is covered with ice; (c) has 
been shielded by Jupiter from meteorite impacts; (d) is 
liquid.

248 chAPTeR 8   moons, rings, and Plutoids 
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PROBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  What is the orbital speed, in kilometers per second, of ring 
particles at the inner edge of Saturn’s B ring? Compare the par-
ticles speed with that of a satellite in low Earth orbit (500 km 
altitude, say). Why are these speeds so different?

 2.  Io orbits Jupiter at a distance of six planetary radii from the 
planet’s center once every 42 hours. If Jupiter completes one 
rotation every 10 hours, use Kepler’s third law to calculate how 
far from the center a satellite must orbit in order to appear sta-
tionary above the planet.  (Sec. 1.3)

 3.  Calculate the difference between the acceleration due to 
Jupiter’s gravity at Io’s center and the acceleration on Io’s sur-
face at the point closest to the planet. This is the tidal accelera-
tion exerted by Jupiter on the moon.  (Sec. 5.2) Compare 
this with Io’s surface gravity. Repeat the comparison for Earth 
and Earth’s Moon.

 4.  Show that Titan’s surface gravity is about one-seventh that of 
Earth’s. What is Titan’s escape speed?  (More Precisely 5-1)

 5.  Compare the apparent sizes of the Galilean moons, as seen 
from Jupiter’s cloud tops, with the angular diameter of the Sun 
at Jupiter’s distance. Would you expect ever to see a total solar 
eclipse from Jupiter’s cloud tops?  (More Precisely 4-1)

 6.  Assuming a spherical shape and a uniform density of 2000 
kg/m3, calculate how small an icy moon of one of the outer 
planets would have to be before a 40 m/s (about 90 mph) fast-
ball could escape.

 7.  The total mass of material in Saturn’s rings is about 105 tons 
(108 kg). Suppose the average ring particle is 6 cm in radius 
(the size of a large snowball) and has a density of 1000 kg/m3. 
How many ring particles are there?

 8.  How close is Charon to Pluto’s Roche limit?

 9.  What would be your weight on Pluto? On Charon?

 10.  What is the round-trip travel time of light from Earth to 
Pluto (at a distance of 40 AU)? How far would a spacecraft 
moving in a circular orbit 500 km above Pluto’s surface travel 
during that time? To how many orbits does this correspond?

AcTiViTieS
collaborative
 1. Observe the orbits of the Galilean moons of Jupiter. You’ll 

need a telescope and a tripod or other mount to keep the 
image steady. Center the planet in the field of view. You should 
be able to see its red-and-tan cloud bands, as well as three or 
four points of light along a line from Jupiter’s center. These are 
the Galilean moons. Carefully sketch what you see, or if you 
can attach a camera, make an image of the field of view. In 
your sketch, show Jupiter, the nearby moons, any bright back-
ground stars, and the full field of view of the telescope. Keep 
track of the time at which the observation was made. Repeat 
this procedure roughly every hour over the next 3–4 nights—
work in shifts so no one has to lose too much sleep! The inner 
two moons will complete at least one orbit during this time. 
Your sketches should allow you to visualize the orbits of the 
moons. Estimate their orbital periods and radii relative to Ju-
piter’s radius and compare your results with the numbers in 
Table 8.1.

individual
 1. Use binoculars to look at Jupiter. Can you see any of the four 

large moons? If you come back the following evening, the 
moons’ positions will have changed. Have some changed more 
than others?

 2. Through a telescope, you should have a much better view of 
Jupiter’s moons. Before observing, look up the positions of the 
Galilean moons in a current magazine such as Astronomy or Sky 
& Telescope. Identify each of the moons. Watch Io over a period 
of an hour. Can you see its motion? Do the same for Europa.

 3. Use a telescope to look at Saturn’s rings. Can you see a dark 
line in them? This is the Cassini Division. Can you see the 
shadow of the rings on the planet’s surface? Can you see any 
moons? They line up with the rings; Titan is often the farthest 
out and is always the brightest. Use an almanac to identify 
each moon you find.

 10. The Galilean moons of Jupiter are sometimes described as a 
miniature inner solar system because (a) there are the same 
number of Galilean moons as there are terrestrial planets; 
(b) the moons have generally “terrestrial” composition; (c) 
the moons’ densities decrease with increasing distance from 
Jupiter; (d) the moons all move on circular, synchronous 
orbits.

 11. Compared to Earth’s surface, the pressure at the surface of 
Titan is (a) less than; (b) about the same as; (c) about 1.5 times 
greater than that of Earth.

 12. The rings of Uranus are (a) broad and bright; (b) narrow and 
dark; (c) narrow and bright; (d) undetectable from Earth.

 13. The solar system object most similar to Pluto is (a) Mercury; 
(b) the Moon; (c) Titan; (d) Triton.

 14. ViS In Figure 8.11 (Titan’s Atmosphere), the atmospheric tem-
perature at the top of the main haze layer is approximately (a) 
50 K; (b) 100 K; (c) 150 K; (d) 200 K.

 15. ViS From Figure 8.20 (Saturn’s Tilt), the next time Saturn’s 
rings will appear roughly edge-on as seen from Earth will be 
around (a) 2025; (b) 2015; (c) 2020; (d) 2035.
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P a r t  3 

The Stars
Part 3 describes many diverse stellar and 
interstellar regions that resemble a “galactic 
ecosystem”—an evolutionary balance nearly as 
intricate and delicate as life in a tide pool or a 
tropical forest. The theory of stellar evolution 
gives astronomers a powerful, unifying theme with 
which to study all stars.

The images here illustrate a sampling of the stars 
and stellar systems of Part 3, all residents of an 
even larger Milky Way Galaxy.

A          ll stars evolve—they are born, mature, and  
          die. They form in huge clouds of gas and 
dust, their nuclear fires ignite much as in the Sun, 
and eventually they end their lives by returning to 
space some of the heavy elements created within 
their cores. The poetic notion that we are made of 
stardust is a romantic one—but it also happens to 
be true!
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Nearly a trillion trillion stars inhabit our 
universe; the Sun is but one of these stars.

M11_CHAI7702_08_SE_PT03.indd   251 14/11/15   9:27 AM



M12_CHAI7702_08_SE_C09.indd   252 14/11/15   9:25 AM



 253

The Sun
Our Parent Star

Living in the solar system, we have the chance to study, at close range, perhaps the most 

common type of cosmic object—a star. Our Sun is a star, and a fairly average star at that, 

but with one unique feature: It is very close to us—some 300,000 times closer than the 

next nearest star, Alpha Centauri. Whereas Alpha Centauri is 4.3 light-years away, the 

Sun is only 8 light-minutes from us. Consequently, astronomers know far more about the 

properties of the Sun than about any of the other distant points of light in the universe.

Indeed, a good fraction of all our astronomical knowledge is based on modern studies of 

the Sun. Just as we studied our parent planet, Earth, to set the stage for our exploration 

of the solar system, we now study our parent star, the Sun, as the next step in our 

exploration of the universe.

9
Studying this chapter will 
enable you to:

LO1 Describe the internal 
structure of the Sun.

LO2 Explain the concept of 
luminosity, and describe how 
the Sun’s luminosity is 
measured.

LO3 Explain how detailed studies 
of the solar surface allow 
astronomers to probe the 
Sun’s interior.

LO4 List and describe the layers of 
the solar atmosphere.

LO5 Describe the nature of the 
Sun’s magnetic field and its 
relationship to the various 
types of solar activity.

LO6 Identify nuclear fusion as the 
source of the Sun’s energy, 
and describe how that energy 
travels from the core to the 
surface.

LO7 Explain how observations of 
the Sun’s core have 
deepened our understanding 
of solar physics.

Visit www.masteringastronomy.com 
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

The Sun is our star—the main source of energy that powers weather, climate, and life on 
Earth. Imagine our planet without the Sun—no light, no heat, no comforting “parent” in 
the sky. Although we take it for granted each and every day, the Sun is vitally important 
to us in the cosmic scheme of things. Simply put, without the Sun, we would not exist.

The Big PicTure

 These images of the Sun, taken in the extreme 
ultraviolet part of the spectrum, show the increase of 
solar activity since the last solar minimum in 2010 to 
the maximum in 2014. Active regions appear as 
brighter areas. (The changing size of the Sun is artistic 

license, not physics.) These images were captured by 
the Solar Dynamics Observatory—a 2-ton robot that 
orbits Earth but stares at the Sun unblinkingly 24 
hours a day, eavesdropping on this gas ball’s surface, 
atmosphere, and interior. (SDO/NASA)

L e a r n i n g 
O u tcO m e S
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9.1 The Sun in Bulk
The Sun is the sole source of light and heat for the maintenance of life on 
Earth. It is a star, a glowing ball of gas held together by its own gravity and 
powered by nuclear fusion (a process in which two or more atomic nuclei 
combine and release energy—see Section 9.5) at its center. In its physical and 
chemical properties, the Sun is very similar to most other stars, regardless of 
when and where they formed. Far from detracting from our interest in the 
Sun, this very mediocrity is one of the main reasons we study it—most of what 
we know about the Sun also applies to many other stars in the sky. The Sun is 
the best-studied star in the universe, and it is no exaggeration to say that our 
knowledge of the cosmos rests squarely on our understanding of solar 
physics.

Overall Structure
Table 9.1 lists some basic solar data. With a radius larger than 100 Earth radii, a 
mass greater than 300,000 Earth masses, and a surface temperature well above 
the melting point of any known material, the Sun is clearly very different from 
any other body we have encountered so far.

The Sun has a surface of sorts—not a solid surface (the Sun contains no solid 
material), but rather that part of the brilliant gas ball we perceive with our eyes or 
view through a heavily filtered telescope. The part of the Sun that emits the radia-
tion we see is called the photosphere (after the Greek word photos, meaning 
“light”). Its radius (the radius of the Sun in Table 9.1) is about 700,000 km. How-
ever, as we will see, its thickness is probably no more than 500 km—less than 0.1 
percent of the radius—which is why we perceive the Sun as having a well-defined, 
sharp edge (Figure 9.1).

The main regions of the Sun are illustrated in Figure 9.2. Just above the pho-
tosphere is the Sun’s lower atmosphere, called the chromosphere, about 1500 
km thick. Above that lies a region called the transition zone, where the tempera-
ture rises dramatically. Above 10,000 km, and stretching far beyond, is a thin, hot 
upper atmosphere, the solar corona. At still greater distances the corona turns 
into the solar wind, which flows away from the Sun and permeates the entire 
solar system.  (Sec. 4.2)

Below the photosphere, extending down some 200,000 km, is the convec-
tion zone, a region where the material of the Sun is in constant convective mo-
tion.  (Sec. 5.3) Below the convection zone lies the radiation zone, where 
solar energy is transported toward the surface by radiation rather than by con-
vection. The term solar interior is often used to mean both the radiation and 
convection zones. The central core, roughly 200,000 km in radius, is the site of 
powerful nuclear fusion reactions that generate the Sun’s enormous energy 
output.

Solar rotation can be measured by timing sunspots and other surface fea-
tures as they cross the solar disk.  (Sec. 1.2) These observations indicate 
that the Sun completes one rotation in about a month, but it does not do so as 
a solid body. Instead, it spins differentially—faster at the equator and slower at 
the poles, like Jupiter and Saturn  (Sec. 7.3). The equatorial rotation period 
is about 25 days. Sunspots are never seen above latitude 60° (north or south), 
but at that latitude they indicate a 31-day period. Other measurement tech-
niques, such as those described in Section 9.2, reveal that the rotation period 
continues to increase as we approach the poles. The polar period may be as 
long as 36 days.

200,000
km

300,000
km

200,000
km

Core

Solar
wind

Transition zone (8500 km)

Chromosphere (1500 km)

Photosphere (500 km)

Corona
 Convection zone Radiation zone 

 Figure 9.2 Solar Structure  The main regions of the Sun, 
not drawn to scale, with some physical dimensions labeled.

R I V U X G

 Figure 9.1 The Sun  The inner part of this composite, 
filtered image of the Sun shows a sharp edge, although our 
star, like all stars, is composed of a gradually thinning gas. The 
edge appears sharp because the solar photosphere is so thin. 
The outer portion of the image is the solar corona, normally 
too faint to be seen, but visible during an eclipse, when the 
light from the solar disk is blotted out. (Note the blemishes; 
they are sunspots.) (NOAO)

SeLF-guided TuTOriAL

SuperSpaceship–Voyage to the Sun
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Luminosity
The Sun radiates an enormous amount of energy into space. We can measure the 
Sun’s total energy output in two stages, as follows. First, by holding a light-sensitive 
device—a solar cell, perhaps—above Earth’s atmosphere perpendicular to the Sun’s 
rays we can measure how much solar energy is received per square meter of area 
every second at Earth’s distance from the Sun. This quantity, known as the solar 
constant, is approximately 1400 watts per square meter (W/m2). About 50–70 per-
cent of this energy reaches Earth’s surface; the rest is intercepted by the atmos-
phere (30 percent) or reflected away by clouds (0–20 percent). Thus, for example, a 
sunbather’s body having a total surface area of about 0.5 m2 receives solar energy at 
a rate of roughly 500 watts, equivalent to the output of a small electric room heater 
or five 100-W lightbulbs.

Second, knowing the solar constant, we can calculate the total amount of en-
ergy radiated in all directions from the Sun. Imagine a three-dimensional sphere 
that is centered on the Sun and is just large enough that its surface intersects 
Earth’s center (Figure 9.3). The sphere’s radius is 1 AU, and its surface area is 
therefore 4π 3 (1 AU)2, or approximately 2.8 3 1023 m2. Assuming that the Sun 
radiates energy equally in all directions, we can determine the total rate at which 
energy leaves the Sun’s surface simply by multiplying the solar constant by the 
total surface area of our imaginary sphere. The result is just under 4 3 1026 W. 
This quantity is called the luminosity of the Sun. As we will see, it is quite typical 
of the luminosities of many of the stars in the sky.

Take a moment to consider the magnitude of the solar luminosity. The Sun is 
an enormously powerful source of energy. Every second it produces an amount of 
energy equivalent to the detonation of about 100 billion 1-megaton nuclear 
bombs. There is simply nothing on Earth comparable to a star!

9.2 The Solar interior
How have we learned about the inside of the Sun? After all, the sunlight we see 
comes from the photosphere; none of the radiation from the interior reaches us 
directly. In this section we discuss in a little more detail how we know what we 
know about conditions below the solar surface.

Lacking any direct measurements of the Sun’s interior, researchers must 
use indirect means to probe in more detail the inner workings of our parent 
star. To accomplish this, they construct mathematical models of the Sun, com-
bining all available observations with theoretical insight into solar physics. 

 (Sec. 0.5) The resulting standard solar model has gained widespread ac-
ceptance among astronomers. We can construct similar models of other stars, 
but because the Sun is so close and well studied, the standard solar model is by 
far the best tested.

Modeling the Structure of the Sun
The Sun’s bulk properties—mass, radius, temperature, and luminosity—do not 
vary much from day to day or from year to year. We will see in Chapter 12 that 
stars like the Sun do change significantly over periods of billions of years, but for 
our purposes here we can ignore this slow evolution. On “human” time scales, the 
Sun may reasonably be thought of as unchanging.

Accordingly, as illustrated in Figure 9.4, theoretical models generally begin 
by assuming that the Sun is in a state of hydrostatic equilibrium, in which pres-
sure’s outward push exactly counteracts gravity’s inward pull. This stable balance 
between opposing forces is the basic reason that the Sun neither collapses under 

Table 9.1 Some Solar Properties

radius 696,000 km

Mass 1.99 3 1030 kg

Average density 1410 kg/m3

Rotation period 25.1 days (equator)

30.8 days (60° latitude)

36 days (poles)

26.9 days (interior)

Surface temperature 5780 K

Luminosity 3.86 3 1026 W

ConCepT CheCk

Why must we assume that the Sun radiates 
equally in all directions when computing the solar 
luminosity from the solar constant?

Earth

One
astronomical

unit

Sun

 Figure 9.3 Solar Luminosity  If we draw an imaginary 
sphere around the Sun so that the sphere’s surface passes 
through Earth’s center, then the radius of this imaginary sphere 
is 1 AU. The “solar constant” is the amount of power striking 
a 1-m2 detector at Earth’s distance, as suggested in the inset. 
The Sun’s luminosity is then determined by multiplying the 
sphere’s surface area by the solar constant. (NASA)
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its own weight nor explodes into interstellar space.  (More Precisely 5-1) It 
also has an important consequence for the solar interior. Because the Sun is very 
massive, its gravitational pull is very strong, so very high internal pressure is 
needed to maintain hydrostatic equilibrium. This high pressure in turn requires 
a very high central temperature, a fact crucial to our understanding of solar 
energy generation (Section 9.5). In this way the assumption of hydrostatic equi-
librium lets us determine the density and temperature inside the Sun. This infor-
mation, in turn, allows the model to make predictions about other observable 
solar properties—luminosity, radius, spectrum, and so on. Scientists fine-tune 
the internal details of the model until the predictions agree with observations. 
This is the scientific method at work; the standard solar model is the result. 

 (Sec. 0.5)
To test and refine the standard solar model, astronomers need information 

about the solar interior. In the 1960s, measurements of the Doppler shifts of 
solar spectral lines revealed that the surface of the Sun oscillates, or vibrates, 
like a complex set of bells.  (Sec. 2.7) These vibrations, illustrated in Figure 
9.5, are the result of internal pressure (“sound”) waves that reflect off the photo-
sphere and repeatedly cross the solar interior. These waves penetrate deep inside 
the Sun, and analysis of their surface patterns allows scientists to study condi-
tions far below the Sun’s surface. This process is similar to the way in which 
seismologists study Earth’s interior by observing seismic waves produced by 
earthquakes.  (Sec. 5.4) For this reason, study of solar surface patterns is 
usually called helioseismology, even though solar pressure waves have nothing 
whatever to do with solar seismic activity (which doesn’t exist, as the Sun is 
entirely gaseous).

The most extensive study of solar vibrations is the ongoing GONG (short for 
Global Oscillations Network Group) project. By making continuous observations 
of the Sun from many clear sites around Earth, solar astronomers can obtain 
uninterrupted high-quality solar data spanning weeks at a time. Space-based ob-
servatories (see Discovery 9-1) have provided continuous monitoring of the Sun’s 
surface and atmosphere since 1995. Analysis of these datasets provides detailed 
information about the temperature, density, rotation, and convective state of the 
solar interior, permitting direct comparison with theory over a large portion of 
the Sun’s volume. The agreement between the standard solar model and observa-
tions is spectacular—the frequencies and wavelengths of observed solar oscilla-
tions are within 0.1 percent of the model predictions.

Pressure
out

Gravity
in

 Figure 9.4 Stellar Balance  In the interior of a star such 
as the Sun, the outward pressure of hot gas balances the 
inward pull of gravity. This is true at every point within the star, 
guaranteeing its stability.

(a) (b)

These are 
oscillatory 
patterns in 
the Sun’s 
convection 
zone.

These colored 
patches 
depict gas 
moving 
down (red) 
and up (blue).

 Figure 9.5 Solar 
Oscillations  (a) By observing 
the motion of the solar surface, 
scientists can determine the 
wavelengths and frequencies 
of the individual waves and 
deduce information about 
the Sun’s complex vibrations. 
(b) Waves contributing to the 
observed oscillations can travel 
deep inside the Sun, providing 
vital information about the 
solar interior. (National Solar 
Observatory)
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Throughout the few decades of the Space Age, various nations, 
led by the United States, have sent spacecraft to most of the 
major bodies in the solar system. One of the as-yet-unexplored 
bodies is Pluto, the most notable member of the Kuiper belt, 
which has never been visited by a robot orbiter or even a flyby 
craft—although this may change soon.  (Sec. 8.5) The other 
unexplored body is the Sun. Currently, the next best thing to a 
dedicated reconnoitering spacecraft is the Solar and Heliospheric 
Observatory (SOHO), launched in 1995 and (as of 2015) still oper-
ating, and the Solar Dynamics Observatory (SDO), launched in 
2010. Both spacecraft have radioed back to Earth volumes of new 
data—and a few new puzzles—about our parent star.

SOHO is a billion-dollar mission operated primarily by the 
European Space Agency. The 2-ton robot is now on-station about 
1.5 million kilometers sunward of Earth—about 1 percent of the 
distance from Earth to the Sun. This is the so-called L1 Lagran-
gian point, where the gravitational pull of the Sun and Earth are 
precisely equal—a good place to park a monitoring platform. By 
contrast, the American SDO spacecraft travels around Earth in a 
high orbit. Both automated vehicles stare at the Sun 24 hours a 
day, and both carry several instruments capable of measuring al-
most everything from the Sun’s corona and magnetic field to its 
solar wind and internal vibrations. The accompanying figure is a 
false-color SDO image of the Sun’s lower corona in the ultravio-
let part of the spectrum, showing widespread magnetic activity 
and (at bottom) a large coronal hole (Section 9.4), where the 
solar wind streams into interplanetary space.

Both spacecraft are positioned just beyond Earth’s magne-
tosphere, so their instruments can study cleanly the high-speed 
charged particles of the solar wind. Coordinating these on-site 
measurements with SOHO and SDO images of the Sun itself, 
astronomers now think they can follow solar magnetic field 
loops expanding and breaking as the Sun prepares itself for 
mass ejections several days before they actually occur. Given 
that such coronal storms can endanger pilots and astronauts 
and play havoc with communications, power grids, satellite 
electronics, and other human activity, the ability to make accu-
rate forecasts of disruptive solar events is of global importance.

In fact, there do seem to be some correlations between the 
22-year solar cycle (two sunspot cycles, with oppositely directed 
magnetic fields) and periods of climatic dryness here on Earth. 
For example, near the start of the past eight solar cycles, there 
have been droughts in North America—at least within the middle 
and western plains from South Dakota to New Mexico. The most 
recent of these droughts, which typically last 3 to 6 years, came 
in the late 1950s. The one expected in the early 1980s, however, 
did not occur as clearly as anticipated.

Other possible Sun–Earth connections include a link between 
solar activity and increased atmospheric circulation on our planet. 
As circulation increases, terrestrial storm systems deepen, extend 
over wider ranges of latitude, and carry more moisture. The rela-
tionship is complex, and the subject controversial, because no one 
has yet shown any physical mechanism (other than the Sun’s heat, 
which does not vary much during the solar cycle) that would allow 
solar activity to stir our terrestrial atmosphere. Without a better 
understanding of the physical mechanism involved, none of these 
effects can be incorporated into our weather-forecasting models.

eavesdropping on the Sun

9.1  D i s C o v e r y

The data also allow scientists to monitor global circulation patterns in 
the solar interior, including two gigantic “conveyor belts” that transport sub-
surface material from the equator to the poles, then return it to the equator 
at a depth of some 300,000 km, far below the convection zone. These circula-
tion patterns, which move at 10–15 m/s and take roughly 40 years to com-
plete a single loop, are thought to be important in regulating the Sunspot 
cycle (see Section 9.4).
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Figure 9.6 shows the solar density and temperature according to the 
standard solar model, plotted as functions of distance from the Sun’s center. 
Notice how the density drops sharply at first, then more slowly near the pho-
tosphere. The variation in density is large, ranging from a core value of about 
150,000 kg/m3, 20 times the density of iron, to an extremely small photo-
spheric value of 2 3 10−4 kg/m3, about 10,000 times less dense than air. The 
average density of the Sun (Table 9.1) is 1400 kg/m3, about the same as the 
density of Jupiter. As shown in Figure 9.6(c), the solar temperature also 
decreases with increasing radius, but not as rapidly as the density. The tem-
perature is about 15 million K at the center and decreases steadily, reaching 
the observed value of 5800 K at the photosphere.

energy Transport
The very hot solar interior ensures violent and frequent collisions among gas 
particles. In and near the core, the extremely high temperatures guarantee that 
the gas is completely ionized.  (Sec. 2.6) With no electrons left on atoms to 
capture photons and move into more excited states, the deep solar interior is 
quite transparent to radiation. Only occasionally does a photon interact with a 
free electron. The energy produced by nuclear reactions in the core travels out-
ward toward the surface with relative ease in the form of radiation.

As we move outward from the core, the temperature falls, and eventually 
some electrons can remain bound to nuclei. With more and more atoms re-
taining electrons that can absorb the outgoing radiation, the gas in the inte-
rior changes from being relatively transparent to almost totally opaque. By 
the outer edge of the radiation zone, 500,000 km from the center, all of the 
photons produced in the Sun’s core have been absorbed. Not one of them 
reaches the surface. But what happens to the energy they carry?

The photon’s energy must travel beyond the solar interior—the fact that 
we see sunlight proves that the energy escapes. The energy is carried to the 
solar surface by convection—the same basic physical process we saw in our 
study of Earth’s atmosphere, although operating in a very different environ-
ment in the Sun.  (Sec. 5.3) Convection can occur whenever cooler mate-
rial overlies warmer material, and this is just what happens in the outer part 
of the Sun’s interior. Hot solar gas moves outward, while cooler gas above it 
sinks, creating a characteristic pattern of convection cells. All through the 
convection zone, energy is transported to the surface by physical motion of 
the solar gas. (Note that this actually represents a departure from hydrostatic 
equilibrium, as defined above, but it can still be handled within the standard 
solar model.) Remember that there is no physical movement of material 
when radiation is the energy-transport mechanism; convection and radiation 
are fundamentally different ways in which energy can be transported from 
one place to another.

Figure 9.7 is a schematic diagram of the solar convection zone. There is a 
hierarchy of convection cells, organized in tiers at different depths. The deep-
est tier, about 200,000 km below the photosphere, is thought to contain cells 
tens of thousands of kilometers in diameter. Energy is carried upward through 

Distance from center (km)

Distance from center (km)

0700,000 700,000

D
en

si
ty

 (1
03

 k
g/

m
3
)

Te
m

p
er

at
ur

e 
(m

ill
io

ns
 o

f K
)

160

120

80

40

16

12

8

4

(a)

(b)

(c)

Radiation
zone

Core

Convection
zone

Photosphere

 Figure 9.6 Solar interior  Density and temperature distributions in the interior 
of the Sun. Parts (b) and (c) show the large variations in solar density and temperature, 
relative to a cutaway diagram of the Sun’s interior (a).
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Photosphere

Convection zone

CoreRadiation from interior

30,000 km

1000 km

200,000 km

 Figure 9.7 Solar convection  Energy is physically 
transported in the Sun’s convection zone, which is here 
visualized as a boiling, seething sea of gas. As drawn, 
the convective cell sizes become progressively larger at 
greater depths.

Describe the two distinct ways in which energy 
moves outward from the solar core to the 
photosphere.

ConCepT CheCk
a series of progressively smaller cells, stacked one upon another until, at a depth 
of about 1000 km below the photosphere, the individual cells are about 1000 km 
across. The top of this uppermost tier of convection lies just below the solar 
photosphere.

Convection does not proceed into the solar atmosphere. In and above the pho-
tosphere the density is so low that the gas is transparent and radiation once again 
becomes the mechanism of energy transport. Photons reaching the photosphere es-
cape freely into space. The solar density falls off so rapidly in this region of the Sun 
that the gas makes the transition from completely opaque to completely transparent 
over a very small distance—just a few hundred kilometers—accounting for the thin-
ness of the photosphere and the observed sharp “edge” of the Sun.

evidence for Solar convection
In part, our knowledge of solar convection is derived indirectly, from computer 
models of the solar interior. However, astronomers also have some direct evi-
dence of conditions in the convection zone. Figure 9.8 is a high-resolution photo-
graph of the solar surface, filtered to accentuate brightness variations across the 
field of view. The visible surface is highly mottled with regions of bright and dark 
gas known as granules. This granulation of the solar surface is a direct reflection 
of motion in the convection zone. Each bright granule measures about 1000 km 
across—comparable to one of the larger states in the United States—and has a 
lifetime of between 5 and 10 minutes.

Each granule is the topmost part of a solar convection cell. Spectral lines in 
the bright granules are slightly blueshifted, indicating Doppler-shifted matter ap-
proaching us—that is, moving upward—at about 1 km/s.  (Sec. 2.7) Similarly, 
material in the dark granules is sinking into the solar interior, exactly as we would 
expect for the topmost tier of convection in Figure 9.7. The variation in brightness 
is due to differences in temperature. The upwelling gas is hotter and therefore (by 
Stefan’s law) emits more radiation than the cooler downwelling gas.  (Sec. 2.4) 
The bright and dark regions appear to contrast considerably, but in reality their 
temperature difference is less than about 500 K.

Careful measurements also reveal a much larger-scale flow beneath the solar 
surface. Supergranulation is a flow pattern quite similar to granulation except 
that supergranulation cells measure some 30,000 km across. As with granula-
tion, material upwells at the center of the cells, flows across the surface, then 
sinks down again at the edges. Scientists think that supergranules are the im-
print on the photosphere of the deepest tier of large convective cells depicted in 
Figure 9.7.

This drawing depicts
a perpendicular cut
through the Sun’s
surface.

R I V U X G5000 km
Top view

5000 km

Side view

Chromosphere

Photosphere

 Figure 9.8 Solar granulation  This photograph of the 
granulated solar photosphere, taken with the 1-m Swedish 
Solar Telescope, shows solar granules comparable in size 
to Earth’s continents. The bright portions of the image are 
regions where hot material is upwelling from below. The dark 
regions are cooler gas that is sinking back down into the 
interior. (SST/Royal Swedish Academy of Sciences)
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9.3  The Solar 
Atmosphere

Astronomers can obtain an enormous amount of 
information about the Sun (or any star) by ana-
lyzing the absorption lines in its spectrum. 

 (Sec. 2.5) Figure 9.9 (see also Figure 2.14) is 
a detailed visible spectrum of the Sun, spanning 
the range of wavelengths from 360 to 690 nm. 
Table 9.2 lists the 10 most common elements in 
the Sun based on spectral analysis. This distribu-
tion is very similar to what we saw on the jovian 
planets, and it is what we will find for the uni-
verse as a whole. Hydrogen is by far the most 
abundant element, followed by helium.

Strictly speaking, analysis of spectral lines 
allows us to draw conclusions only about the 
part of the Sun where the lines form—the 
 photosphere and chromosphere. However, the 
data in Table 9.2 are thought to be representa-
tive of the entire Sun (with the exception of the 
solar core, where nuclear reactions are steadily 
changing the composition—see  Section 9.5).

The chromosphere
Density continues to decrease rapidly as we move outward through the solar at-
mosphere. The low density of the chromosphere means that it emits very little 
light of its own and cannot be observed visually under normal conditions. The 
photosphere is just too bright, dominating the chromosphere’s radiation. Still, 
astronomers have long been aware of its existence. Figure 9.10 shows the Sun 
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 Figure 9.9 Solar Spectrum  A detailed visible 
spectrum of our Sun shows thousands of dark absorption 
lines, indicating the presence of 67 different elements in 
various stages of excitation and ionization in the lower solar 
atmosphere. The numbers give wavelengths in nanometers. 
(Palomar Observatory/Caltech)

element

Percentage of 
Total number  

of Atoms
Percentage of 

Total Mass

hydrogen 91.2 71.0

helium 8.7 27.1

Oxygen 0.078 0.97

carbon 0.043 0.40

nitrogen 0.0088 0.096

Silicon 0.0045 0.099

Magnesium 0.0038 0.076

neon 0.0035 0.058

iron 0.0030 0.14

Sulfur 0.0015 0.040

Table 9.2 The composition of the Sun

R I V U X G

 Figure 9.10 Solar 
chromosphere  This 
photograph of a total 
solar eclipse shows the 
solar chromosphere a 
few thousand kilometers 
above the Sun’s surface. 
Note the prominence at 
left. (G. Schneider)
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during an eclipse in which the photosphere was obscured by the Moon, but the 
chromosphere was not. The chromosphere’s characteristic pinkish hue, the result 
of the red H-alpha emission line of hydrogen, is plainly visible.  (Sec. 2.6)

The chromosphere is far from tranquil. Every few minutes, small solar 
storms erupt there, expelling spikes of hot matter known as spicules into the Sun’s 
upper atmosphere (Figure 9.11). These long, thin jets leave the Sun’s surface at 
typical speeds of about 100 km/s, reaching thousands of kilometers above the 
photosphere. Spicules tend to accumulate around the edges of supergranules, 
and the Sun’s magnetic field is also somewhat stronger than average in those re-
gions. Scientists think that the downwelling material there amplifies the solar 
magnetic field and that spicules are the result of magnetic disturbances in the 
Sun’s churning outer layers.

The Transition Zone and corona
During the brief moments of a solar eclipse, if the Moon’s angular size is large 
enough that both the photosphere and the chromosphere are blocked, the 
ghostly solar corona can be seen, as in Figure 9.12. With the photospheric light 
removed, the pattern of spectral lines changes dramatically. The spectrum 
shifts from absorption to emission, and an entirely new set of spectral lines 
suddenly appears.

The shift from absorption to emission is entirely in accordance with Kirch-
hoff’s laws, because we see the corona against the blackness of space, not against 
the bright continuous spectrum from the photosphere below.  (Sec. 2.5) The 
new lines arise because atoms in the corona are much more highly ionized than 
atoms in the photosphere or chromosphere.  (Sec. 2.6) Their internal elec-
tronic structure and hence their spectra are therefore quite different from those 
of atoms at lower atmospheric levels. The cause of this extensive electron strip-
ping is the high coronal temperature. The degree of ionization inferred from 
spectra observed during solar eclipses tells us that the upper chromosphere is 
hotter than the photosphere, and the corona, where even more ionization is 
seen, is hotter still.

R I V U X G

 Figure 9.11 Solar Spicules  Short-lived, narrow jets of gas that typically last mere 
minutes can be seen sprouting up from the chromosphere in this ultraviolet image of the 
Sun. These so-called spicules are the thin spikelike regions where gas leaves the surface at 
speeds of about 100 km/s. (NASA)

AniMATiOn/VideO

Solar granulation

AniMATiOn/VideO

Solar chromosphere

ConCepT CheCk

Describe two ways in which the spectrum of the 
solar corona differs from that of the photosphere.

 Figure 9.12 Solar corona  When both the photosphere 
and the chromosphere are obscured by the Moon during a 
solar eclipse, the faint solar corona becomes visible. This 1979 
photograph shows the emission of radiation from an active 
corona. (NCAR High Altitude Observatory)
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Figure 9.13 shows how the temperature varies with altitude above the photo-
sphere. The temperature decreases to a minimum of about 4500 K some 500 km 
above the photosphere, after which it rises steadily. About 1500 km above the 
photosphere, in the transition zone, the gas temperature increases sharply, reach-
ing more than 1 million K at an altitude of 10,000 km. Thereafter, in the corona, 
the temperature remains roughly constant at around 3 million K, although orbit-
ing instruments have detected coronal “hot spots” having temperatures many 
times higher than this average value. The rapid temperature rise in the transition 
zone is not fully understood. Moving away from a heat source, we would nor-
mally expect the heat to diminish, but this is not the case in the lower atmosphere 
of the Sun. The corona must have another energy source. Astronomers think that 
magnetic disturbances in the solar photosphere (see Section 9.4) are ultimately 
responsible for heating the corona.

The Solar Wind
Electromagnetic radiation and fast-moving particles—mostly protons and elec-
trons—escape from the Sun all the time. The radiation moves away from the pho-
tosphere at the speed of light, taking 8 minutes to reach Earth. The particles 
travel much more slowly, although at the still considerable speed of about  
500 km/s, reaching Earth in a few days. This constant stream of escaping solar 
particles is the solar wind.

The solar wind is a direct consequence of the high coronal temperature. 
About 10 million km above the photosphere, the coronal gas is hot enough to 
escape the Sun’s gravity, and it begins to flow outward into space. At the same 
time, the solar atmosphere is continuously replenished from below. If that were 
not the case, the corona would disappear in about a day. The Sun is, in effect, 
“evaporating”—constantly shedding mass through the solar wind. The wind is an 
extremely thin medium, however. Although it carries away about a million tons of 
solar matter each second, less than 0.1 percent of the Sun’s mass has been lost 
since the solar system formed 4.6 billion years ago.

9.4 The Active Sun
Most of the Sun’s luminosity results from continuous emission from the photo-
sphere. However, superimposed on this steady, predictable aspect of our star’s 
energy output is a much more irregular component, characterized by explosive 
and unpredictable surface activity. This solar activity contributes little to the 
Sun’s total luminosity and has little effect on the evolution of the Sun as a star, 
but it does affect us here on Earth. The strength of the solar wind is strongly in-
fluenced by the level of solar activity, and this, in turn, directly affects Earth’s 
magnetosphere.

Sunspots
Figure 9.14 is an optical photograph of the entire Sun showing numerous dark 
sunspots on the surface.  (Sec. 1.2) They typically measure about 10,000 km 
across—about the size of Earth. At any given instant, the Sun may have hundreds 
of sunspots, or it may have none at all.

Detailed observations of sunspots show an umbra, or dark center, surrounded 
by a grayish penumbra. The close-up view of a pair of sunspots in Figure 9.15(a) 
shows both of these dark areas against the bright background of the undisturbed 
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 Figure 9.13 Solar Atmospheric Temperature  The 
change of gas temperature in the lower solar atmosphere 
is dramatic. The temperature, indicated by the blue line, 
reaches a minimum of 4500 K in the chromosphere and then 
rises sharply in the transition zone, finally leveling off  
at around 3 million K in the corona.

AniMATiOn/VideO

Sunspot 

The Solar cycle

About one-third of all students had difficulty 
describing the solar cycle. Remember:

 The sunspot cycle is a somewhat irregular 
process taking roughly 11 years to complete. 
Sunspots increase in number and tend to be 
found progressively closer to the solar equator 
as the cycle proceeds.

 The peak of the sunspot cycle is associated with 
more and stronger solar activities—flares, 
coronal mass ejections, etc.

 The Sun’s entire magnetic field reverses 
direction from one sunspot cycle to the next,  
so the full solar cycle actually takes 22 years to 
complete.

DaTa poinTs
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photosphere. This gradation in darkness indicates a gradual change in photospheric 
temperature. Sunspots are simply cooler regions of the photospheric gas. The tem-
perature of the umbra is about 4500 K, that of the penumbra 5500 K. The spots, 
then, are certainly composed of hot gases. They seem dark only because they appear 
against an even brighter background (the 5800 K photosphere).

As mentioned in Sec. 9.1, studies of sunspots indicate that the Sun does not 
rotate as a solid body (see Table 9.1). Instead, it spins differentially—faster at the 
equator and more slowly at the poles, like Jupiter and Saturn. The combination 
of differential rotation and convection radically affects the character of the Sun’s 
magnetic field, which in turn plays a major role in determining the numbers and 
location of sunspots.

Solar Magnetism
Spectroscopic studies indicate that the magnetic field in a typical sunspot is 
about 1000 times greater than the field in the surrounding, undisturbed photo-
sphere (which is itself several times stronger than Earth’s magnetic field). Fur-
thermore, the field lines are not randomly oriented, but instead are directed 
roughly perpendicular to (out of or into) the Sun’s surface. Scientists think that 
sunspots are cooler than their surroundings because these abnormally strong 
fields interfere with the normal convective flow of hot gas toward the solar 
surface.

R I V U X G

 Figure 9.14 Sunspots  This photograph of the entire Sun,  
taken during a period of maximum solar activity, shows several 
groups of sunspots. The largest spots in this image are more than 
20,000 km across, nearly twice the diameter of Earth. (Palomar 
Observatory/Caltech)

Sunspots appear dark
because they are 
slightly cooler than
the surrounding gas.

This spot is about
the size of Earth.

(b)

(a)
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 Figure 9.15 Sunspots, up close  (a) An enlarged photo 
of the largest pair of sunspots in Figure 9.14 shows how each 
spot consists of a cool, dark umbra surrounded by a warmer, 
brighter penumbra. (b) A high-resolution image of a single 
typical sunspot shows details of its structure as well as the 
granules surrounding it. (Palomar Observatory/Caltech; SST/
Royal Swedish Academy of Sciences)
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The polarity of a sunspot indicates 
which way its magnetic field is directed. We 
conventionally label spots as S where the 
field lines emerge from the interior and as N 
where the lines dive below the photosphere 
(so that field lines above the surface run 
from S to N, as on Earth). Sunspots almost 
always come in pairs whose members lie at 
roughly the same latitude and have opposite 
magnetic polarities. As illustrated in Figure 
9.16(a), magnetic field lines emerge from the 
solar interior through one member (S) of a 
sunspot pair, loop through the solar atmos-
phere, then reenter the photosphere through 
the other member (N). As in Earth’s magne-
tosphere, charged particles tend to follow 
the solar magnetic field lines.  (Sec. 5.7) 
Figure 9.16(b) shows an actual image of 
solar magnetic loops; the light we see here is 
emitted by charged particles trapped by the 
solar field.

Despite the irregular appearance of the 
sunspots themselves, there is a great deal of 
order in the underlying solar field. All the 
sunspot pairs in the same solar hemisphere 
(north or south) at any instant have the same 
magnetic configuration. That is, if the lead-
ing spot (measured in the direction of the 
Sun’s rotation) has N polarity, as shown in 
the figure, then all leading spots in that hem-
isphere have the same polarity. What’s more, 
in the other hemisphere at the same time, all 
sunspot pairs have the opposite magnetic 
configuration (S polarity leading). To under-
stand these regularities in sunspot polarities, 
we must look in more detail at the Sun’s 
magnetic field.

As illustrated in Figures 9.17 (a–c), the 
Sun’s differential rotation greatly distorts 
the solar magnetic field, “wrapping” it 
around the solar equator and eventually 
causing any north–south magnetic field to 
reorient itself in an east–west direction. At 
the same time, convection causes the mag-
netized gas to upwell toward the surface, 
twisting and tangling the magnetic field pat-
tern. In some places, the field lines become 
kinked like a knot in a garden hose, causing 
the field strength to increase. Occasionally, 
the field becomes so strong that it over-
whelms the Sun’s gravity, and a “tube” of 

field lines bursts out of the surface and loops through the lower atmosphere, 
forming a sunspot pair (Figure 9.17c). The general east–west organization of the 
underlying solar field accounts for the observed polarities of the resulting sun-
spot pairs in each hemisphere.

Sunspot pairs are
linked by magnetic
field lines.
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 Figure 9.16 Sunspot Magnetism   
(a) The Sun’s magnetic field lines 
emerge from the surface through one 
member of a sunspot pair and reenter 
the Sun through the other member. If 
the magnetic field lines are directed 
into the Sun in one leading spot, 
they are inwardly directed in all other 
leading spots in that hemisphere. The 
opposite is the case in the south-
ern hemisphere. (b) A far-ultraviolet 
image taken by NASA’s Transition 
Region and Coronal Explorer (TRACE) 
satellite, showing magnetic field 
lines arching between two sunspot 
groups. (c) A wider view from NASA’s 
Solar Dynamics Observatory shows 
the complex large-scale solar field 
structure. (NASA)
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The Solar cycle
Sunspots are not steady. Most change their size and shape, and all come and go. 
Individual spots may last anywhere from 1 to 100 days. A large group of spots 
typically lasts 50 days. However, centuries of observations have established a clear 
sunspot cycle. Figure 9.18(a) shows the number of sunspots observed monthly 
during the 20th century. The average number of spots reaches a maximum every 
11 or so years, then falls off almost to zero before the cycle begins afresh. The lati-
tudes at which sunspots appear vary as the sunspot cycle progresses. Individual 
sunspots do not move up or down in latitude, but new spots appear closer to the 
equator as older ones at higher latitudes fade away. Figure 9.18(b) is a plot of ob-
served sunspot latitudes as a function of time.

In fact, the 11-year sunspot cycle is only half of a 22-year solar cycle—the 
period needed for both the average number of spots and the Sun’s overall mag-
netic polarity to repeat themselves. For the first 11 years of the solar cycle, the 
leading spots of all sunspot pairs in the same solar hemisphere have one polarity, 
and spots in the other hemisphere have the opposite polarity (Figure 9.16). These 
polarities then reverse for the next 11 years.

Astronomers think that the Sun’s differential rotation and convection cause 
constant stretching, twisting, and folding of magnetic field lines. This ongoing 
process both generates and amplifies the solar magnetic field. The theory is simi-
lar to the dynamo theory that accounts for the magnetic fields of Earth and the 
jovian planets, except that the solar dynamo operates much faster and on a much 
larger scale.  (Sec. 5.7) One important prediction of this theory is that the 
Sun’s magnetic field should rise to a maximum, then fall to zero and reverse itself 
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 Figure 9.17 Solar rotation  (a, b) The Sun’s differential 
rotation wraps and distorts the solar magnetic field.  
(c) Occasionally, the field lines burst out of the surface and 
loop through the lower atmosphere, thereby creating a 
sunspot pair. The underlying pattern of the solar field lines 
explains the observed pattern of sunspot polarities.
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in a roughly periodic way, just as observed. Solar surface activity, such as the sun-
spot cycle, simply follows the changes in the underlying field.

Figure 9.19 plots all sunspot data recorded since the invention of the telescope. 
As can be seen, the 11-year “periodicity” of the solar sunspot cycle is far from 
exact. Not only does the period vary from 7 to 15 years, but also the sunspot cycle 
has disappeared entirely in the relatively recent past. The lengthy period of solar 
inactivity from 1645 to 1715 is called the Maunder minimum, after the British as-
tronomer who drew attention to these historical records. (Interestingly, the period 
also seems to correspond fairly well to the coldest years of the so-called Little Ice 
Age that chilled northern Europe during the late 17th century, suggesting a link 
between solar activity and climate on Earth.) Absent a complete understanding of 
the solar cycle, the cause of the Sun’s century-long variations remains a mystery.

In fact, the most recent sunspot minimum (in 2009) resulted in the least ac-
tive Sun in almost a century—no sunspots at all were seen on almost 80 percent 
of the days during that year, and the solar wind was anomalously weak. The cur-
rent cycle, which peaked in late 2013, has been the least active in the last 100 
years. Scientists attribute this reduced activity to changes in the subsurface “con-
veyor belt” flow described in Section 9.2, which is thought to directly affect sun-
spot behavior. For unknown reasons, the flow sped up during the 1990s by a few 
meters per second, greatly suppressing the numbers of spots during the next cycle 
(and quite possibly the one after that, now underway). It has since slowed, but for 
now no one is sure how long the effects will last.

Active regions
Sunspots are relatively gentle aspects of solar activity. However, the photosphere 
surrounding them occasionally erupts violently, spewing forth into the corona 
large quantities of energetic particles. The sites of these explosive events are 
known simply as active regions. Most pairs or groups of sunspots have active 
regions associated with them. Like all other aspects of solar activity, these phe-
nomena tend to follow the solar cycle and are most frequent and violent around 
the time of sunspot maximum.

1880

100

50

M
on

th
ly

 s
un

sp
ot

 n
um

b
er

1900 1920

Year

1940 1960 1980 2000 2020

200

250

150

1880

-20

-40

S
ol

ar
 la

tit
ud

e

1900 1920

Year

1940 1960 1980 2000 2020

20

solar
equator

40

0

1700

Maunder
minimum

1600

50

100

150

200

1800
Year

M
on

th
ly

 s
un

sp
ot

 n
um

b
er

1900 2000

 Figure 9.19 Maunder Minimum  Peaks and troughs of 
the sunspot cycle over the past four centuries. Note the near 
total absence of spots during the late 17th century.

 Figure 9.18 Sunspot cycle  (a) The monthly number of 
sunspots during the 20th century clearly displays the (roughly) 
11-year solar cycle. At the time of minimum solar activity, 
hardly any sunspots are seen. About 4 years later, at maximum 
solar activity, about 100 spots are observed per month.  
(b) Sunspots cluster at high latitudes when solar activity is at 
a minimum. They appear at lower and lower latitudes as the 
number of sunspots peaks. They are again prominent near the 
Sun’s equator as solar minimum is again approached.
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Figure 9.20 shows two solar prominences—loops or sheets of glowing gas 
ejected from an active region on the solar surface. Prominences move through 
the inner parts of the corona under the influence of the Sun’s magnetic field. 
Magnetic instabilities in the strong fields found in and near sunspot groups may 
cause the prominences, although the details are still not completely understood. 
A typical solar prominence measures some 100,000 km in extent, nearly 10 times 
the diameter of planet Earth. Some may persist for days or even weeks. Promi-
nences as large as the one shown in Figure 9.20(b), which spanned almost half a 
million kilometers of the solar surface (half the Sun’s diameter), are less common 
and usually appear only at times of greatest solar activity.

Flares are another type of solar activity observed near active regions (Figure 
9.21). Also the result of magnetic instabilities, flares are much more violent (and 
even less well understood) than prominences. They flash across a region of the 
Sun in minutes, releasing enormous amounts of energy as they go. Temperatures 
in the extremely compact hearts of flares can reach 100 million K (roughly six 
times hotter than the solar core). So energetic are these cataclysmic explosions 
that some researchers have likened them to bombs exploding in the lower regions 
of the Sun’s atmosphere. Unlike the trapped gas that makes up the characteristic 
loop of a prominence, the particles produced by a flare are so energetic that the 
Sun’s magnetic field is unable to hold them and shepherd them back to the sur-
face. Instead, the particles are simply blasted into space by the violence of the ex-
plosion. Flares are thought to be responsible for the internal pressure waves that 
give rise to solar surface oscillations.

Sometimes (but not always) a flare or a prominence is associated with a 
coronal mass ejection (Figure 9.22a). This giant magnetic “bubble” of ionized gas 
separates from the rest of the solar atmosphere and escapes into interplanetary 
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FlareFlare

 Figure 9.21 Solar Flare  Much more violent than a 
prominence, a solar flare is an explosion on the Sun’s surface 
that sweeps across an active region in a matter of minutes, 
accelerating solar material to high speeds and blasting it into 
space. (NASA)

AniMATiOn/VideO

Solar Flare 

 Figure 9.20 Solar Prominences  (a) This particularly large solar prominence was 
observed by ultraviolet detectors aboard the SOHO spacecraft in 2002. (b) Like a phoenix 
rising from the solar surface, this filament of hot gas measures more than 100,000 km 
in length. Dark regions in this TRACE image have temperatures less than 20,000 K; the 
brightest regions are about 1 million kelvins. Most of the gas will subsequently cool and fall 
back into the photosphere. (NASA)
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space. Such ejections occur about once per week at times of sunspot minimum, 
but up to two or three times per day at solar maximum. Carrying an enormous 
amount of energy, they can—if their fields are properly oriented—connect with 
Earth’s magnetic field via a process known as reconnection, dumping some of their 
energy into the magnetosphere and potentially causing widespread communica-
tions and power disruptions on our planet (Figures 9.22b and c).

The Sun in X-rays
Unlike the 5800 K photosphere, which emits most strongly in the visible part of the 
electromagnetic spectrum, the million-kelvin coronal gas radiates at much higher 
frequencies—primarily in X-rays.  (Sec. 2.4) For this reason, X-ray telescopes 
have become important tools in studying the solar corona. Figure 9.23 shows a 
sequence of X-ray images of the Sun. The full corona extends well beyond the 
regions shown, but the density of coronal particles emitting the radiation diminishes 
rapidly with distance from the Sun. The intensity of X-ray radiation farther out is 
too dim to be seen here.

In the mid-1970s instruments aboard NASA’s Skylab space station revealed that 
the solar wind escapes mostly through solar “windows” called coronal holes. The 
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 Figure 9.22 coronal Mass ejection  (a) A few times 
per week, on average, a giant magnetized “bubble” of solar 
material detaches itself from the Sun and rapidly escapes 
into space, as shown in this SOHO image taken in 2002. The 
circles are artifacts of an imaging system designed to block 
out the light from the Sun itself and exaggerate faint features 
at larger radii. (b) Should such a coronal mass ejection 
encounter Earth with its magnetic field oriented opposite to 
our own, as illustrated, the field lines can join together as in 
part (c), allowing high-energy particles to enter and possibly 
severely disrupt our planet’s magnetosphere. By contrast, if 
the fields are in the same direction, the coronal mass ejection 
can slide by Earth with little effect. (NASA/ESA)
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dark area moving from left to right in Figure 9.23(a), which shows more recent 
data from the Japanese Yohkoh X-ray solar observatory, is an example. Not really 
holes, such structures are simply deficient in matter—vast regions of the Sun’s at-
mosphere where the density is about 10 times lower than the already tenuous, nor-
mal corona. The underlying solar photosphere looks black in these images because 
it is too cool to emit X-rays in any significant quantity. The largest coronal holes 
can be hundreds of thousands of kilometers across. Structures of this size are seen 
only a few times each decade. Smaller holes—perhaps only a few tens of thousands 
of kilometers in size—are much more common, appearing every few hours.

Coronal holes are lacking in matter because the gas there is able to stream 
freely into space at high speeds, driven by disturbances in the Sun’s atmosphere 
and magnetic field. Figure 9.23(b) illustrates how, in coronal holes, the solar mag-
netic field lines extend from the surface far out into interplanetary space. Because 
charged particles tend to follow the field lines, they can escape, particularly from 
the Sun’s polar regions, according to findings from NASA’s Ulysses spacecraft, 
which flew high above the ecliptic plane to explore the Sun’s polar regions. (Note, 
however, that the coronal hole shown in Figure 9.23a spans the Sun’s equator.) 
The speed of the solar wind can reach 800 km/s over some coronal holes. In other 
regions of the corona, the solar magnetic field lines stay close to the Sun, keeping 
charged particles near the surface and inhibiting the outward flow of the solar 
wind (just as Earth’s magnetic field tends to prevent the incoming solar wind 
from striking Earth), so the density remains relatively high.  (Sec. 5.7)

Field lines
loop back to the
Sun—particles

are trapped.

Field lines
extend into

interplanetary
space—particles

escape.

These frames were taken at
roughly 2-day intervals,

starting at the left.

(b)

(a)
R I V U X G

 Figure 9.23 coronal hole  (a) Images of X-ray emission 
from the Sun observed by the Yohkoh satellite. Note the dark, 
V-shaped coronal hole traveling from left to right, where the 
X-ray observations outline in dramatic detail the abnormally 
thin regions through which the high-speed solar wind streams 
forth. (b) Charged particles follow magnetic field lines that 
compete with gravity. When the field is trapped and loops 
back toward the photosphere, the particles are also trapped; 
otherwise, they can escape as part of the solar wind. (ISAS/
Lockheed Martin)
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The changing Solar corona
The solar corona also varies in step with the sunspot cycle. The photograph of the 
corona in Figure 9.10 shows the Sun at sunspot minimum. The corona is fairly 
regular in appearance and surrounds the Sun more or less uniformly. Compare 
this image with Figure 9.12, which was taken in 1994, close to a peak of the sun-
spot cycle. The active corona here is much more irregular than the inactive one in 
Figure 9.10 and extends farther from the solar surface. The streamers of coronal 
material pointing away from the Sun are characteristic of this phase.

Astronomers think that the corona is heated primarily by solar surface activity, 
which can inject large amounts of energy into the upper solar atmosphere. SOHO 
observations have implicated a “magnetic carpet” as the source of much of the 
heating, where small magnetic loops continually sprout up, then disappear, dump-
ing vast amounts of energy into the lower solar atmosphere. These small-scale 
magnetic loops probably provide most of the energy needed to heat the corona. In 
addition, more extensive disturbances often move through the corona above an ac-
tive site in the photosphere, distributing the energy throughout the coronal gas. 
Given this connection, it is not surprising that both the appearance of the corona 
and the strength of the solar wind are closely correlated with the solar cycle.

9.5 The heart of the Sun
How does the Sun shine, day after day, year after year, eon after eon? The answer to 
this question is central to all of astronomy. Without it we can understand neither 
the evolution of stars and galaxies in the universe nor the existence of life on Earth.

nuclear Fusion
Only one known energy-generation mechanism can conceivably account for the 
Sun’s enormous energy output. That process is nuclear fusion—the combining 
of light nuclei into heavier ones. Fusion may be contrasted with nuclear fission, 
which powers nuclear reactors on Earth. In this process, a heavy nucleus (such as 
uranium or plutonium) splits into lighter nuclei, releasing energy in the process. 
We can represent a typical fusion reaction as

nucleus 1 + nucleus 2 S nucleus 3 + energy.

For powering the Sun and other stars, the most important piece of this equation 
is the energy produced.

The crucial point here is that, during a fusion reaction, the total mass decreases —  
the mass of nucleus 3 is less than the combined masses of nuclei 1 and 2. Where 
does the mass go? It is converted to energy according to Einstein’s famous equation

E = mc2,

or

energy = mass * (speed of light)2.

This equation says that to determine the amount of energy corresponding to a 
given mass, simply multiply the mass by the square of the speed of light (c in the 
equation). The speed of light is so large that even a small amount of mass trans-
lates into an enormous amount of energy.

The production of energy by a nuclear fusion reaction is an example of the 
law of conservation of mass and energy, which states that the sum of mass and 
energy (properly converted to the same units, using Einstein’s equation) must al-
ways remain constant in any physical process. There are no known exceptions. 
The fact that we see light coming from the Sun means that the Sun’s mass must 
be slowly, but steadily, decreasing with time.

AniMATiOn/VideO

coronal mass ejections 

What do observations of sunspot polarities tell us 
about the solar magnetic field?
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The Proton–Proton chain
The lightest and most common element in the universe is hydrogen, and it is 
the fusion of hydrogen nuclei (protons) to form nuclei of helium, the next 
lightest element, that powers the Sun. But all atomic nuclei are positively 
charged, so they repel one another. Furthermore, by the inverse-square law, the 
closer two nuclei come to one another, the greater is the repulsive force be-
tween them (Figure 9.24a).  (Sec. 2.2) How then do nuclei—two protons, 
say—ever manage to fuse into anything heavier? The answer is that if they col-
lide at high enough speeds one proton can momentarily plow deep into the 
other, eventually coming within the exceedingly short range of the strong nu-
clear force, which binds nuclei together (see More Precisely 9-1). At distances 
less than about 10215 m, the attraction of the nuclear force overwhelms the 
electromagnetic repulsion, and fusion can occur (Figure 9.24b). Speeds in ex-
cess of a few hundred kilometers per second are needed to slam protons together 
fast enough to initiate fusion. Such high speeds are associated with extremely 
high temperatures—at least 10 million kelvins.  (More Precisely 5-1)  
Such conditions are found in the core of the Sun and at the centers of all stars. 
The radius at which the temperature drops below this value defines the outer 
edge of the solar core (Figure 9.6).

In the reaction shown in Figure 9.24(b), two protons combine to form a 
deuteron—a nucleus of deuterium, or “heavy hydrogen,” containing a proton and 
an extra neutron. Energy is released in the form of two new particles: a positron 
and a neutrino. The positron is the positively charged antiparticle of an electron. 
Its properties are identical to those of a normal, negatively charged electron, ex-
cept for the positive charge. Particles and antiparticles annihilate (destroy) one 
another when they meet, producing pure energy in the form of gamma-ray pho-
tons. The neutrino is a chargeless and virtually massless elementary particle. 
(The name derives from the Italian for “little neutral one.”) Neutrinos move at 
nearly the speed of light and interact with hardly anything. They can penetrate, 
without stopping, several light-years of lead. Their interactions with matter are 
governed by the weak nuclear force, described in More Precisely 9-1. Yet despite 
their elusiveness, neutrinos can be detected with carefully constructed instru-
ments. In the final section we discuss some rudimentary neutrino “telescopes” 
and the important contribution they have made to solar astronomy.

The basic set of nuclear reactions powering the Sun (and the vast majority of 
all stars) is sketched in Figure 9.25. In fact, it is not a single reaction, but rather a 
sequence of reactions called the proton–proton chain:

(I) Two protons combine, as shown in Figure 9.24(b), forming a deuteron and 
releasing a positron and a neutrino.

(II) The deuteron then combines with another proton to create a type of helium 
called helium-3, which contains only one neutron, while the positron annihi-
lates with an electron, producing gamma rays. The neutrino escapes into 
space. Figure 9.25 shows two of each of these sets of reactions.

(III) Finally, two helium-3 nuclei combine to form helium-4 and two protons.

Setting aside the temporary intermediate nuclei produced, the net effect is that 
four hydrogen nuclei (protons) combine to create one nucleus of the next lightest ele-
ment, helium-4 (containing 2 protons and 2 neutrons, for a total mass of 4), creating 
two neutrinos and releasing energy in the form of gamma-ray radiation:  (Sec. 2.6

4 protons S helium@4 + 2 neutrinos + energy.

Other reaction sequences, involving the more massive nuclei of carbon, nitrogen, 
and oxygen, can produce the same end result—four protons fuse into helium-4, 
and energy is produced in the form of gamma rays. However, the sequence shown 
in Figure 9.25 is the simplest and is responsible for almost 90 percent of the Sun’s 
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 Figure 9.24 Proton interactions  (a) Since like charges 
repel, two low-speed protons veer away from one another, 
never coming close enough for fusion to occur. (b) Higher-speed 
protons may succeed in overcoming their mutual repulsion, 
approaching close enough for the strong force to bind them 
together—in which case they collide violently, triggering nuclear 
fusion that ultimately powers the Sun.
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The Strong and Weak nuclear Forces

9.1  M o r e  p r e C i s e ly

As far as we can tell, the behavior of all matter in the universe, 
from elementary particles to clusters of galaxies, is ruled by just 
four (or fewer) basic forces, which are fundamental to everything 
in the universe. We have already encountered two of them in this 
text—the gravitational force, which binds planets, stars, and solar 
systems together, and the much stronger electromagnetic force, 
which governs the properties of atoms and molecules, as well as 
magnetic phenomena on planets and stars.  (Secs. 1.4, 2.2)

Both of these forces are governed by inverse-square laws and 
are long range. In contrast, the other two fundamental forces, 
known as the weak nuclear force and the strong nuclear force are 
of extremely short range—about 10218 m and 10215 m, respec-
tively, less than the size of an atomic nucleus.

The weak force governs the emission of radiation during 
some radioactive decays, as well as interactions between neutri-
nos and other particles. In fact, according to current theory, the 
electromagnetic force and the weak force are not really distinct 

entities, but are actually just different aspects of a single “elec-
troweak” force.

The strong force holds atomic nuclei together. It binds parti-
cles with enormous strength, but only when they approach one 
another very closely. Two protons must come within about 10215 
m of one another before the attractive strong force can overcome 
their electromagnetic repulsion.

Very loosely speaking, we can say that the strong force is 
about 100 times stronger than electromagnetism, 100,000 times 
stronger than the weak force, and 1039 times stronger than grav-
ity. But not all particles are subject to all types of force. All parti-
cles interact through gravity because all have mass (or 
equivalently, energy). However, only charged particles interact 
electromagnetically. Protons and neutrons are affected by the 
strong force, but electrons are not. Under the right circum-
stances, the weak force can affect any type of subatomic particle, 
regardless of its charge.
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 Figure 9.25 Solar Fusion interactive  In the proton–proton chain, a total of six protons (and two electrons) are converted 
to two protons, one helium-4 nucleus, and two neutrinos. The two leftover protons are available as fuel for new proton–proton 
reactions, so the net effect is that four protons are fused to form one helium-4 nucleus. Energy, in the form of gamma rays, is 
produced at each stage. The three stages indicated here correspond to reactions (I), (II), and (III) described in the text. 

M12_CHAI7702_08_SE_C09.indd   272 14/11/15   9:25 AM



 SecTiOn 9.5    the Heart of the Sun 273

luminosity. Notice how, at each stage of the chain, more complex nuclei are cre-
ated from simpler ones. We will see later that not all stars are powered by hydro-
gen fusion; nevertheless, this basic idea of simpler elements combining to form 
more complex ones, releasing energy in the process, continues to apply.

Gargantuan quantities of protons are fused into helium by the proton–proton 
chain in the core of the Sun every second. As discussed in more detail in More Pre-
cisely 9-2, to fuel the Sun’s present energy output, hydrogen must be fused into 
helium in the core at a rate of 600 million tons per second—a lot of mass, but only 
a tiny fraction of the total amount available. As we will see in Chapter 12, the Sun 
will be able to sustain this rate of core burning for about another 5 billion years.

The Sun’s nuclear energy is produced in the core in the form of gamma rays. 
However, as the energy passes through the cooler overlying layers of the solar in-
terior and photons are repeatedly absorbed and reemitted, the radiation’s black-
body spectrum steadily shifts toward lower and lower temperatures and, by 
Wien’s law, the characteristic wavelength of the radiation increases.  (Sec. 2.4) 
The energy eventually leaves the solar photosphere mainly in the form of visible 
and infrared radiation. A comparable amount of energy is carried off by the neu-
trinos, which escape unhindered into space at almost the speed of light.

energy generation in the Proton–Proton chain

9.2  M o r e  p r e C i s e ly

Let’s look in a little more detail at the energy produced by fusion 
in the solar core and compare it with the energy needed to ac-
count for the Sun’s luminosity. As discussed in the text and illus-
trated below, the net effect of the fusion process is that four 
protons combine to produce a nucleus of helium-4, in the process 
creating two neutrinos and two positrons (which are quickly con-
verted into energy by annihilation with electrons).

We can calculate the total amount of energy released by ac-
counting carefully for the total masses of the nuclei involved and 
applying Einstein’s famous formula E 5 mc2. This allows us to 
relate the Sun’s total luminosity to the consumption of hydrogen 
fuel in the core. Careful laboratory experiments have determined 
the masses of all the particles involved in the above reaction: The 
total mass of the protons is 6.6943 3 10−27 kg, the mass of the 
helium-4 nucleus is 6.6466 3 10−27 kg, and the neutrinos are vir-
tually massless. We omit the positrons here—their masses will 
end up being counted as part of the total energy released. The 
difference between the total mass of the four protons and that of 
the final helium-4 nucleus, 0.0477 3 10−27 kg, is not great—only 
about 0.71 percent of the original mass—but it is easily 
measurable.

Multiplying the vanished mass by the square of the speed of 
light yields 0.0477 3 10−27 kg 3 (3.00 3 108 m/s)2 5 4.28 3 10−12 J. 
This is the energy produced in the form of radiation when 6.69 3 
10−27 kg (the rounded-off mass of the four protons) of hydrogen 
fuses to helium. It follows that fusion of 1 kg of hydrogen 
generates 4.28 3 10−12/6.69 3 10−27 5 6.40 × 1014 J.

Thus we have established a direct connection between the 
Sun’s energy output and the consumption of hydrogen in the 
core. The Sun’s luminosity of 3.86 × 1026 W (see Table 9.1), or 
3.86 3 1026 J/s (joules per second), implies a mass consumption 
rate of 3.86 3 1026 J/s 4 6.40 3 1014 J/kg 5 6.03 3 1011 kg/s—
roughly 600 million tons of hydrogen every second. That sounds 
like a lot—the mass of a small mountain and 600 times the mass 
loss rate in the solar wind—but it represents only a few million 
million millionths of the total mass of the Sun. Our parent star 
will be able to sustain this loss for a very long time—this is the 
subject of Chapter 12.
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Why does the fact that we see sunlight imply that 
the Sun’s mass is slowly decreasing?
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Observations of Solar neutrinos
Because the gamma-ray energy created in the proton–proton chain is transformed 
into visible and infrared radiation by the time it emerges from the Sun, astrono-
mers have no direct electromagnetic evidence of the core nuclear reactions. In-
stead, the neutrinos created in the proton–proton chain are our best bet for learning 
about conditions in the solar core. They travel cleanly out of the Sun, interacting 
with virtually nothing, and escape into space a few seconds after being created.

Of course, the fact that they can pass through the entire Sun also makes neu-
trinos very difficult to detect on Earth! Nevertheless, with knowledge of neutrino 
physics it is possible to construct neutrino detectors. During the last four decades 
of the 20th century, several experiments (two of them shown in Figure 9.26) were 
constructed to detect solar neutrinos reaching Earth’s surface. The experiments’ 
designs differed greatly, and they were sensitive to neutrinos of very different en-
ergies, but they all agreed on one very important point: The number of solar neu-
trinos reaching Earth is substantially less (by 50 to 70 percent) than the prediction 
of the standard solar model. This discrepancy became known as the solar 
neutrino problem.

Theorists argued that it was very unlikely that the resolution of the solar neu-
trino problem would lie in the physics of the Sun’s interior. The nuclear reactions 
just described are too well understood, and the agreement between the standard 
solar model and helioseismological observations (Section 9.2) is far too close for 
conditions in the core to deviate much from the standard solar model. But the 
experimental results were clear. How could we explain this stark disagreement 
between theory and observation? As it turned out, the answer involved the prop-
erties of the neutrinos themselves and caused scientists to rethink some very fun-
damental concepts in particle physics.

At the time, it was thought that neutrinos were massless. But if neutrinos 
have even a minute amount of mass, theory indicates that they can change their 
properties—even transform into other particles—during their 8-minute flight 
from the solar core to Earth, through a process known as neutrino oscillations. 
In that case, neutrinos could be produced in the Sun at the rate required by the 
standard solar model, but some could then turn into something else—actually, 
other types of neutrinos—on their way to Earth, and hence go undetected in the 
experiments just described. (In the jargon of the field, the neutrinos are said to 
“oscillate” into other particles.)

In 1998 the Japanese group operating the Super Kamiokande detector shown 
in Figure 9.26(a) reported the first experimental evidence of neutrino oscillations 
(and hence of nonzero neutrino masses), although the observed oscillations did 
not involve neutrinos of the type produced in the Sun. In 2001, measurements 
made at the Sudbury Neutrino Observatory (SNO) in Ontario, Canada (Figure 
9.26b) observed the “other” neutrinos into which the Sun’s neutrinos had trans-
formed. The total numbers of neutrinos observed were completely consistent 
with the standard solar model. The solar neutrino problem was solved—and neu-
trino astronomy claimed its first major triumph!

(a)

(b)

 Figure 9.26 neutrino Telescope  (a) The Super Kamiokande neutrino detector is 
buried beneath a mountain near Tokyo, Japan. It is filled with 50,000 tons of purified water 
and contains 13,000 individual light detectors to sense the telltale signature—a brief burst of 
light—of a neutrino passing through the apparatus. (b) The Sudbury Neutrino Observatory, 
some 2 km underground in Ontario, Canada, is similar in design to the Kamiokande facility, 
but is also sensitive to other neutrino types. It contains 10,000 light-sensitive detectors 
arranged on the inside of the large sphere shown here. (ICRR; SNO)

proCess of sCienCe CheCk

using the solar neutrino problem as an example, 
discuss how scientific theory and observation 
evolve and adapt when they come into conflict.
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How does the Sun’s corona get so hot? What causes the 11-year solar cycle 
of activity? Why do sunspots exist, and why do they look so messy? There 
is not just one big question regarding the Sun, but many smaller, nagging 
ones that have perplexed scientists for decades. Although we understand 
the basic physics of how our star shines, we still have much to learn about 
its unpredictable behavior, which can sometimes affect life here on Earth.

The Big QueSTiOn

LO1 Our Sun is a star (p. 254), a glowing 
ball of gas held together by its own 
gravity and powered by nuclear 
fusion at its center. The photosphere 
(p. 254) is the region at the Sun’s 
surface from which virtually all the 
visible light is emitted. The main 
interior regions of the Sun are the 
core (p. 254), where nuclear 
reactions generate energy; the radiation zone  
(p. 254), where the energy travels outward in the form of 
electromagnetic radiation; and the convection zone (p. 254), 
where the Sun’s matter is in constant convective motion.

LO2 The amount of solar energy reaching a 
square meter area at the top of Earth’s 
atmosphere each second is the solar 
constant (p. 255). The Sun’s 
luminosity (p. 255) is the total 
amount of energy radiated from the 
solar surface per second.

LO3 Much of our knowledge of the solar 
interior comes from mathematical models. 
The model that best fits the observed 
properties of the Sun is the standard 
solar model (p. 255). Helioseismology 
(p. 256)—the study of vibrations of the 
solar surface caused by pressure waves in 
the interior—provides further insight into 
the Sun’s structure. The effect of the solar convection zone can 
be seen on the surface in the form of granulation (p. 259) of 
the photosphere. Lower levels in the convection zone also leave 
their mark on the photosphere in the form of larger transient 
patterns called supergranulation (p. 259).

LO4 Above the photosphere lies the 
chromosphere (p. 254), the Sun’s 
lower atmosphere. In the transition 
zone (p. 254) above the 
chromosphere, the temperature increases from a few thousand 
kelvins to around a million kelvins. Above the transition zone is 
the Sun’s thin, hot upper atmosphere, the solar corona (p. 256). 
At a distance of about 15 solar radii, the gas in the corona is hot 
enough to escape the Sun’s gravity, and the corona begins to 
flow outward as the solar wind (p. 254).

LO5 Sunspots (p. 262) are Earth-sized regions of intense 
magnetism on the solar surface that are a little cooler than the 
surrounding photosphere. The numbers and locations of 
sunspots vary in a roughly 11-year sunspot cycle (p. 265) as 
the Sun’s magnetic field rises and falls. The 
overall direction of the field reverses from 
one sunspot cycle to the next. The 22-year 
cycle that results when the direction of the 
field is taken into account is called the 
solar cycle (p. 265). Solar activity tends 
to be concentrated in active regions  
(p. 266) associated with sunspot groups; this activity heats the 
corona and drives the solar wind, which flows along open field 
lines from low-density regions called coronal holes (p. 268).

LO6 The Sun generates energy by converting 
hydrogen to helium in its core by the 
process of nuclear fusion (p. 270). 
When four protons are converted to a 
helium nucleus in the proton–proton 
chain (p. 271), some mass is lost. The 
law of conservation of mass and energy (p. 270) 
requires that this mass appear as energy, eventually 
resulting in the light we see.
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LO7 Neutrinos (p. 274) are nearly massless 
particles that are produced in the 
proton–proton chain and escape from 
the Sun. It is possible to detect a small 
fraction of the neutrinos streaming from 
the Sun. Observations over several 

decades led to the solar neutrino problem (p. 274)—
substantially fewer neutrinos are observed than were 
predicted by theory. The explanation, supported by 
observations, is that neutrino oscillations (p. 274) convert 
some neutrinos to other (undetected) particles en route from 
the Sun to Earth.

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

 For instructor-assigned homework go to www.masteringastronomy.com

reVieW And diScuSSiOn
 1. LO1 Name and briefly describe the main regions of the Sun.

 2. How massive is the Sun, compared with Earth?

 3. How hot is the solar surface? The solar core?

 4. LO2 How is the Sun’s luminosity measured?

 5. LO3 POS How is helioseismology used to model the Sun?

 6. Describe how energy from the solar core eventually reaches 
Earth.

 7. Why does the Sun appear to have a sharp edge?

 8. What evidence do we have for solar convection?

 9. LO4 What is the solar wind, and how is it related to the Sun’s 
outer atmosphere?

 10. LO5 What is the cause of sunspots, flares, and prominences?

 11. What fuels the Sun’s enormous energy output?

 12. POS What is the law of conservation of mass and energy? How 
is it relevant to nuclear fusion in the Sun?

 13. LO6 What are the ingredients and the end result of the proton–
proton chain? Why is energy released in the process?

 14. LO7 POS Why are observations of solar neutrinos important to 
both astronomers and physicists?

15. What would we observe on Earth if the Sun’s internal energy 
suddenly shut off? How long do you think it would take for the 
Sun’s light to begin to fade? Answer the same question for solar 
neutrinos.

cOncePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. The most abundant element in the Sun is hydrogen. (T/F)

 2. There are as many absorption lines in the solar spectrum as 
there are elements present in the Sun. (T/F)

 3. The density and temperature in the solar corona are much 
higher than in the photosphere. (T/F)

 4. Sunspots appear dark because they are hotter than the sur-
rounding gas of the photosphere. (T/F)

 5. Flares are caused by magnetic disturbances in the lower atmo-
sphere of the Sun. (T/F)

 6. The proton–proton chain releases energy because mass is cre-
ated in the process. (T/F)

 7. Neutrinos have never been detected experimentally. (T/F)

 8. The Sun is roughly (a) the same size; (b) 10 times larger; (c) 
100 times larger; (d) 1 million times larger than Earth.

 9. The Sun spins on its axis roughly once each (a) hour; (b) day; 
(c) month; (d) year.

 10. Astronomers on Venus would measure a solar constant (a) 
larger than; (b) smaller than; (c) the same as on Earth.

 11. A typical solar granule is about the size of (a) a U.S. city; (b) a 
large U.S. state; (c) the Moon; (d) Earth.

 12. The time between successive sunspot maxima is about (a) a 
month; (b) a year; (c) a decade; (d) a century.

 13. Solar energy is produced by (a) fusion of light nuclei into 
heavier ones; (b) fission of heavy nuclei into lighter ones;  
(c) the release of heat left over from the Sun’s formation; (d) 
solar magnetism.

 14. ViS In the standard solar model (Figure 9.6, Solar Interior), as 
the distance from the center increases, (a) the density and tem-
perature decrease at about the same rate; (b) the density de-
creases faster than the temperature; (c) the density decreases 
more slowly than the temperature; (d) the density decreases 
but the temperature increases.

 15. ViS Comparing Figures 9.6 (Solar Interior) and 9.13 (Solar At-
mospheric Temperature), the temperature in the solar corona 
is about the same as in (a) the core; (b) the bottom of the radia-
tion zone; (c) the bottom of the convection zone; (d) the 
photosphere.

276 chAPTer 9   the Sun
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PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  Use the reasoning presented in Section 9.1 to calculate the 
value of the “solar constant” (a) on Mercury, at perihelion, and 
(b) on Jupiter.

 2.  The largest-amplitude solar pressure waves have periods of 
about 5 minutes and move at about 10 km/s. (a) How far does 
the wave move during one wave period? (b) Roughly how many 
wavelengths are needed to circle the Sun? (c) Compare the 
wave period with the orbital period in the solar photosphere.

 3.  Given that the solar spectrum corresponds to a temperature 
of 5800 K and peaks at a wavelength of 500 nm, use Wien’s law 
to determine the wavelength corresponding to the peak of the 
black-body curve (a) in the core of the Sun, where the tempera-
ture is 107 K, (b) in the solar convection zone (105 K), and (c) just 
below the solar photosphere (104 K).  (More Precisely 2-2) 
What form (visible, infrared, X-ray, etc.) does the radiation 
take in each case?

 4.  If convected solar material moves at 1 km/s, how long does it 
take to cross the 1000-km expanse of a typical granule? Com-
pare this time with the 10-minute lifetimes observed for most 
solar granules.

 5.  Use Stefan’s law to calculate how much less energy is emitted 
per unit area of a 4500-K sunspot than is emitted per unit area of 
the surrounding 5800-K photosphere.  (More Precisely 2-2)

  6.  The solar wind carries mass away from the Sun at a rate of 
about 2 million ton/s (where 1 ton 5 1000 kg). (a) Compare this 
rate with the rate at which the Sun loses mass in the form of 
radiation. (b) At this rate, how long would it take for all of the 
Sun’s mass to escape?

 7.  The Sun’s differential rotation is responsible for wrapping 
the solar magnetic field around the Sun (Figure 9.17). Using the 
figures presented in Table 9.1, estimate how long it takes for ma-
terial at the solar equator to “lap” the material near the poles—
that is, to complete one extra trip around the Sun’s rotation axis.

 8.  How long does it take the Sun to convert one Earth mass of 
hydrogen to helium?

 9.  Assuming that (1) the solar luminosity has been constant 
since the Sun formed, and (2) the Sun was initially of uniform 
composition throughout, as described by Table 9.2, estimate 
how long it would take the Sun to convert all of its original hy-
drogen into helium.

 10.  The entire reaction sequence shown in Figure 9.25 gener-
ates 4.3 3 10212 joules of electromagnetic energy and releases 
two neutrinos. If all of the Sun’s energy comes from this 
sequence and neutrino oscillations transform half of the neu-
trinos produced into other particles by the time they reach 
Earth, estimate the total number of solar neutrinos passing 
through Earth each second.

AcTiViTieS
never Look Directly at the Sun Without a Filter!

collaborative
the safest way to observe the Sun is to project its image onto a screen. Here are two ways 
to do it.

 1. To build a “pinhole camera,” you’ll need two sheets of stiff 
white paper and a pin. Use the pin to punch a hole in the center 
of one of your pieces of paper. Go outside, hold the paper up 
and aim the hole at the Sun. Don’t look directly at the Sun! 
Now find the image of the Sun coming through the hole. Move 
the other piece of paper back and forth until the image looks 
best. What happens to the image as you vary the size of the 
pinhole?

 2. Alternatively, you can project an image of the Sun using a pair 
of binoculars or a small telescope. You’ll need a sheet of stiff 
white paper and a tripod. Mount the binoculars or telescope 
firmly on the tripod and point it at the Sun. Don’t attempt to 
view the Sun directly! Hold the paper about 10 inches behind 
the eyepiece to act as a screen. You should see a bright blurred 
circle of light. Focus the instrument until the circle is sharp. 
This is the disk of the Sun. Experiment with moving the card 

closer and farther away from the telescope. What effect does 
this have on the image?

Use one of these projectors to study some sunspots, as in Project 1 
below. Have half your group construct a pinhole camera and the 
other half build a telescopic projector, and compare results. What 
are the pros and cons of each?

individual
 1. A filtered telescope will easily show you sunspots. Count the 

number of sunspots you see on the Sun’s surface. Notice that 
sunspots often come in pairs or groups. Look again a few days 
later and you’ll see that the Sun’s rotation has caused the spots 
to move, and the spots themselves have changed. If a sufficiently 
large sunspot (or sunspot group) is seen, continue to watch it as 
the Sun rotates. It will be out of sight for about 2 weeks.

 2. View some solar prominences and flares. Hydrogen-alpha (Ha) 
filters are available for small telescopes. You can often see 
prominences and flares even during times of sunspot mini-
mum. You are actually viewing the chromosphere rather than 
the photosphere, so the Sun looks quite different from normal.
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Measuring the 
Stars
Giants, Dwarfs, and the Main Sequence

10
Studying this chapter will 
enable you to:

LO1 Explain how stellar distances 
are determined.

LO2 Distinguish between 
luminosity and apparent 
brightness, and explain how 
stellar luminosity is 
determined.

LO3 Describe how stars are 
classified according to their 
colors, surface temperatures, 
and spectral characteristics.

LO4 Explain how physical laws can 
be used to estimate stellar 
sizes.

LO5 Describe how a Hertzsprung–
Russell diagram is constructed 
and used to identify stellar 
properties.

LO6 Explain how knowledge of a 
star’s spectroscopic 
properties can lead to an 
estimate of its distance.

LO7 Explain how stellar masses 
are measured and how mass 
is related to other stellar 
properties.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Stars are everywhere in the night sky. The naked eye can distinguish about 6000 of them, 
spread across 88 constellations. With binoculars or even a small telescope, millions more 
become visible. The total number of stars, even in our local cosmic neighborhood, is 
virtually beyond our ability to count. By analyzing the light from millions of distant stars, 
astronomers have learned a great deal about stellar properties—their masses and radii, 
their luminosities, even their ages and destinies. Stars tell us more about the 
fundamentals of astronomy than any other class of objects in the universe.

The Big PicTure

 In 2013 the Hubble Space Telescope captured this 
spectacular image of the globular star cluster M15, a 
rich group of roughly 1 million stars spread across 
some 100 light-years of space. It lies 33,000 light-
years away in the direction of the constellation 
Pegasus, and is estimated to be 12 billion years 

old—more than twice the age of the Sun. Its central 
regions represent one of the densest stellar 
environments known in our Galaxy, with 100,000 stars 
packed into a volume a few light-years across—the 
distance from our Sun to its nearest neighbor in 
space. (ESA/NASA)

L e a r n i n G 
O u tcO M e S

We have now studied Earth, the Moon, the solar system, and the Sun. To continue our 

inventory of the contents of the universe, we must move away from our local 

environment into the depths of space. In this chapter we take a great leap in distance and 

consider stars in general. Our primary goal is to comprehend the nature of the stars that 

make up the constellations, as well as the myriad more distant stars we cannot perceive 

with unaided eyes. Rather than studying their individual peculiarities, however, we will 

concentrate on determining the physical and chemical properties they share. There is 

order in the legions of stars scattered across the sky. Like comparative planetology in the 

solar system, comparing and cataloging the stars play vital roles in furthering our 

understanding of the galaxy and the universe we inhabit.
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10.1 The Solar Neighborhood
Looking deep into space, astronomers can observe and study millions of individ-
ual stars. By observing distant galaxies, we can infer statistically the properties of 
trillions more. All told, the observable universe probably contains several tens of 
sextillions (1 sextillion 5 1021) stars. Yet, despite their incredible numbers, the 
essential properties of stars—their appearance in the sky, their births, lives, 
deaths, even their interactions with their environment—can be understood in 
terms of just a few basic physical stellar quantities: luminosity (brightness), tem-
perature (color), chemical composition, size, and mass. In this chapter we exam-
ine these basic stellar properties, describe how we measure them, and show how 
they lead to a simple but powerful means of classifying stars of all kinds. With this 
foundation we can then discuss the life cycles of stars in the next three chapters.

As with the planets, knowing the distances to the stars is essential to under-
standing many of their other properties. We therefore begin our study of stellar 
astronomy by reviewing the use of simple geometry in determining the distances 
to our neighbors.

Stellar Parallax
The distances to the nearest stars can be measured using parallax—the apparent 
shift of an object relative to some distant background as the observer’s point of 
view changes.  (Sec. 0.4) However, even the closest stars are so far away that 
no baseline on Earth is adequate to measure their parallaxes. But, by comparing 
observations made of a star at different times of the year, as shown in Figure 10.1 
(compare Figure 0.20), we can effectively extend the baseline to the diameter of 
Earth’s orbit around the Sun, 2 AU. The parallax is determined by comparing 
photographs made from the two ends of the baseline. As indicated on the figure, 
a star’s parallactic angle—or, more commonly, just its “parallax”—is convention-
ally defined to be half of its apparent shift relative to the background as we move 
from one side of Earth’s orbit to the other.

Because the stars are so far away, stellar parallaxes are always very small, and 
astronomers find it convenient to measure them in arc seconds rather than in 
degrees.  (More Precisely 0-1) If we ask at what distance from the Sun a star 
must lie in order for its observed parallax to be exactly 10, we get an answer of 
206,265 AU, or 3.1 3 1016 m. Astronomers call this distance one parsec (1 pc), 
from “parallax in arc seconds.” Because parallax decreases as distance increases, 
we can relate a star’s parallax to its distance from the Sun by the following simple 
formula:

distance (in parsecs) =
1

parallax (in arc seconds)
.

Thus, a star with a measured parallax of 10 lies at a distance of 1 pc from the Sun. 
The parsec is defined so as to make the conversion between parallactic angle and 
distance easy. An object with a parallax of 0.50 lies at a distance of 1/0.5 5 2 pc, an 
object with a parallax of 0.10 lies at 1/0.1 5 10 pc, and so on. One parsec is ap-
proximately equal to 3.3 light-years.

This is the view as seen in January c cand in July, when the star shifts.

(a)

(b)

Background stars

Star

Parallactic
angle

Earth’s
orbit

January 1 AU 1 AU

Sun

Baseline

July

 Figure 10.1 Stellar Parallax interactive  (a) For observations made 6 months apart, the 
baseline is twice the Earth–Sun distance, or 2 AU. (b) The parallactic shift (exaggerated here, 
and indicated by the white arrow) is usually measured photographically, as illustrated by the 
red star. Images of the same region of the sky made at different times of the year determine 
a star’s apparent movement relative to background stars. 
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Our Nearest Neighbors
The closest star to the Sun is called Proxima Centauri. It is part of a triple-star 
system (three stars orbiting one another, bound by gravity) known as the Alpha 
Centauri complex. Proxima Centauri has the largest known stellar parallax, 0.770, 
meaning that it is about 1/0.77 5 1.3 pc away—about 270,000 AU, or 4.3 light-
years. That’s the nearest star to the Sun—at almost 300,000 times the Earth–Sun 
distance! This is a fairly typical interstellar distance in the Milky Way Galaxy.

Vast distances can sometimes be grasped by means of analogies. Imagine 
Earth as a grain of sand orbiting a golfball-sized Sun at a distance of 1 m. The 
nearest star, also a golfball-sized object, is then 270 kilometers away. Except for 
the planets in our solar system, ranging in size from grains of sand to small mar-
bles within 50 m of the “Sun,” and the Kuiper belt and Oort cloud, trillions of tiny 
dust grains scattered over a volume 100 km across, nothing of consequence exists 
in the 270 km separating the Sun and the other star.

The next nearest neighbor to the Sun beyond the Alpha Centauri system is 
called Barnard’s Star. Its parallax is 0.550, so it lies at a distance of 1.8 pc, or 6.0 
light-years—370 km in our model. All told, fewer than 100 stars lie within 5 pc 
(1000 km in our model) of the Sun. Such is the void of interstellar space. Figure 
10.2 is a map of our nearest galactic neighbors—the 30 or so stars lying within  
4 pc of Earth. Discovery 10-1 (p. 285) describes how some of the stars in this fig-
ure got their peculiar names.

Ground-based images of stars are generally smeared out into a seeing disk of 
radius 10 or so by turbulence in Earth’s atmosphere.  (Sec. 3.3) However, as-
tronomers use special techniques to routinely measure stellar parallaxes of 0.030 
or less, corresponding to stars within about 30 pc (100 light-years) of Earth. Sev-
eral thousand stars lie within this range, most of them of much lower luminosity 
than the Sun and invisible to the naked eye. Adaptive optics systems allow more 
accurate measurements of stellar positions, extending the parallax range to over 
100 pc.  (Sec. 3.3) In the 1990s, the European Hipparcos satellite expanded 
this range to well over 200 pc, encompassing nearly 
a million stars. Even so, almost all of the stars in our 
Galaxy are far more distant. Upcoming next-
generation space missions will extend out to 25,000 
pc, spanning our entire Galaxy and likely revolution-
izing our knowledge of its structure.

Stellar Motion
In addition to the apparent motion caused by paral-
lax, stars have real spatial motion, too. A star’s radial 
velocity—along the line of sight—can be measured 
using the Doppler effect.  (Sec. 2.7) For many 
nearby stars the transverse velocity—perpendicular 
to our line of sight—can also be determined by care-
ful monitoring of the star’s position on the sky.

Figure 10.3(a) shows two photographs of the 
sky around Barnard’s star, taken on the same day of 
the year, but 22 years apart. Note that the star 
(marked by the arrow) has moved during the  
22-year interval shown. Because Earth was at the 
same point in its orbit when the photographs were 
taken, the observed displacement is not the result of 
parallax. Instead, it indicates real space motion of 
Barnard’s star relative to the Sun. This annual 
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 Figure 10.2 Sun’s Neighborhood  A plot of the 30 
closest stars to the Sun, projected so as to reveal their 
three-dimensional relationships. All lie within 4 pc (about 
13 light-years) of Earth. The gridlines represent distances in 
the Galactic plane, and the vertical lines denote distances 
perpendicular to that plane.

ConCept CheCk

Why can’t astronomers use simultaneous 
observations from different parts of earth’s 
surface to determine stellar distances?
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movement of a star across the sky, as seen from Earth and corrected for parallax, 
is called proper motion. Barnard’s star moved 2280 in 22 years. Its proper mo-
tion is therefore 2280/22 years, or 10.30/yr.

A star’s transverse velocity is easily calculated once its proper motion and its 
distance are known. At the distance of Barnard’s star (1.8 pc), an angle of 10.30 
corresponds to a distance of 0.00009 pc, or about 2.8 billion kilometers. Barnard’s 
star takes a year to travel this distance, so its transverse velocity is 2.8 3 109 km 
3.2 3 107 s, or 88 km/s. Even though stars’ transverse velocities are often quite 
large—tens or even hundreds of kilometers per second—their great distances 
from the Sun mean that it usually takes many years for us to discern their move-
ment across the sky. In fact, Barnard’s star has the largest-known proper motion 
of any star. Only a few hundred stars have proper motions greater than 10/yr.

A star’s total space velocity is the combination of its radial and transverse com-
ponents. Figure 10.3(b) illustrates the relationship among these quantities for an-
other near neighbor, Alpha Centauri. Spectral lines from Alpha Centauri are 
blueshifted by a tiny amount—about 0.0067 percent—allowing astronomers to 
measure the star system’s radial velocity (relative to the Sun) as 300,000 km/s 3 6.7  
3 1025 5 20 km/s toward us.  (Sec. 2.7) Alpha Centauri’s proper motion has 
been measured to be 3.70/yr. At Alpha Centauri’s distance of 1.35 pc (corresponding 
to a parallax of 0.740), that measurement implies a transverse velocity of 24 km/s. 
We can combine the transverse (24 km/s) and radial (20 km/s) velocities according 
to the Pythagorean theorem, as indicated in the figure. The total velocity is 2242 + 202 or about 31 km/s, in the direction shown by the horizontal red arrow.

10.2 Luminosity and Apparent Brightness
Luminosity—the amount of radiation leaving a star per unit time—is an intrinsic 
stellar property.  (Sec 9.1) It does not depend in any way on the location or 
motion of the observer. It is sometimes referred to as the star’s absolute brightness. 
However, when we observe a star, we see not its luminosity but rather its 
apparent brightness—the amount of energy striking unit area of some light-
sensitive surface or device, such as a human eye or a CCD chip, per unit time. 
(Notice that this is precisely the same definition as given in Chapter 9 for the 
solar constant—in our new terminology, the solar constant is just the apparent 
brightness of the Sun.) In this section we discuss how these important quantities 
are related to one another.

Another inverse-Square Law
Figure 10.4 shows light leaving a star and traveling through space. Moving out-
ward, the radiation passes through imaginary spheres of increasing radius sur-
rounding the source. The farther the light travels from the source, the less energy 

30
arc
min.

R I V U X G

True
space motion

31 km/s

Radial
20 km/s

Solar
system

Transverse
24 km/s

Alpha Centauri
system

1 pc

1.3 pc

(a)

(b)

 Figure 10.3 real Space Motion  (a) Comparison of two photographs taken 22 years 
apart shows real space motion for Barnard’s star (denoted by an arrow). (b) The motion of 
the Alpha Centauri star system relative to our solar system. The radial component of the 
velocity is measured using the Doppler shift of lines in Alpha Centauri’s spectrum. The 
transverse component is derived from the system’s proper motion. The true spatial velocity, 
indicated by the red arrow, results from the combination of the two. (Harvard College 
Observatory)

Light
source

1

1 square

4 squares

2 3

9 squares

 Figure 10.4 inverse-Square Law  As light moves away from a source such as a star, 
it steadily dilutes while spreading over progressively larger surface areas (depicted here 
as sections of spherical shells). Thus, the amount of radiation received by a detector (the 
source’s apparent brightness) varies inversely as the square of its distance from the source.
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passes through each unit of area. Think of the energy as being spread out over an 
ever larger area and therefore spread more thinly, or “diluted,” as it expands into 
space. Because the area of a sphere grows as the square of the radius, the energy 
per unit area—the star’s apparent brightness—is inversely proportional to the 
square of the distance from the star. Doubling the distance from a star makes it 
appear 22, or 4, times fainter. Tripling the distance reduces the apparent bright-
ness by a factor of 32, or 9, and so on.

Of course, the star’s luminosity also affects its apparent brightness. Doubling 
the luminosity doubles the energy crossing any spherical shell surrounding the 
star and hence doubles the apparent brightness. The apparent brightness of a star 
is therefore directly proportional to the star’s luminosity and inversely propor-
tional to the square of its distance:

apparent brightness ∝
luminosity

distance2  .

(Reminder: ~ is the symbol representing proportionality.) Thus, two identical 
stars can have the same apparent brightness if (and only if) they lie at the same 
distance from Earth. However, as illustrated in Figure 10.5, two nonidentical stars 
can also have the same apparent brightness if the more luminous one lies farther 
away. A bright star, having large apparent brightness, is a powerful emitter of 
radiation (high luminosity), is near Earth, or both. A faint star (small apparent 
brightness) is a weak emitter (low luminosity), is far from Earth, or both.

This is the view seen by
the observer looking out
into space.

A

A

B

B

 Figure 10.5 Luminosity  Two stars A and B of different 
luminosities can appear equally bright to an observer on Earth 
if the brighter star B is more distant than the fainter star A.

Looking at Figure 10.2, you might well wonder how those stars 
got their names. In fact, there is no coherent convention for nam-
ing stars—or rather, there are many, often leading to many names 
for any given object! Here is a brief (and roughly chronological) 
description of some common naming schemes:

 1. The brightest stars in the sky usually have ancient names. Many 
of the names are of Arabic origin, dating back to around the 
10th century a.d., when Muslim astronomy flourished, preserv-
ing the scientific knowledge of Greek and other early cultures 
while European science floundered in the Dark Ages. Examples 
are Betelgeuse (Yad al Jauzah, Hand of the Central One, later 
corrupted to Bed Elgueze), Rigel (Rijl Jauzah al Yusra, Left Foot 
of the Central One), Aldebaran (Al Dabaran, the Follower), and 
Deneb (Al Dhanab al Dulfin, the Dolphin’s Tail). The names Pro-
cyon and Sirius (see Figure 10.2) are Greek.

 2. A more systematic scheme was introduced in 1603 by Ger-
man lawyer Johann Bayer. He ranked the stars in a given 
constellation (Orion, say) by brightness, labeling them with 
Greek letters: Alpha Orionis (Betelgeuse), Beta Orionis 
(Rigel), or Epsilon Eridani (Figure 10.2).  (Sec. 0.1)

 3. There are only 24 Greek letters, so eventually the Bayer 
scheme broke down. In the early 18th century, British As-
tronomer Royal John Flamsteed suggested simply number-
ing the stars from west to east within a constellation. In 

Flamsteeds scheme, Betelgeuse is 58 Ori, Rigel is 19 Ori, and 
so on (see also 61 Cygni in Figure 10.2). Sometimes the Bayer 
and Flamsteed designations are combined, as in “58 a Ori.”

 4. As telescopes improved and more and more stars were dis-
covered, astronomers started compiling their own catalogs. 
Some catalogs listed stars by celestial coordinates—for exam-
ple, star BD 1 5°1668 in Figure 10.2, which appears in the 
19th-century German Bonner Durchmusterung (BD) catalog 
and lies just over 5° above the celestial equator.  (Sec. 0.1) 
Other catalogs simply named stars by the order in which they 
were added to the list—the star Lalande 21185 in Figure 10.2 
is the 21,185th entry in a catalog compiled by 18th-century 
French astronomer Joseph de Lalande. Unfortunately, the 
catalogs often overlap, so stars can appear in many different 
catalogs with very different names. For example, Lalande 
21185 is also known as HD 95735 (in the Henry Draper cata-
log), while Betelgeuse is also known as HD 39801 and SAO 
113271 (in the Smithsonian Astrophysical Observatory).

 5. Today, newly discovered stars are defined simply by their co-
ordinates in the sky and not given any special name. If you 
like, you can (for a fee, of course) register your own star name, 
but don’t expect any astronomer ever to cite that name, or to 
take the registry seriously—only “official” names approved by 
International Astronomical Union are used in astronomy.

Naming the Stars

10.1 D i s C o v e r y
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Determining a star’s luminosity is a twofold task. First, the astronomer must 
determine the star’s apparent brightness by measuring the amount of energy de-
tected through a telescope in a given amount of time. Second, the star’s distance 
must be measured—by parallax for nearby stars and by other means (to be dis-
cussed later) for more distant stars. The luminosity can then be found using the 
inverse-square law. This is the same reasoning used earlier in our discussion of 
how astronomers measure the luminosity of the Sun.  (Sec. 9.1)

The Magnitude Scale
Instead of measuring apparent brightness in SI units (for example, watts per square 
meter, W/m2, the unit in which we  expressed the solar constant in Section 9.1), 
optical astronomers find it more convenient to work in terms of a construct called 
the magnitude scale—a system of ranking stars by their apparent brightness. 
This scale dates back to the second century b.c., when the Greek astronomer Hip-
parchus ranked the naked-eye stars into six groups. He categorized the brightest 
stars as first magnitude, labeled the next brightest stars as second magnitude, 
and so on, down to the faintest stars visible to the naked eye, which he classified 
as sixth magnitude. The range 1 (brightest) through 6 (faintest) spanned all the 
stars known to the ancients. Notice that a large magnitude means a faint star.

When astronomers began using telescopes with sophisticated detectors to 
measure the light received from stars, they quickly discovered two important facts 
about the magnitude scale. First, the 1 through 6 magnitude range defined by 
Hipparchus spans about a factor of 100 in apparent brightness—a first-magnitude 
star is approximately 100 times brighter than a sixth-magnitude star. Second, the 
characteristics of the human eye are such that a change of one magnitude 
corresponds to a factor of about 2.5 in apparent brightness. In other words, to the 
human eye a first-magnitude star is roughly 2.5 times brighter than a second-
magnitude star, which in turn is roughly 2.5 times brighter than a third-magnitude 
star, and so on. By combining factors of 2.5, we confirm that a first-magnitude 
star is (2.5)5, or roughly 100 times brighter than a sixth-magnitude star.

Because we are really talking about apparent (rather than absolute) 
brightnesses, astronomers refer to the numbers in Hipparchus’s ranking system 
as apparent magnitudes. In the modern version of the magnitude scale, we 
define a change of 5 in the magnitude of an object to correspond to exactly a factor 
of 100 in apparent brightness. In addition, the scale is no longer limited to whole 
numbers and has expanded to include magnitudes outside the original range of 1 
to 6. Very bright objects can have apparent magnitudes less than 1, and very faint 
objects can have apparent magnitudes much greater than 6. Figure 10.6 illustrates 
the apparent magnitudes of some astronomical objects, ranging from the Sun at 
2 26.8 to the faintest object detectable by the Hubble or Keck telescopes, at an 
apparent magnitude of 1 30—about as faint as a firefly seen from a distance 
equal to Earth’s diameter.

Apparent magnitude measures a star’s apparent brightness when seen at the 
star’s actual distance from us. To compare intrinsic, or absolute, properties of 
stars, however, astronomers imagine looking at all stars from a standard distance 
of 10 pc. (There is no particular reason to use 10 pc—it is simply convenient.) A 
star’s absolute magnitude is its apparent magnitude when viewed from a dis-
tance of 10 pc. Because distance is fixed in this definition, absolute magnitude is 
a measure of a star’s absolute brightness, or luminosity. Despite the Sun’s large 
negative (that is, very bright) apparent magnitude, our star’s absolute magnitude 
is 4.8. In other words, if the Sun were moved to a distance of 10 pc from Earth, it 
would be only a little brighter than the faintest stars visible in the night sky. As 
discussed further in More Precisely 10-1, the numerical difference between a star’s 
absolute and apparent magnitudes is a measure of the distance to the star.
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 Figure 10.6 Apparent Magnitude  This graph illustrates 
the apparent magnitudes of some astronomical objects and 
the limiting magnitudes (that is, the faintest magnitudes 
attainable) of some telescopes used to observe them.

Luminosity and Apparent Brightness

Forty-six percent of students had difficulty putting 
the inverse-square law into practice when 
discussing the apparent brightnesses of stars. 
Some points to remember:

 The apparent brightness of a star is directly 
proportional to its luminosity (which measures 
its true energy emission). Doubling the 
luminosity doubles the apparent brightness.

 The apparent brightness of a star is inversely 
proportional to the square of its distance. 
Doubling the distance decreases the apparent 
brightness by a factor of four.

 If two stars appear equally bright, the more 
luminous one is the more distant.

Data points
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10.3 Stellar Temperatures

color and the Blackbody curve
Looking at the night sky, you can tell at a glance which stars are hot and which 
are cool. In Figure 10.7(a), which shows the constellation Orion as it appears 
through a small telescope, the colors of the cool red star Betelgeuse (a) and the 
hot blue star Rigel (b) are clearly evident.  (Sec. 0.2) Astronomers can deter-
mine a star’s surface temperature by measuring its apparent brightness (radiation 
intensity) at several frequencies, then matching the observations to the appropri-
ate blackbody curve.  (Sec. 2.4) In the case of the Sun, the theoretical curve 
that best fits the emission describes a 5800-K emitter. The same technique works 
for any star, regardless of its distance from Earth.

Because the basic shape of the blackbody curve is so well understood, 
astronomers can estimate a star’s temperature using as few as two measurements 
at selected wavelengths. This is accomplished by using telescope filters that block 
out all radiation except that within specific wavelength ranges. For example, a B 

ConCept CheCk

two stars are observed to have the same apparent 
magnitude. Based on this information, what, if 
anything, can be said about their luminosities?

More on the Magnitude Scale

10.1 M o r e  p r e C i s e ly

apparent magnitude - absolute magnitude

= 5 log10a
distance

10 pc
b .

(The logarithm function—the LOG key on your 
calculator—is defined by the property that if a 5 
log10(b), then b 5 10a.) Even though it doesn’t look 
much like it, this equation is precisely equivalent 
to the inverse-square law presented in the text!

For stars more than 10 pc from Earth, the 
apparent magnitude is greater than the abso-
lute magnitude, while the reverse is true for 
stars closer than 10 pc. Thus, for example, the 
Sun, with an absolute magnitude of 4.8, seen 
from a distance of 100 pc would have an appar-
ent magnitude of 4.8 1 5 log10(100) 5 14.8, 
since log10(100) 5 2. This is well below the 
threshold of visibility for binoculars or even a 
large amateur telescope (see Figure 10.6). We 
can also turn this around to illustrate how 
knowledge of a star’s absolute and apparent 
magnitudes tells us its distance. The star Rigel 

Kentaurus (also known as Alpha Centauri) has absolute magni-
tude 1 4.34 and is observed to have apparent magnitude 20.01. 
Its magnitude difference is 24.35, and its distance must there-
fore be 10 pc 3 1024.34/5 5 1.35 pc, in agreement with the result 
(obtained by parallax) given in the text.

Let’s restate our discussion of two important topics—stellar lu-
minosity and the inverse-square law—in terms of magnitudes.

Absolute magnitude is equivalent to luminosity—an intrinsic 
property of a star. Given that the Sun’s absolute magnitude is 4.8, 
we can construct a conversion chart (shown at 
right) relating these two quantities. Since an in-
crease in brightness by a factor of 100 corre-
sponds to a decrease in magnitude by 5 units, it 
follows that a star with luminosity 100 times that 
of the Sun has absolute magnitude 4.8 2 5 5 20.2, 
while a 0.01-solar luminosity star has absolute 
magnitude 4.8 1 5 5 9.8. We can fill in the gaps 
by noting that 1 magnitude corresponds to a fac-
tor of 1001/5 < 2.512, 2 magnitudes to 1002/5 < 
6.310, and so on. A factor of 10 in brightness cor-
responds to 2.5 magnitudes. You can use this 
chart to convert between solar luminosities and 
absolute magnitudes in many of the figures in 
this  and later chapters.

To cast the inverse-square law in these terms, 
recall that increasing the distance to a star by a 
factor of 10 decreases its apparent brightness by a 
factor of 100 (by the inverse-square law) and 
hence increases its apparent magnitude by 5 units. Increasing the 
distance by a factor of 100 increases the apparent magnitude by 
10, and so on. Every increase in distance by a factor of 10 in-
creases the apparent magnitude by 5. Since absolute magnitude 
is simply apparent magnitude at a distance of 10 pc, we can write:
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(blue) filter rejects all radiation except for a certain range of violet to blue light. 
Similarly, a V (visual) filter passes only radiation in the green to yellow range (the 
part of the spectrum to which human eyes happen to be particularly sensitive).

Figure 10.8 shows how these filters admit different amounts of light for objects 
of different temperatures. In curve (a), corresponding to a very hot 30,000-K emitter, 
considerably more radiation is received through the B filter than through the V fil-
ter. The temperature of the emitter in curve (b) is 10,000 K, and the B and V intensi-
ties are about the same. The cool 3000-K emitter represented in curve (c) produces 
far more energy in the V range than in the B range. In each case it is possible to re-
construct the entire blackbody curve on the basis of only those two measurements 
because no other blackbody curve can be drawn through both measured points.

To the extent that a star’s spectrum is well approximated as a blackbody, 
measurements of the B and V intensities are enough to specify the star’s black-
body curve and thus yield its surface temperature. Astronomers often refer to the 
ratio of a star’s B to V intensities (or, equivalently, the difference between the star’s 
apparent magnitudes measured through the B and V filters) as the star’s color 
index (or just its “color”). Table 10.1 lists surface temperatures and colors for a 
few well-known stars.

Stellar Spectra
Color is a useful way to describe a star, but astronomers often use a more detailed 
scheme to classify stellar properties, incorporating additional knowledge of stellar 
physics obtained through spectroscopy.  (Sec. 2.5) Figure 10.9 compares the spec-
tra of seven stars, arranged in order of decreasing surface temperature. All the spectra 
extend from 400 to 650 nm. Like the solar spectrum, each shows a series of dark ab-
sorption lines superimposed on a background of continuous color.  (Sec. 9.3) 
However, the line patterns differ greatly from one star to another. Some stars display 
strong (prominent) lines in the long-wavelength part of the spectrum, while others 
have their strongest lines at short wavelengths. Still others show strong absorption 
lines spread across the whole visible spectrum. What do these differences tell us?

Although spectral lines of many elements are present at widely varying 
strengths, the differences among the spectra in Figure 10.9 are not due to differ-
ences in chemical composition—all seven stars are, in fact, more or less solar in 
their makeup. Instead, the differences are due almost entirely to the stars’ tem-
peratures. The spectrum at the top of Figure 10.9 is exactly what we expect from 
a star having solar composition and a surface temperature of about 30,000 K, the 
second from a 20,000-K star, and so on, down to the 3000-K star at the bottom.

The main differences among the spectra in Figure 10.9 are as follows:

 Spectra of stars having surface temperatures exceeding 25,000 K usually 
show strong absorption lines of singly ionized helium (i.e., helium atoms 
that have lost one orbiting electron) and multiply ionized heavier ele-
ments, such as oxygen, nitrogen, and silicon (the latter lines are not shown 
in the figure). These strong lines are not seen in the spectra of cooler stars 
because only very hot stars can excite and ionize such tightly bound atoms.

 In contrast, the hydrogen absorption lines in the spectra of very hot stars 
are relatively weak. The reason is not a lack of hydrogen, which is by far 
the most abundant element in all stars. Rather, at these high temperatures, 
much of the hydrogen is ionized, so there are few intact hydrogen atoms 
to produce strong spectral lines.

 Hydrogen lines are strongest in stars having intermediate surface temper-
atures of around 10,000 K. This temperature is just right for electrons to 
move frequently between hydrogen’s second and higher orbitals, produc-
ing the characteristic visible hydrogen spectrum.  (Sec. 2.6)

b

a

R I V U X G

Orion Nebula

(a)

(b)

Rigel

Betelgeuse

 Figure 10.7 Star colors  (a) The different colors of 
the stars composing the constellation Orion are easily 
distinguished in this photograph. The bright red star at the 
upper left (a) is Betelgeuse; the bright blue-white star at the 
lower right (b) is Rigel. The scale of this photograph is about 
20° across. (b) An incredibly rich field of colorful stars, this 
time in the direction of the center of the Milky Way. Here, the 
field of view is just 2 arc minutes across—much smaller than in 
(a). (P. Sanz/Alamy; NASA)
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 Hydrogen lines are again weak in stars with surface temperatures below 
about 4000 K because the temperature is too low to boost many electrons 
out of the ground state.  (Sec. 2.6) The most intense spectral lines in 
these stars are due to weakly excited heavy atoms and from some mole-
cules, as noted at the bottom of Figure 10.9.

Stellar spectra are the source of all the detailed information we have on 
stellar composition, and they do reveal significant composition differences among 
stars, particularly in the abundances of carbon, nitrogen, oxygen, and heavier 
elements. However, as we have just seen, these differences are not the primary 
reason for the different spectra observed. Instead, the main determinant of a 
star’s spectral appearance is its temperature, and stellar spectroscopy is a 
powerful and precise tool for measuring this important stellar property.

Spectral classification
Astronomers obtained stellar spectra like those shown in Figure 10.9 for numer-
ous stars around the start of the 20th century, as observatories around the world 
amassed stellar data from both hemispheres of the sky. Between 1880 and 1920, 
researchers correctly identified many of the observed spectral lines by comparing 
them with lines obtained in the laboratory. However, modern atomic theory had 
not yet been developed, so the correct interpretation of the line strengths, as just 
described, was impossible at the time. Lacking full understanding of how atoms 
produce spectra, astronomers organized their data by classifying stars according 
to their most prominent spectral features—especially their hydrogen-line intensi-
ties. They adopted an alphabetic scheme in which A stars, with the strongest hy-
drogen lines, were thought to have more hydrogen than did B stars, and so on. 
The classification extended as far as the letter P.

In the 1920s scientists began to understand the intricacies of atomic struc-
ture and the causes of spectral lines. Astronomers realized that stars could be 
more meaningfully classified according to surface temperature. But instead of 
adopting an entirely new scheme, they chose to shuffle the existing alphabetical 
categories—based on the strength of hydrogen lines—into a new sequence based 
on temperature. In order of decreasing temperature, the letters now run O, B, A, 
F, G, K, M. (The other letter classes have been dropped.) These stellar designa-
tions are called spectral classes (or spectral types). Use the mnemonic “Oh, Be A 
Fine Guy/Girl, Kiss Me” to remember them in the correct order.

Astronomers further divide each lettered spectral class into 10 subdivisions, 
numbered 0 to 9. The lower the number, the hotter the star. For example, our Sun 
is classified as a G2 star (a little cooler than G1 and a little hotter than G3), Vega 
is A0, Barnard’s star is M5, Betelgeuse is M2, and so on. Table 10.2 lists the main 
properties of each stellar spectral class for the stars presented in Table 10.1.

table 10.1  Stellar colors and Temperatures

Surface Temperature (K) color Familiar examples

30,000 electric blue Mintaka (d Orionis)

20,000 blue Rigel

10,000 white Vega, Sirius

7,000 yellow-white Canopus

6,000 yellow Sun, Alpha Centauri

4,000 orange Arcturus, Aldebaran

3,000 red Betelgeuse, Barnard’s Star
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 Figure10.8 Blackbody curves Star  (a) is very hot— 
30,000 K—so its B (blue) intensity is greater than its V (visual) 
intensity. Star (b) has roughly equal B and V readings and so 
appears white. Its temperature is about 10,000 K. Star (c) is red; 
its V intensity greatly exceeds the B value, and its temperature is 
3000 K.
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 Figure10.9 Stellar Spectra  Comparison of spectra 
observed for seven different stars having a range of surface 
temperatures. The spectra of the hottest stars, at the top, 
show lines of helium and multiply ionized heavy elements. 
In the coolest stars, at the bottom, helium lines are absent, 
but lines of neutral atoms and molecules are plentiful. At 
intermediate temperatures, hydrogen lines are strongest.
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We should not underestimate the importance of the early work in classifying 
stellar spectra. Even though the original classification was based on erroneous 
assumptions, the painstaking accumulation of large quantities of accurate and 
well-categorized data paved the way for rapid improvements in understanding 
once a theory came along that explained the observations.

10.4 Stellar Sizes

Direct and indirect Measurements
Virtually all stars are unresolvable points of light in the sky, even when viewed 
through the largest telescopes. Still, a few are big enough, bright enough, and 
close enough to allow us to measure their sizes directly. In some cases, the results 
are even detailed enough to allow us to distinguish a few surface features (Figure 
10.10). By measuring a star’s angular size and knowing its distance from the Sun, as-
tronomers can determine its radius using simple geometry.  (More Precisely 4-1) 
The sizes of a few dozen stars have been measured in this way.

Most stars are too distant or too small for such direct measurements to be 
possible. Their sizes must be inferred by more indirect means, using the radiation 
laws.  (Sec. 2.4) According to the Stefan-Boltzmann law, the rate at which a 
star emits energy into space—the star’s luminosity—is proportional to the fourth 
power of the star’s surface temperature.  (More Precisely 2-2) However, the 
luminosity also depends on the star’s surface area, because large bodies radiate 
more energy than do small bodies having the same surface temperature. Because 
the surface area of a star is proportional to the square of its radius, we can say

luminosity ∝ radius2 * temperature4.

table 10.2  Spectral classes

Spectral class Temperature (K) Prominent Absorption Lines Familiar examples

O 30,000 Ionized helium strong; multiply ionized heavy elements; hydrogen faint Mintaka (O9)

B 20,000 Neutral helium moderate; singly ionized heavy elements; hydrogen moderate Rigel (B8)

A 10,000 Neutral helium very faint; singly ionized heavy elements; hydrogen strong Vega (A0), Sirius (A1)

F 7000 Singly ionized heavy elements; neutral metals; hydrogen moderate Canopus (F0)

G 6000 Singly ionized heavy elements; neutral metals; hydrogen relatively faint Sun (G2), Alpha Centauri (G2)

K 4000 Singly ionized heavy elements; neutral metals strong; hydrogen faint Arcturus (K2), Aldebaran (K5)

M 3000 Neutral atoms strong; molecules moderate; hydrogen very faint Betelgeuse (M2)

Barnard’s Star (M5)

ConCept CheCk

Why does a star’s spectrum depend on its 
temperature?

proCess oF sCienCe CheCk

the spectral classification scheme developed by 
astronomers around the start of the 20th century 
was based on assumptions now known to be 
incorrect. Why then did it prove to be so useful?

2 AU 100 AU
(b)(a)

 Figure 10.10 Betelgeuse  (a) The supergiant 
star Betelgeuse is large enough and close enough for 
astronomers to resolve its size directly. Betelgeuse is roughly 
600 times the size of the Sun, making its photosphere 
comparable to Jupiter's orbit. This false-color ultraviolet view 
was taken by the Hubble Space Telescope. Hints of surface 
features, thought to be storms similar to (but much larger 
than) those found on the Sun can be seen. (b) These infrared 
views of Betelgeuse from the Very Large Telescope in Chile 
show the swollen star puffing out huge plumes of gas into its 
surroundings. (NASA/ESA/ESO)
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This radius–luminosity–temperature relationship is important because it dem-
onstrates that knowledge of a star’s luminosity and temperature can yield an esti-
mate of its radius—an indirect determination of stellar size.

giants and Dwarfs
Let’s consider some examples to clarify these ideas. More Precisely 10-2 (p. 294) 
presents more detail on the calculations involved. The star known as Aldebaran 
(the orange-red “eye of the bull” in the constellation Taurus) has a surface 
temperature of about 4000 K and a luminosity of 1.3 3 1029 W. Thus, its surface 
temperature is 0.7 times, and its luminosity about 330 times, the corresponding 
quantities for our Sun. The radius–luminosity–temperature relationship then 
implies that the star’s radius is almost 40 times the solar value. If our Sun were 
that large, its photosphere would extend halfway to the orbit of Mercury and, 
seen from Earth, would cover more than 20° on the sky.

A star as large as Aldebaran is known as a giant. More precisely, giants are 
stars having radii between 10 and 100 times that of the Sun. Since any 4000-K 
object is reddish in color, Aldebaran is known as a red giant. Even larger stars, 
ranging up to 1000 solar radii in size, are known as supergiants. Betelgeuse is a 
prime example of a red supergiant.

Now consider Sirius B—a faint companion to Sirius A, the brightest star 
in the night sky. Sirius B’s surface temperature is roughly 24,000 K, four 
times that of the Sun. Its luminosity is 1025 W, about 0.025 times the solar 
value. The radius–luminosity–temperature relationship then gives us a radius 
of 0.01 times the solar radius—roughly the size of Earth. Sirius B is much 
hotter but smaller and fainter than our Sun. Such a star is known as a dwarf. 
In astronomical parlance, the term dwarf refers to any star of radius compa-
rable to or smaller than the radius of the Sun (including the Sun itself). Be-
cause any 24,000 K object glows bluish-white, Sirius B is an example of a 
white dwarf.

Stellar radii range from less than 0.01 to more than 100 times the radius of 
the Sun. Figure 10.11 illustrates the sizes of a few well-known stars.

10.5 The hertzsprung–russell  
Diagram
Figure 10.12 plots luminosity versus temperature for a few well-known stars. A 
figure of this sort is called a Hertzsprung–Russell diagram, or H–R diagram, 
after Danish astronomer Ejnar Hertzsprung and U.S. astronomer Henry Norris 
Russell, who independently pioneered the use of such plots in the 1920s. The 
vertical luminosity scale, expressed in units of solar luminosity (3.9 3 1026 W), 
extends over a large range, from 1024 to 104. The Sun appears right in the 
middle of the luminosity range, at a luminosity of 1. Surface temperature is 
plotted on the horizontal axis, although in the unconventional sense of 
temperature increasing to the left, so that the spectral sequence O, B, A, . . . 
reads left to right. 
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 Figure 10.11 Stellar Sizes  Shown here are the greatly varying sizes of several well-known 
stars. Only part of the red-giant star Antares can be shown on this scale, and the supergiant 
Betelgeuse would fill the entire page. (Here and in other figures, the symbol “(” stands for 
the Sun, so the symbol “R(” here means “solar radius.”)
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The Main Sequence
The few stars plotted in Figure 10.12 give little indication of any particular con-
nection between stellar properties. However, as Hertzsprung and Russell plotted 
more and more stellar temperatures and luminosities, they found that a relation-
ship does in fact exist. Stars are not uniformly scattered across the H–R diagram. 
Instead, most are confined to a fairly well-defined band stretching diagonally 
from top left (high-temperature, high-luminosity) to bottom right (low-tempera-
ture, low-luminosity). In other words, cool stars tend to be faint (less luminous) 
and hot stars tend to be bright (more luminous). This band of stars spanning the 
H–R diagram is known as the main sequence. Figure 10.13 is an H–R diagram 
for stars lying within 5 pc of the Sun. Note that most stars in the solar neighbor-
hood lie on the main sequence.

A useful analogy involves human beings. Our height and weight are also 
correlated along a “main sequence.” That is, as shown near Figure 10.13, the 
majority of the human population falls within a diagonal area (bounded by the 
shaded area). This is true since tall people usually weigh more than shorter ones. 
Some exceptions—including dwarfs and basketball players—lie outside this well-
defined range.

The surface temperatures of main-sequence stars range from about 3000 K 
(spectral class M) to more than 30,000 K (spectral class O). This temperature 
range is relatively small—only a factor of 10. In contrast, the observed range in 
luminosities is very large, covering eight orders of magnitude (that is, a factor of 
100 million), from 1024 to 104 the luminosity of the Sun.

Using the radius–luminosity–temperature relationship (Section 10.4), 
astronomers find that stellar radii also vary along the main sequence. The faint, 
red M-type stars in the bottom right of the H–R diagram are only about 1/10 the 
size of the Sun, whereas the bright, blue O-type stars in the upper left are about 
10 times larger than the Sun. The dashed lines in Figure 10.13 represent constant 
stellar radius, meaning that any star lying on a given line has the same radius, 
regardless of its luminosity or temperature. Along a constant-radius line, the 
radius–luminosity– temperature relationship implies

luminosity ∝ temperature4.

By including such lines on our H–R diagrams, we can indicate stellar tempera-
tures, luminosities, and radii on a single plot.

At the top end of the main sequence, the stars are large, hot, and very lumi-
nous. Because of their size and color, they are referred to as blue giants. The very 
largest are called blue supergiants. At the other end, stars are small, cool, and 
faint. They are known as red dwarfs. Our Sun lies right in the middle.

Figure 10.14 shows an H–R diagram for a different group of stars—the 100 
stars of known distance having the greatest apparent brightness, as seen from 
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 Figure 10.12 h–r Diagram of Well-Known Stars  A plot of luminosity against surface 
temperature (or spectral class) is a useful way to compare stars. Plotted here are the data for 
some stars mentioned earlier in the text, including the Sun, which has a luminosity of  
1 solar unit and a temperature of 5800 K—a G-type star. The B-type star Rigel, at top left, 
has a temperature of about 11,000 K and a luminosity more than 10,000 times that of the 
Sun. The M-type star Proxima Centauri, at bottom right, has a temperature of about 3000 K 
and a luminosity less than 1/10,000 that of the Sun. 
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 Figure 10.13 h–r Diagram of Nearby Stars interactive  Most stars have properties 
within the long, thin shaded region of the H–R diagram known as the main sequence. The 
points plotted here are for stars lying within about 5 pc of the Sun. Each dashed diagonal line 
corresponds to a constant stellar radius. (Recall that the symbol “R(” means “solar radius.”) 

M13_CHAI7702_08_SE_C10.indd   290 14/11/15   9:46 AM



 SecTiON 10.5   the Hertzsprung–russell Diagram  291

Earth. Notice that here there are many more stars at the upper end of the main 
sequence than at the lower end. The reason for this excess of blue giants is 
simple—we can see very luminous stars a long way off. The stars shown in Fig-
ure 10.14 are scattered through a much greater volume of space than those 
shown in Figure 10.13, and the Figure 10.14 sample is heavily biased toward 
the most luminous objects. In fact, of the 20 brightest stars in the sky, only 6 lie 
within 10 pc of us. The rest are visible, despite their great distances, because of 
their high luminosities.

If very luminous blue giants are overrepresented in Figure 10.14, low-
luminosity red dwarfs are surely underrepresented. In fact, no dwarfs appear on 
this diagram. This absence is not surprising, because low-luminosity stars are 
difficult to observe from Earth. In the 1970s, astronomers began to realize that 
they had greatly underestimated the number of red dwarfs in our Galaxy. As 
hinted at by the H–R diagram in Figure 10.13, which shows an unbiased sample 
of stars in the solar neighborhood, red dwarfs are actually the most common type 
of star in the sky. They probably account for upward of 80 percent of all stars in 
the universe. In contrast, O- and B-type supergiants are extremely rare—only 
about one star in 10,000 falls into this category.

The White-Dwarf and red-giant regions
Some of the points plotted in Figures 10.12–10.14 clearly do not lie on the main 
sequence. One such point in Figure 10.12 represents Sirius B, the white dwarf 
we met in Section 10.4 (see More Precisely 10-2). Its surface temperature 
(24,000 K) is about four times greater than that of the Sun, but its luminosity is 
hundreds of times less than the solar value. A few more such faint bluish-white 
stars can be seen in the bottom left-hand corner of Figure 10.13, in the white-
dwarf region.

Also shown in Figure 10.12 is Aldebaran, with a surface temperature (4000 K) 
about two-thirds that of the Sun, but with a luminosity more than 300 times 
greater than the Sun’s. Another point represents Betelgeuse, the ninth brightest 
star in the sky, a little cooler than Aldebaran, but nearly 100 times more lumi-
nous. The upper right-hand corner of the H–R diagram (marked on Figure 10.14), 
where these stars are found, is called the red-giant region. No red giants are 
found within 5 pc of the Sun (Figure 10.13), but many of the brightest stars seen 
in the sky are in fact red giants (Figure 10.14). Red giants are relatively rare, but 
they are so bright that they are visible at very great distances. They form a third 
distinct class of stars in the H–R diagram, very different in their properties from 
both main-sequence stars and white dwarfs.

The Hipparcos mission (Section 10.1), in addition to determining hundreds 
of thousands of stellar parallaxes with unprecedented accuracy, also measured 
the colors and luminosities of more than 2 million stars. Figure 10.15 shows an 
H–R diagram based on a tiny portion of the enormous Hipparcos dataset. The 
main sequence and red giant regions are clearly evident. Few white dwarfs 
appear, however, because the telescope was limited to observations of relatively 
bright objects—brighter than apparent magnitude 12. Almost no white dwarfs lie 
close enough to Earth that their magnitudes fall below this limit.

About 90 percent of all stars in our solar neighborhood, and presumably a 
similar percentage elsewhere in the universe, are main-sequence stars. About  
9 percent of stars are white dwarfs, and 1 percent are red giants.
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 Figure10.15 Hipparcos h–r Diagram  This simplified version of the most complete 
H–R diagram ever compiled represents more than 20,000 data points, as measured by the 
European Hipparcos spacecraft for stars within a few hundred parsecs of the Sun.

M13_CHAI7702_08_SE_C10.indd   291 14/11/15   9:46 AM



292 chAPTer 10   Measuring the Stars

10.6 extending the cosmic  
Distance Scale
We have already discussed the connections between luminosity, apparent 
brightness, and distance. Knowledge of a star’s apparent brightness and its distance 
allows us to determine its luminosity using the inverse-square law. But we can also 
turn the problem around. If we somehow knew a star’s luminosity and then 
measured its apparent brightness, the inverse-square law would tell us its distance 
from the Sun.

Spectroscopic Parallax
Most of us have a rough idea of the approximate intrinsic brightness (that is, the 
luminosity) of a typical traffic signal. Suppose you are driving down an unfamil-
iar street and see a red traffic light in the distance. Your knowledge of the light’s 
luminosity enables you immediately to make a mental estimate of its distance. A 
light that appears relatively dim (low apparent brightness) must be quite distant 
(assuming it’s not just dirty). A bright one must be relatively close. Thus, measure-
ment of the apparent brightness of a light source, combined with some knowledge of 
its luminosity, can yield an estimate of its distance.

For a star the trick is to find an independent measure of luminosity without 
knowing the distance. The H–R diagram can provide just that. For example, 

ConCept CheCk

Only a tiny fraction of all stars are giants. Why, 
then, do giants account for so many of the stars 
visible to the naked eye in the night sky?

estimating Stellar radii

10.2  M o r e  p r e C i s e ly

We can combine the Stefan-Boltzmann law F 5 sT 4 with the for-
mula for the area of a sphere, A 5 4pR2, to obtain the relation-
ship between radius (R), luminosity (L), and temperature (T) 
described in the text  (More Precisely 2-2):

L = FA = 4psR2T4

or

luminosity ∝ radius2 * temperature4.

If we adopt convenient solar units, in which L is measured in 
solar luminosities (3.9 3 1026 W), R is measured in solar radii 
(696,000 km), and T in units of the solar temperature (5800 K), 
we can remove the constant 4ps and write this equation as

L(in solar luminosities)

=  R2 (in solar radii) * T4(in units of 5800 K).

As illustrated in the accompanying figure, both the radius and 
the temperature are important in determining the star’s 
luminosity.

To compute the radius of a star from its luminosity and tem-
perature, we rearrange this equation to read (in the same units)

R =
2L

T2 .

This simple application of the radiation laws is the basis for al-
most every estimate of stellar size made in this book.

Let’s take as examples the two stars discussed in the text. The 
red giant star Aldebaran has luminosity L 5 330 units and tem-
perature T 5 4000/5800 5 0.69 unit. According to the foregoing 
equation for R, its radius is therefore  2330/0.692 = 18/0.48 = 39 
times the radius of the Sun. At the opposite extreme, the white 
dwarf Sirius B has L 5 0.025 and T 5 4.7, so its radius is 210.025/4.72 = 0.16/22 ≈ 0.007 is solar radii.
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suppose we observe a star and determine its apparent magnitude to be 
10. By itself, that doesn’t tell us much—the star could either be faint 
and close, or bright and distant (Figure 10.5). But suppose we have 
some additional information: The star lies on the main sequence and 
has spectral type A0. Then we can read the star’s luminosity off a 
graph such as Figure 10.13 or Figure 10.14. A main-sequence A0 star 
has a luminosity of approximately 100 solar units. According to More 
Precisely 10-1, this corresponds to an absolute magnitude of 0 and 
hence to a distance of 1000 pc.

This process of using stellar spectra to infer distances is called 
spectroscopic parallax. The key steps are as follows:

 1. measure the star’s apparent brightness and spectral type without 
knowing how far away it is;

 2. use the spectral type to estimate the star’s luminosity, assuming 
that it lies on the main sequence; and

 3. finally, apply the inverse-square law to determine the distance to 
the star.

Note that despite its name, the method has nothing in common 
with stellar (geometric) parallax other than its use as a means of 
determining stellar distances. The main sequence allows us to make a 
connection between an easily measured quantity (spectral type) and 
the star’s luminosity, which would otherwise be unknown. As we will 
see in upcoming chapters, this essential logic (with a variety of different 
techniques replacing step 2) is used again and again as a means of distance 
measurement in astronomy. In practice, the “fuzziness” of the main sequence 
translates into a small (10 2 20 percent) uncertainty in the distance, but the basic 
idea remains valid.

In Chapter 1 we introduced the first rung on a ladder of distance-measurement 
techniques that will ultimately carry us to the edge of the observable universe. That 
rung is radar ranging on the inner planets.  (Sec.1.3) It establishes the scale of 
the solar system and defines the astronomical unit. At the beginning of this chapter 
we discussed a second rung on the cosmic distance ladder—stellar parallax—which 
is based on the first, since Earth’s orbit is the baseline. Now, having used the first 
two rungs to determine the distances and other physical properties of many nearby 
stars, we use that knowledge to construct the third rung—spectroscopic parallax. 
Figure 10.16 illustrates schematically how this third rung builds on the first two 
and expands our cosmic field of view still deeper into space.

Spectroscopic parallax can be used to determine stellar distances out to sev-
eral thousand parsecs. Beyond that, spectra and colors of individual stars are dif-
ficult to obtain. Note that, in using this method, we are assuming (without proof) 
that distant stars are basically similar to those nearby—in particular, that main-
sequence stars fall on the same main sequence. Only by making this assumption 
can we use spectroscopic parallax to expand the boundaries of our distance-
measurement techniques.

Each rung in the distance ladder is calibrated using data from the lower 
rungs, so changes made at any level will affect measurements made on all 
larger scales. As a result, the impact of the enormous dataset of high-quality 
observations returned by the Hipparcos mission (Section 10.1) extends far be-
yond the volume of space actually surveyed by the satellite. By recalibrating 
the local foundations of the cosmic distance scale, Hipparcos has revised esti-
mates of distances on all scales—up to and including the scale of the universe 
itself. All distances quoted throughout this text reflect updated values based on 
Hipparcos data.

 Figure 10.16 Stellar Distances interactive  Knowledge 
of a star’s luminosity and apparent brightness can yield an 
estimate of its distance. Astronomers use this third rung 
on the distance ladder, called spectroscopic parallax, to 
measure distances as far out as individual stars can be clearly 
discerned—several thousand parsecs. 
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Suppose astronomers discover that due to a 
calibration error all distances measured by 
geometric parallax are 10 percent larger than 
currently thought. What effect would this have  
on the “standard” main sequence used in 
spectroscopic parallax?
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Luminosity class
What if the star in question happens to be a red giant or a white dwarf and does not 
lie on the main sequence? As mentioned in Chapter 2, detailed analysis of spectral 
line widths can provide information on the pressure, and hence the density, of the 
gas where the line formed.  (Sec. 2.6) The atmosphere of a red giant is much less 
dense than that of a main-sequence star, and this in turn is much less dense than the 
atmo-sphere of a white dwarf. Figures 10.17(a) and (b) illustrate the differences be-
tween the spectra of a main-sequence star and a red giant of the same spectral type.

Over the years, astronomers have developed a system for classifying stars ac-
cording to the widths of their spectral lines. Because line width depends on pres-
sure in the stellar photosphere, and because this pressure in turn is well correlated 
with luminosity, this stellar property is known as luminosity class. The standard 
luminosity classes are listed in Table 10.3 and shown on the H–R diagram in Fig-
ure 10.17(c). By determining a star’s luminosity class, astronomers can usually tell 
with a high degree of confidence what sort of object it is and the full specification 
of a star’s spectral properties includes its luminosity class. For example, the Sun, a 
G2 main-sequence star, is of class G2V, the B8 blue supergiant Rigel is B8Ia, the 
red dwarf Barnard’s star is M5V, the red supergiant Betelgeuse is M2Ia, and so on.

Consider, for example, a K2-type star (Table 10.4) with a surface temperature of 
around 4500 K. If the widths of the star’s spectral lines tell us that it lies on the main 
sequence (i.e., it is a K2V star), then its luminosity is about 0.3 times the solar value. 
If the lines are narrower than those normally found in main-sequence stars, the star 
may be recognized as a K2III giant, with a luminosity 100 times that of the Sun 
(Figure 10.17c). If the lines are very narrow, the star might instead be classified as a 
K2Ib supergiant, brighter by a further factor of 40, at 4000 solar luminosities. In 
each case, knowledge of luminosity classes allows astronomers to identify the ob-
ject and make a useful estimate of its luminosity and hence its distance.

Spectral classification

Surface temperature (K)

(a)

30,000 10,000 6000 3000

0.0001

0.01

1

100

10,000

Lu
m

in
os

ity
 (s

ol
ar

 u
ni

ts
)

Ia

K range

Ib
II

III

IV

V

MAIN SEQUENCE 

(b)

Wavelength
430 420 410 nm

(c)

KIb-type
supergiant

star

KV-type
main sequence

star

 Figure 10.17 Luminosity 
classes  (a) Approximate 
locations of the standard 
stellar luminosity classes in the 
H–R diagram. The widths of 
absorption lines also provide 
information on the density of a 
star’s atmosphere. The denser 
atmosphere of a main-sequence 
K-type star has broader lines 
(c) than a giant star of the same 
spectral class (b).

table 10.4 Variation in Stellar Properties within a Spectral class

Surface 
Temperature  
(K)

Luminosity 
(solar 

luminosities)

radius  
(solar  
radii) Object example

4900 0.3 0.8 K2V main-sequence star εe Eridani

4500 110 21 K2III red giant Arcturus

4300 4000 140 K2Ib red supergiant e Pegasi
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proCess oF sCienCe CheCk

What assumptions are we making when we apply 
spectroscopic parallax to measure the distance to 
a star?

table 10.3 Stellar Luminosity classes

class Description

Ia bright supergiants

Ib supergiants

II bright giants

III giants

IV subgiants

V main-sequence stars/dwarfs
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10.7 Stellar Masses
As with all other astronomical objects, we measure a star’s mass by observing its 
gravitational influence on some nearby body—another star, perhaps, or a planet. 
If we know the distance between the two bodies, we can use Newton’s laws to cal-
culate their masses.  (Sec. 1.4)

Binary Stars
Most stars are members of multiple-star systems—groups of two or more stars in 
orbit around one another. The majority form binary-star systems (or simply bi-
naries), which consist of two stars in orbit about their common 
center of mass, held together by their mutual gravitational attrac-
tion. (The Sun is not part of a multiple star system; if it has any-
thing at all uncommon about it, it is this lack of stellar 
companions.)

Astronomers classify binaries according to their appearance 
from Earth and the ease with which they can be observed. Visual 
binaries have widely separated components bright enough to be 
observed and monitored separately (Figure 10.18a). The more 
common spectroscopic binaries are too distant from us to be 
resolved into two distinct stars, but they can be indirectly perceived 
by monitoring the back-and-forth Doppler shifts of their spectral 
lines as the stars orbit one another and their line-of-sight velocities 
vary periodically.  (Sec. 2.7)

In a double-line spectroscopic binary, two distinct sets of spectral 
lines—one for each component star—shift back and forth as the stars 
move. The periodic shifts of the lines tell us that the objects emitting 
them are in orbit. In the more common single-line systems (Figure 
10.18b), one star is too faint for its spectrum to be distinguished, so 
we see only one set of lines shifting back and forth. This shifting means 
that the detected star must be in orbit around another star, even though 
the companion cannot be observed directly. (If this idea sounds 
familiar, it should—all the extrasolar planetary systems 
discovered to date are extreme examples of single-line 
spectroscopic binaries.)  (Sec. 4.4)

In the much rarer eclipsing binaries, the orbital 
plane of the pair of stars is almost edge-on to our line 
of sight. In this situation, we observe a periodic 
decrease of starlight intensity as one member of the 
binary passes in front of the other (Figure 10.18c). By 
studying the variation of the light from an eclipsing 
binary system—called the binary’s light curve—
astronomers can derive detailed information not 
only about the stars’ orbits and masses, but also 
about their radii.

SeLF-guiDeD TuTOriAL
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Binary Stars–radial Velocity curves

 Figure 10.18 Binary Stars interactive  (a) The period and separation of a double-star 
system can be observed directly if each star is clearly seen. (b) Binary properties can be 
determined indirectly by measuring the periodic Doppler shift of one star relative to the 
other while moving in their orbits. This is a single-line system, in which only one spectrum 
(from the brighter component) is visible. (c) If two stars eclipse one another, additional 
information can be obtained by observing the periodic decrease in starlight as one star 
passes in front of the other. (Harvard College Observatory) 
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Note that these categories are not mutually exclusive. For example, an eclipsing 
binary may also be (and in fact often is) a spectroscopic binary system.

Mass Determination
The period of a binary can be measured by observing the orbits of the component 
stars, the back-and-forth motion of the stellar spectral lines, or the dips in the 
light curve—whatever information is available. Observed binary periods span a 
broad range—from hours to centuries. How much additional information can be 
extracted depends on the type of binary involved.

If the distance to a visual binary is known, then the orbits of each compo-
nent can be individually tracked and the masses of the components can be deter-
mined.  (Sec.1.4)

For spectroscopic binaries, Doppler-shift measurements give us information 
only on the radial velocities of the component stars, and this limits the informa-
tion we can obtain. Simply put, we cannot distinguish between a slow-moving bi-
nary seen edge-on and a fast-moving binary seen almost face-on (so that only a 
small component of the orbital motion is along the line of sight). For a double-line 
system, only lower limits on the individual masses can be obtained. For single-line 
systems, even less information is available, and only a rather complicated relation 
between the component masses (known as the mass function) can be derived.

If a spectroscopic binary also happens to be an eclipsing system, then the 
uncertainty in the orbital inclination is removed, as the binary is known to be 
edge-on (or very nearly so). In that case, both masses can be determined for a 
double-line binary. For a single-line system, the mass function is simplified to the 
point where the mass of the unseen component is known if the mass of the 
brighter component can be obtained by other means (for example, if it is recog-
nized as a main-sequence star of a certain spectral class—see Figure 10.19).

Despite all these qualifications, individual component masses have been 
obtained for many nearby binary systems. A simple example is presented in More 
Precisely 10-3. Virtually all we know about the masses of stars is based on such 
observations.

Mass and Other Stellar Properties
Table 10.5 summarizes the various observational and theoretical techniques used 
to measure the stars, listing the quantities that are assumed known (usually as a 
result of the application of other techniques listed in the table), those that are 
measured, and the theory that is applied to turn the observations into the desired 
result. We end our introduction to the stars with a brief look at how mass is cor-
related with the other stellar properties discussed in this chapter.

Figure 10.19 is a schematic H–R diagram showing how stellar mass varies along 
the main sequence. There is a clear progression from low-mass red dwarfs to high-
mass blue giants. With few exceptions, main-sequence stars range in mass from 
about 0.1 to 20 times the mass of the Sun. The hot O- and B-type stars are generally 
about 10 to 20 times more massive than our Sun. The coolest K- and M-type stars 
contain only a few tenths of a solar mass. The mass of a star at the time of its forma-
tion determines its location on the main sequence. Based on observations of stars 
within a few hundred light-years of the Sun, Figure 10.20 illustrates how the masses 
of main-sequence stars are distributed. Notice the huge fraction of low-mass stars, 
as well as the tiny fraction contributed by stars of more than a few solar masses.

Figure 10.21 illustrates how the radii and luminosities of main-sequence 
stars depend on mass. The two plots are called the mass–radius (part a) and 
mass–luminosity (part b) relationships. Along the main sequence, both radius and 
luminosity increase with mass. The radius rises slightly more slowly than the 

iNTerAcTiVe
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 Figure 10.19 Stellar Masses  More than any other 
stellar property, mass determines a star’s position on the main 
sequence. Low-mass stars are cool and faint; they lie at the 
bottom of the main sequence. Very massive stars are hot and 
bright; they lie at the top of the main sequence. (The symbol 
“M(” means “solar mass.”)
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mass, whereas luminosity increases much faster—more like the fourth power of 
the mass (indicated by the straight line in Figure 10.21b). For example, a 2-solar 
mass main-sequence star has a radius roughly twice that of the Sun and a lumi-
nosity of 16 (24) solar luminosities. A 0.2-solar mass main-sequence star has a ra-
dius of about 0.2 solar radii and a luminosity of 0.0016 (0.24) solar luminosities.

As discussed in the text, most stars are members of binary 
systems—where two stars orbit one another, bound together by 
gravity. Here we describe how—in an idealized case where the 
relevant orbital parameters are known—we can use the observed 
orbital data, together with our knowledge of basic physics, to 
determine the masses of the component stars.

Consider the nearby visual binary system made 
up of the bright star Sirius A and its faint 
companion Sirius B, sketched in the 
accompanying figure. The binary’s orbital period 
can be measured simply by watching the stars 
orbit one another, or alternatively by following 
the back-and-forth velocity wobbles of Sirius A 
due to its faint companion. It is almost exactly 50 years. The orbital 
semimajor axis can also be obtained by direct observation of the 
orbit, although in this case we must use some additional knowledge 
of Kepler’s laws to correct for the binary’s 46° inclination to the line 
of sight.  (Sec. 1.3) It is 20 AU—an angular size of at a distance 

of 2.7 pc.  (Sec. 1.3) Once we know these two key orbital 
parameters, we can use the modified version of Kepler’s third law 
to calculate the sum of the masses of the two stars. The result is 
203/502 5 3.2 times the mass of the Sun.  (Sec. 1.4)

Further study of the orbit allows us to determine the individual 
stellar masses. Doppler observations show that Sirius A 
moves at approximately half the speed of its companion 
relative to their center of mass.  (Secs. 1.4, 2.7) 
This implies that Sirius A must have twice the mass of 
Sirius B. It then follows that the masses of Sirius A and 

Sirius B are 2.1 and 1.1 solar masses, respectively. Often 
the calculation of the masses of binary components is com-

plicated by the fact that only partial information is available—we 
might only be able to see one star, or perhaps only spectroscopic 
velocity information is available (see Section 10.7). Nevertheless, 
this technique of combining elementary physical principles with 
detailed observations is how virtually every stellar mass quoted 
in this text has been determined.

Measuring Stellar Masses in Binary Stars

10.3 M o r e  p r e C i s e ly

Center
of mass

Sirius B

Sirius A

40 AU

table 10.5 Measuring the Stars

Stellar Property
Measurement 
Technique

“Known”  
Quantity

Measured  
Quantity Theory Applied Section

Distance stellar parallax spec-
troscopic parallax

astronomical unit 
main sequence

parallactic angle 
spectral type  
apparent magnitude

elementary geometry 
inverse-square law

10.1 
10.6

Radial velocity speed of light  
atomic spectra

spectral lines Doppler effect 10.1

Transverse velocity astrometry distance proper motion elementary geometry 10.1

Luminosity distance main 
sequence

apparent magnitude 
spectral type color

inverse-square law 10.2 
10.6

Temperature photometry 
spectroscopy

spectral type blackbody law atomic 
physics

10.3 
10.3

Radius direct indirect distance angular size 
luminosity 
temperature

elementary geometry 
radius–luminosity–
temperature relationship

10.4 
10.4

Composition spectroscopy spectrum atomic physics 10.3

Mass observations of  
binary stars

distance binary period  
binary orbit  
orbital velocity

Newtonian gravity and 
dynamics

10.7

M13_CHAI7702_08_SE_C10.indd   297 14/11/15   9:46 AM



298 chAPTer 10   Measuring the Stars

Table 10.6 compares key properties of some well-known main-sequence stars, 
arranged in order of decreasing mass. Notice that the central temperature (ob-
tained from mathematical models similar to those discussed in Chapter 9) differs 
relatively little from star to star, compared to the large spread in stellar luminosi-
ties. The final column in the table presents an estimate of each star’s lifetime, ob-
tained by dividing the amount of fuel available (that is, the star’s mass) by the rate 
at which the fuel is consumed (the luminosity),

stellar lifetime ∝
stellar mass

stellar luminosity
,

and noting that the lifetime of the Sun (see Chapter 12) is about 10 billion years.
Because luminosity increases so rapidly with mass, the most massive stars 

are by far the shortest lived. For example, according to the mass–luminosity 
relationship, the lifetime of a 10-solar mass O-type star is roughly 10/104 5 
1/1000 that of the Sun, or about 10 million years. We can be sure that all the O- 
and B-type stars we now observe are quite young—less than a few tens of 
millions of years old. Their nuclear reactions proceed so rapidly that their fuel is 
quickly depleted despite their large masses. At the opposite end of the main 
sequence, the low core density and temperature of an 0.1-solar mass M-type star 

table 10.6 Key Properties of Some Well-Known Main-Sequence Stars

Star

Spectral Type/
Luminosity 

class1
Mass  

(solar masses)

central  
Temperature 

(106 K)
Luminosity  

(solar luminosities)

estimated  
Lifetime  

(millions of years)

Spica B* B2V 6.8 25 800 90

Vega A0V 2.6 21 50 500

Sirius A1V 2.1 20 22 1000

Alpha Centauri G2V 1.1 17 1.6 7000

Sun G2V 1.0 15 1.0 10,000

Proxima Centauri M5V 0.1 0.6 0.00006 16,000,000
*The “star” Spica is, in fact, a binary system comprising a B1III giant primary (Spica A) and a B2V main-sequence secondary (Spica B).
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 Figure 10.20 Stellar Mass Distribution  The distribu-
tion of masses of main-sequence stars, as determined from 
careful measurement of stars in the solar neighborhood.

 Figure 10.21 Stellar radii 
and Luminosities  (a) Actual 
measurements of main-sequence stars 
show that radius increases almost in 
proportion to mass over much of the 
range (as indicated by the straight line 
drawn through the data). (b) Stellar 
luminosity increases roughly as the 
fourth power of the mass (indicated 
again by the straight line).
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mean that its proton–proton reactions churn away much more sluggishly than in 
the Sun’s core, leading to a very low luminosity and a correspondingly long 
lifetime. (Sec. 9.5) Many of the K- and M-type stars now visible in the sky will 
shine on for at least another trillion years. The evolution of stars—large and 
small—is the subject of the next two chapters.

ConCept CheCk

How do we know about the masses of stars that 
aren’t members of binaries?

The Big QueSTiON

The Hipparcos satellite measured the detailed properties of hundreds of 
thousands of stars in the neighborhood of the Sun, greatly expanding our 
understanding of stellar properties and orbits in our Galaxy. In December 
2013, the European Space Agency launched the GAIA mission, designed to 
extend the coverage of Hipparcos to roughly 1 billion objects, spanning a 
large portion of the entire Milky Way Galaxy. What new insights will GAIA 
yield? The impact on stellar and galactic astrophysics may be immeasurable.

LO1 The distances to the nearest stars can be measured by 
stellar parallax. A star with a parallax of 1 arc second 
is 1 parsec (p. 280)—about 3.3 light-years—away 
from the Sun. A star’s proper motion (p. 282), 
which is its true motion across the sky, is a measure 
of the star’s velocity perpendicular to our line of sight.

LO2 The apparent brightness (p. 282) of a star is 
the rate at which energy from the star reaches 
a detector. Apparent brightness is proportional 
to luminosity and falls off as the inverse square 
of the distance. Optical astronomers use the 
magnitude scale (p. 284) to express and 
compare stellar brightnesses. The greater the magnitude, the 
fainter the star; a difference of five magnitudes corresponds to a 
factor of 100 in brightness. Apparent magnitude (p. 284) is a 
measure of apparent brightness. The absolute magnitude  
(p. 284) of a star is the apparent magnitude it would have if 
placed at a standard distance of 10 pc from the viewer. It is a 
measure of the star’s luminosity.

LO3 Astronomers often determine the temperatures 
of stars by measuring their brightnesses 
through two or more optical filters, then fitting 
a blackbody curve to the results. Spectroscopic 
observations of stars provide an accurate 
means of determining both stellar 
temperatures and stellar composition. 

Astronomers classify stars according to the absorption lines in 
their spectra. The standard stellar spectral classes (p. 287), in 
order of decreasing temperature, are O B A F G K M.

LO4 Only a few stars are large enough and close 
enough to Earth that their radii can be 
measured directly. The sizes of most stars are 
estimated indirectly through the radius–
luminosity–temperature relationship  
(p. 289). Stars categorized as dwarfs  
(p. 289) are comparable in size to, or 
smaller than, the Sun; giants (p. 289) are up 
to 100 times larger than the Sun; and super-
giants (p. 289) are more than 100 times 
larger than the Sun. In addition to “normal” 
stars such as the Sun, two other important classes of star are red 
giants (p. 289), which are large, cool, and luminous, and white 
dwarfs (p. 289), which are small, hot, and faint.

LO5 A plot of stellar luminosity versus stellar 
spectral class (or temperature) is called 
an H–R diagram (p. 289). About 90 
percent of all stars plotted on an H–R 
diagram lie on the main sequence  
(p. 290), which stretches from hot, 
bright blue supergiants (p. 290) and 
blue giants (p. 290), through 
intermediate stars such as the Sun, to 
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cool, faint red dwarfs (p. 290). Most main-sequence stars 
are red dwarfs; blue giants are quite rare. About 9 percent of 
stars lie in the white-dwarf region (p. 291) and the 
remaining 1 percent lie in the red-giant region (p. 291).

LO6 If a star is known to lie on the 
main sequence, measurement of 
its spectral type allows its 
luminosity to be estimated and its 
distance to be measured. This 
method of distance determination, 
which is valid for stars up to 
several thousand parsecs from 
Earth, is called spectroscopic parallax  
(p. 293). A star’s luminosity class (p. 294) allows 
astronomers to distinguish main-sequence stars from giants 
and supergiants of the same spectral type, making distance 
estimates much more reliable.
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LO7 Most stars are not isolated in space but 
instead orbit other stars in binary-star 
systems (p. 295). In a visual binary  
(p. 295), both stars can be seen and their 
orbits charted. In a spectroscopic binary 
(p. 295), the stars cannot be resolved, 
but their orbital motion can be detected 
spectroscopically. In an eclipsing binary 
(p. 295), the orbits are oriented in such a 
way that one star periodically passes in front of the other as 
seen from Earth and dims the light we receive. Studies of 
binary stars often allow stellar masses to be measured. The 
mass of a star determines its size, temperature, and 
brightness. Hot blue giants are much more massive than the 
Sun; cool red dwarfs are much less massive. High-mass stars 
burn their fuel rapidly and have much shorter lifetimes than 
the Sun. Low-mass stars consume their fuel slowly and may 
remain on the main sequence for trillions of years.
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW AND DiScuSSiON
 1. LO1 POS How is stellar parallax used to measure the distances 

to stars?

 2. What is a parsec? Compare it to the astronomical unit.

 3. Explain how a star’s real motion through space translates into 
motion observable from Earth.

 4. LO4 Describe some characteristics of red giants and white dwarfs.

 5. LO2 What is the difference between absolute and apparent 
brightness?

 6. POS How do astronomers measure star temperatures?

 7. LO3 Briefly describe how stars are classified according to their 
spectral characteristics.

 8. LO5 What information is needed to plot a star on the H–R 
diagram?

 9. What is the main sequence? What basic property of a star 
determines where it lies on the main sequence?

 10. LO6 How are distances determined using spectroscopic parallax?

 11. Which stars are most common in the Galaxy? Why don’t we see 
many of them in H–R diagrams?

 12. LO7 POS How can stellar masses be determined by observing 
binary-star systems?

 13. High-mass stars start off with much more fuel than low-mass 
stars. Why don’t high-mass stars live longer?

 14. In general, is it possible to determine the life span of an indi-
vidual star simply by noting its position on an H–R diagram?

 15. Why are visual binaries and eclipsing binaries relatively rare 
compared to spectroscopic binaries?

cONcePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. Star A appears brighter than star B, as seen from Earth. There-

fore, star A must be closer to Earth than star B. (T/F)

 2. A star of apparent magnitude 15 looks brighter than one of 
apparent magnitude 1 2. (T/F)

 3. Red giants are very bright because they are extremely hot. (T/F)

 4. The radius of a star can be determined if the star’s distance and 
luminosity are known. (T/F)

 5. Astronomers can distinguish between main-sequence and giant 
stars by purely spectroscopic means. (T/F)

 6. In a spectroscopic binary, the orbital motion of the component 
stars appears as variations in the overall apparent brightness of 
the system. (T/F)

 7. There are no billion-year-old main-sequence O- or B-type stars. (T/F)

 8. From a distance of 1 parsec, the angular size of Earth’s orbit would 
be (a) 1 degree; (b) 2 degrees; (c) 1 arc minute; (d) 2 arc seconds.

 9. Compared with a star of absolute magnitude −2 at a distance of 
100 pc, a star of absolute magnitude 5 at a distance of 10 pc 
will appear (a) brighter; (b) fainter; (c) to have the same 
brightness; (d) bluer.

 10. Stars of spectral class M do not show strong lines of hydrogen in 
their spectra because (a) they contain very little hydrogen; (b) their 
surfaces are so cool that most hydrogen is in the ground state;  
(c) their surfaces are so hot that most hydrogen is ionized; (d) the 
hydrogen lines are swamped by even stronger lines of other elements.

 11. Cool stars can be very luminous if they are very (a) small;  
(b) hot; (c) large; (d) close to our solar system.

300 chAPTer 10   Measuring the Stars
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 12. The mass of a star may be determined (a) by measuring its lumi-
nosity; (b) by determining its composition; (c) by measuring its 
Doppler shift; (d) by studying its orbit around a binary companion.

 13. ViS Pluto’s apparent magnitude is approximately 14. According 
to Figure 10.6 (Apparent Magnitude), Pluto can be seen (a) with 
the naked eye on a dark night; (b) using binoculars; (c) using a 
1-meter telescope; (d) only with the Hubble Space Telescope.

 14. ViS According to Figure 10.12 (H–R Diagram of Well-Known 
Stars), Barnard’s star must be (a) hotter; (b) larger; (c) closer to 
us; (d) bluer than Proxima Centauri.

 15. ViS According to Figures 10.19 (Stellar Masses) and 10.20 (Stellar 
Mass Distribution), compared to the Sun, most stars are (a) much 
hotter; (b) much cooler; (c) much larger; (d) much brighter.

PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  How far away is the star Spica, whose parallax is 0.0130? What 
would Spica’s parallax be if it were measured from an observa-
tory on Neptune’s moon Triton as Neptune orbited the Sun?

 2.  A star lying 20 pc from the Sun has proper motion of  
0.50 /yr. What is its transverse velocity? If the star’s spec-
tral lines are observed to be redshifted by 0.01 percent, 
calculate the magnitude of its three-dimensional velocity 
relative to the Sun.

 3.  (a) What is the luminosity of a star having three times the 
radius of the Sun and a surface temperature of 10,000 K? (b) A 
certain star has a temperature twice that of the Sun and a lu-
minosity 64 times greater than the solar value. What is its ra-
dius, in solar units?

 4.  Two stars—A and B, of luminosities 0.5 and 4.5 times the 
luminosity of the Sun, respectively—are observed to have the 
same apparent brightness. Which star is more distant, and how 
much farther away is it than the other?

 5.  Two stars—A and B with absolute magnitudes 3 and 8, re-
spectively—are observed to have the same apparent magnitude. 

Which star is more distant, and how much farther away is it 
than the other?

 6.  Calculate the amount of energy received per unit area per 
unit time from the sun, as seen from a distance of 10 pc. Com-
pare this with the solar constant at Earth.  (Sec. 9.1)

 7.  Astronomical objects visible to the naked eye range in appar-
ent brightness from faint sixth-magnitude stars to the Sun, 
with magnitude −27. What is the range in energy flux corre-
sponding to this magnitude range?

 8.  A star has apparent magnitude 10.0 and absolute magnitude 
2.5. How far away is it?

 9.  Two stars in an eclipsing spectroscopic binary system are 
observed to have an orbital period of 25 days. Further observa-
tions reveal that the orbit is circular, with a separation of 0.3 
AU, and that one star is 1.5 times the mass of the other. What 
are the masses of the stars?

 10.  Given that t he Sun’s lifetime is about 10 billion years, 
estimate the life expectancy of (a) a 0.2-solar mass, 0.01-solar 
luminosity red dwarf; (b) a 3.0-solar mass, 30-solar luminosity 
star; (c) a 10-solar mass, 1000-solar luminosity blue giant.

AcTiViTieS
collaborative
 1. Estimate the total number of stars visible in the night sky. Each 

member of your group should be equipped with identical 
cardboard tubes—the tube at the center of a roll of paper towels 
or toilet paper is perfect for the task. On a clear, moonless night, 
hold your tube up to your eye and count the total number of 
stars you can see. Do this several times, randomly choosing 
different areas of the sky and avoiding obvious obstacles such as 
clouds and trees. Try to sample all directions roughly equally. Be 
sure to allow time for your eyes to adapt to the dark—10 to 15 
minutes at least—before taking any measurements. Add up all 
your measurements and divide by the total number of 
observations to calculate the average number of stars observed—
call it n. You can convert this number into an estimate of the 
total number N of visible stars by multiplying by the square of 
the ratio of the length L of the tube to its diameter D, that is:  
N 5 (L/D)2 3 n. (Can you figure out where this formula came 
from?) Repeat your measurement at a variety of sites—a city, 
the suburbs, and a dark rural location. Can you understand why 
astronomers are so concerned about light pollution?

individual
 1. The Winter Circle is an asterism—or pattern of stars—made 

up of six bright stars in five different constellations: Sirius, 
Rigel, Betelgeuse, Aldebaran, Capella, and Procyon. These 
stars span nearly the entire range of colors (and therefore tem-
peratures) of normal stars. Rigel is of type B; Sirius, A; Pro-
cyon, F; Capella, G; Aldebaran, K; and Betelgeuse, M. The 
color differences are easy to see. Why do you suppose there is 
no O-type star in the Winter Circle?

 2. In the winter sky, find the red supergiant Betelgeuse in the con-
stellation Orion. It’s easy to see because it’s one of the brightest 
stars in the entire night sky. Betelgeuse is a variable star with a 
period of about 6.5 years. Its brightness changes as it expands 
and contracts. At maximum size, it fills a volume of space that 
would extend from the Sun to beyond the orbit of Jupiter. Betel-
geuse is thought to be about 10 to 15 times more massive than 
our Sun and probably between 4 and 10 million years old. A 
similar star can be found shining prominently in midsummer. 
This is the red supergiant Antares in the constellation Scorpius.
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The Interstellar 
Medium
Star Formation in the Milky Way
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Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Few questions in astronomy are more basic than asking how stars form. Stars are the 
most numerous and obvious residents of the nighttime sky—just look up on any clear 
night. Astronomers are eager to understand the details of how stars emerge from the 
dark depths of interstellar space to become bright round balls of intense energy. The 
process is a remarkable one, and we have learned much about it during the past 
few decades.

The BIg PIcTure

 This Hubble Space Telescope image of the young 
star cluster Westerlund 2 combines visible-light and 
near-infrared exposures of the cluster itself (right 
center), with visible-light observations of the 
surrounding gas out of which it formed. The cluster is 
about 3000 times the mass of the Sun, but the 

interstellar gas in its vicinity is much more massive. 
The intense radiation from young stars in the cluster is 
sculpting and heating the nearby gas, dispersing it 
into space and possibly triggering new episodes of 
star formation.

L e a r n i n g 
O u tcO M e S

Studying this chapter will 
enable you to:

LO1 Summarize the composition 
and properties of interstellar 
matter.

LO2 Describe the characteristics of 
emission nebulae, and explain 
their connection with star 
formation.

LO3 Outline the properties of dark 
interstellar dust clouds and 
molecular clouds.

LO4 Specify some of the radio 
techniques used to probe the 
nature of interstellar gas.

LO5 Summarize the sequence of 
events leading from a cold, 
dense interstellar cloud to the 
formation of a star like 
our Sun.

LO6 Describe some of the 
observational evidence 
supporting the modern 
theory of star formation.

LO7 Explain how the formation of 
a star depends on its mass.

LO8 Describe the properties of 
star clusters, and discuss how 
they form.

Stars and planets are not the only inhabitants of our Galaxy. The space around us 

harbors invisible matter throughout the dark voids between the stars. The density of this 

interstellar matter is extremely low—approximately a trillion trillion times less dense 

than matter in either stars or planets, far thinner than the best vacuum attainable on 

Earth. Only because the volume of interstellar space is so vast does the mass of 

interstellar matter amount to anything at all. Why bother to study this near-perfect 

vacuum? We do so for three important reasons. First, there is as much mass in the 

“voids” between the stars as there is in the stars themselves. Second, interstellar space is 

the region out of which new stars are born. Third, it is the region into which old stars 

expel their matter when they die. It is one of the most significant crossroads through 

which matter passes in the history of our universe.
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11.1 Interstellar Matter
Figure 11.1 is a mosaic of photographs covering a much greater expanse of uni-
versal “real estate” than anything we have studied thus far. From our vantage point 
on Earth, the panoramic view shown here stretches all the way across the sky. On 
a clear night it is visible to the naked eye as the Milky Way. In Chapter 14 we will 
come to recognize this band as the flattened disk, or plane, of our own Galaxy.

The bright regions in this image are made up of innumerable unresolved dis-
tant stars, merging together into a continuous blur at the resolution of the tele-
scope. However, the dark areas are not simply “holes” in the stellar distribution. 
They are regions of space where interstellar matter obscures the light from stars 
beyond, blocking from our view what would otherwise be a smooth distribution 
of bright starlight. In this chapter we focus not on the stars themselves but also 
on the vast reaches of interstellar space in which they form.

gas and Dust
The matter between the stars is collectively termed the interstellar medium. It is 
made up of two components—gas and dust—intermixed throughout all of space. 
The gas is made up mainly of individual atoms and small molecules. The dust 
consists of clumps of atoms and molecules—not unlike the microscopic particles 
that make up smoke or soot.

Apart from numerous narrow atomic and molecular absorption lines, the gas 
alone does not block electromagnetic radiation to any great extent. The patchy 
obscuration evident in Figure 11.1 is caused by dust. Light from distant stars can-
not penetrate the densest accumulations of interstellar dust any more than a car’s 
headlights can illuminate the road ahead in a thick fog. As a rule of thumb, a beam 
of light can be absorbed or scattered only by particles having diameters compara-
ble to or larger than the wavelength of the radiation involved. The amount of 
obscuration (absorption or scattering) produced by particles of a given size in-
creases with decreasing wavelength. The typical diameter of an interstellar dust 

 FIgure 11.1 Milky Way Mosaic The Milky Way 
photographed panoramically, across 360° of the entire 
southern and northern celestial sphere. This band, which 
constitutes the central plane of our Galaxy, contains high 
concentrations of stars, as well as interstellar gas and dust. 
The gray box outlines the field of view of Figure 11.4.  
(ESO/S. Brunier)

The bright regions in this image are made up of
innumerable unresolved distant stars, merging
together into a nearly continuous blur.

The dark areas—not simply holes—are regions of
space where interstellar matter obscures the light
from stars beyond.

Interstellar gas

Sixty percent of students had difficulty describing 
and distinguishing the properties of interstellar 
gas clouds. Some key points to remember:

 Dark dust clouds are cool regions of gas that 
emit no visible light and absorb visible light 
from stars behind them. They emit radiation 
primarily in the radio and infrared parts of the 
electromagnetic spectrum.

 Emission nebulae are hot regions of gas 
surrounding newborn stars. They emit visible 
light.

 Emission nebulae are often found embedded in 
dark dust clouds in which stars are forming.

Data Points
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particle—or dust grain—is about 10–7 m comparable in size to the wave-
length of visible light. Consequently, dusty regions of interstellar space 
are transparent to long-wavelength radio and infrared radiation but 
opaque to shorter-wavelength optical, ultraviolet, and X-ray radiation.

Because the opacity of the interstellar medium increases with de-
creasing wavelength, light from distant stars is preferentially robbed of 
its higher-frequency (“blue”) components. Hence, in addition to being 
generally diminished in overall brightness, stars also appear redder than 
they really are. Illustrated in Figure 11.2, this effect, known as 
reddening, is similar to the process that produces spectacular red sun-
sets here on Earth (see Figure 11.3). Reddening can be seen very clearly 
in Figure 11.2(b), which shows a type of compact, dusty interstellar 
cloud called a globule. (We will discuss such dark interstellar clouds in 
more detail in Section 11.3.) The center of this cloud, called Barnard 68, 
is opaque to all optical wavelengths, so starlight cannot pass through it. 
However, near the edges, where there is less intervening cloud matter, 
some light does make it through; in the infrared image of Figure 11.2(c), 
even more radiation gets through. Notice how stars seen through the 
cloud are both dimmed and reddened relative to those seen directly.

As indicated in Figure 11.2(a), absorption lines in a star’s spectrum 
are still recognizable in the radiation reaching Earth, allowing the star’s 
spectral class, and hence its true luminosity and color, to be determined.  

 (Sec. 10.6) Astronomers can then measure the degree to which the 
star’s light has been dimmed and reddened en route to Earth, allowing 
them to estimate the amount of dust along the line of sight.

The bright regions in this image are made up of
innumerable unresolved distant stars, merging
together into a nearly continuous blur.

The dark areas—not simply holes—are regions of
space where interstellar matter obscures the light
from stars beyond.

 FIgure 11.2 reddening (a) Starlight passing through a dusty region of 
space is both dimmed and reddened, but spectral lines are still recognizable in 
the light that reaches Earth. (b) This dusty interstellar cloud, called Barnard 68, is 
opaque to visible light, except near the edges. The cloud spans about 0.2 pc and 
lies about 160 pc away. Frame (c) illustrates (in false color) how infrared radiation 
can penetrate Barnard 68. (ESO)
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The bright regions in this image are made up of
innumerable unresolved distant stars, merging
together into a nearly continuous blur.

The dark areas—not simply holes—are regions of
space where interstellar matter obscures the light
from stars beyond.
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Density and composition of the Interstellar Medium
By measuring its effect on the light from many different stars, astronomers have 
built up a picture of the distribution and chemical properties of interstellar mat-
ter in the solar neighborhood.

Gas and dust are found everywhere in interstellar space. No part of our Gal-
axy is truly devoid of matter, although the density of the interstellar medium is 
extremely low. Overall, the gas averages roughly 106 atoms per cubic meter—just 
one atom per cubic centimeter. (For comparison, the best vacuum presently at-
tainable in laboratories on Earth contains about 109 atoms per cubic meter.) In-
terstellar dust is even rarer—about one dust particle for every trillion or so atoms. 
The space between the stars is populated with matter so thin that harvesting all 

 FIgure 11.3 reddening in earth’s Atmosphere Sunlight is reddened as it passes 
through Earth’s atmosphere at the end of a hot summer day. Airborne dust particles and 
water molecules scatter the Sun’s blue light, leaving only its dimmed, red light—a spectacular 
sunset. (Joyce Photographics)

R I V U X G

The ultraviolet (UV) region is that part of the spectrum where we 
expect to witness events and see objects involving temperatures 
in the hundreds of thousands, even millions, of kelvins—hot re-
gions like the seething atmospheres or eruptive flares of stars; 
violent events, such as massive stars caught in the act of explod-
ing; and active galaxies whose spinning hearts may harbor black 
holes. Yet ultraviolet astronomy has also contributed greatly to 
the study of the interstellar medium, by allowing a unique map-
ping of our local cosmic neighborhood.

Only 30 years ago astronomers had presumed that the gases 
filling the spaces among the stars would absorb virtually all 
short-wavelength UV radiation before it had a chance to reach 
Earth. But in 1975, during a historic linkup of the Apollo (U.S.) 
and Soyuz (USSR) space capsules, the onboard astronauts and 
cosmonauts performed a key experiment—they used a small tel-
escope to detect extreme ultraviolet radiation from a few nearby, 
very hot stars. Shortly thereafter, theoretical ideas changed as as-
tronomers began to realize that interstellar gas is distributed very 
unevenly in space, in cool dense clumps interspersed by irregu-
larly shaped regions of hot, low-density gas.

Since then, space-based ultraviolet observations have shown 
that some regions of interstellar space are much thinner (5000 
atoms/m3) and hotter (500,000 K) than previously expected. Part 
of the space among the dust clouds and the emission nebulae 
seems to contain extremely dilute yet seething plasma, probably 
the result of the concussion and expanding debris from stars that 
exploded long ago. These superheated interstellar “bubbles,” or 
intercloud medium, may extend far into interstellar space beyond 
our local neighborhood and conceivably into the even vaster 
spaces among the galaxies.

The Sun seems to reside in one such low-density region—a 
huge cavity called the Local Bubble, sketched in the accompanying 

figure. Only because we live within this vast, low-density bubble 
can we detect so many stars in the far UV; the hot, tenuous inter-
stellar gas is virtually transparent to this radiation. The Local Bub-
ble contains about 200,000 stars and extends for hundreds of 
trillions of kilometers, or nearly 100 pc. It was probably carved 
out by a supernova explosion that occurred in these parts roughly 
300,000 years ago (see Section 12.4). Our distant ancestors must 
have seen it—a stellar catastrophe as bright as the full Moon.

ultraviolet Astronomy and the “Local Bubble”

1 1 . 1  D i s C o V E R Y

Hyades
star cluster
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Aldebaran

Sun

Vega
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center
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Arcturus

(Rice University/NASA)
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the gas and dust in an interstellar region the size of Earth would yield barely 
enough matter to make a pair of dice.

Despite such low densities, over sufficiently large distances interstellar matter 
accumulates slowly but surely to the point where it can block visible light and 
other short-wavelength radiation from distant sources. All told, space in the 
vicinity of the Sun contains about as much mass in the form of interstellar gas 
and dust as exists there in the form of stars.

Interstellar matter is distributed very unevenly (see Discovery 11-1). In some 
directions it is largely absent, allowing astronomers to study objects literally bil-
lions of parsecs from the Sun. In other directions there are small amounts of in-
terstellar matter, so the obscuration is moderate, preventing us from seeing 
objects more than a few thousand parsecs away, but allowing us to study nearby 
stars. Still other regions are so heavily obscured that starlight from even relatively 
nearby stars is completely absorbed before reaching Earth. Even in regions of 
dense obscuration, however, there are often “windows” through which we can see 
to great distances—several can be seen in Figure 11.1.

The composition of interstellar gas is reasonably well known from spectro-
scopic studies of interstellar absorption lines.  (Sec. 2.5) It mirrors the com-
position of other astronomical objects, such as the Sun, the stars, and the Jovian 
planets: Most of the gas—about 90 percent—is atomic or molecular hydrogen,  
9 percent is helium, and the remaining 1 percent consists of heavier elements. 
The gas is deficient in some heavy elements, such as carbon, oxygen, silicon, 
magnesium, and iron, most likely because these elements have gone to form the 
interstellar dust.

In contrast, the composition of the dust is not well known, although there is 
some infrared evidence for silicates, carbon, and iron, supporting the theory that 
interstellar dust forms out of interstellar gas. The dust probably also contains 
some “dirty ice,” a frozen mixture of water ice contaminated with trace amounts 
of ammonia, methane, and other compounds, much like cometary nuclei in our 
own solar system.  (Sec. 4.2)

11.2 Star-Forming regions
Figure 11.4 shows a magnified view of the central part of 
Figure 11.1, in the general direction of the constellation Sagitta-
rius. The field of view is mottled with innumerable stars and dark 
foreground interstellar matter. Historically, astronomers have used 
the term nebula (plural: nebulae) to refer to any “fuzzy” patch 
(dark or bright) on the sky—any region of space that is clearly dis-
tinguishable through a telescope, but not sharply defined, unlike a 
star or a planet. We now know that many (although by no means 
all) nebulae are clouds of interstellar dust and gas. If such a cloud 
happens to obscure stars lying behind it, then we see it as a dark 
patch on a bright background, as in Figure 11.2(b)—a dark nebula. 
But if something within the cloud—a group of hot young stars, for 
example—causes it to glow, we see something very different.

ConCEPt ChECk

if space is a near-perfect vacuum, how can there 
be enough dust in it to block starlight?

 FIgure 11.4 Star Field in Sagittarius This enlargement of the 
central portion of Figure 11.1, shows regions of brightness (vast fields of 
stars) as well as regions of darkness (where interstellar matter obscures 
the light from more distant stars). The field of view is about 10° across. 
(ESO/S. Guisard)
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Figure 11.5 expands the field of view of Figure 11.4. The approximate loca-
tion of this 30 degree swath relative to the Milky Way is indicated by the gray 
rectangle in Figure 11.1. In addition to stars and dark nebulae, two fuzzy patches 
of light are visible near the top of the figure. Labeled M8 and M20, they corre-
spond to the 8th and 20th entries in a catalog compiled by Charles Messier, an 
18th-century French astronomer. They are called emission nebulae—glowing 
clouds of hot interstellar gas surrounding groups of young, bright stars. Two more 
emission nebulae (with catalog names NGC 6334 and NGC 5357) can be seen at 
bottom center. The method of spectroscopic parallax applied to stars visible 

R I V U X G

R I U X GV

R I V U X G
(a)

R I V U X G
(b)

Reflection nebula

Emission nebula

Dust lanes

 FIgure 11.5 galactic Plane This 35° wide swath of 
the sky near the center of the Milky Way corresponding 
to the gray rectangle on Figure 11.1 shows stars, gas, and 
dust, as well as several distinct fuzzy patches of light known 
as emission nebulae. (Harvard College Observatory)

 FIgure 11.6 M20–M8 region A true-color 
enlargement of the bottom of Figure 11.5, showing 
M20 (top) and M8 (bottom) more clearly. (R. Gendler)

 FIgure 11.7 Trifid nebula (a) Further enlargement of the top of Figure 11.6, showing 
only M20 and its interstellar environment. Called the Trifid Nebula because of the dust lanes 
(in black) that trisect its midsection, the nebula itself (in red) is about 20 light-years across.  
(b) A false-color infrared image taken by the Spitzer Space Telescope reveals bright regions 
of star-forming activity mostly in those lanes of dust. (NASA)
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within these nebulae indicates that their distances from Earth range from  
1200 pc (M8) to 2400 pc (NGC 5357)  (Sec. 10.6).

We can gain a better appreciation of these nebulae by examining progres-
sively smaller fields of view. Figure 11.6 is an enlargement of the region near the 
bottom of Figure 11.5, showing M20 at the top and M8 at the bottom. Figure 11.7 
further enlarges the top of Figure 11.6, presenting a close-up of M20 and its im-
mediate environment in both the visible and infrared parts of the spectrum. The 
total area displayed measures some 12 pc across. Emission nebulae are among 
the most spectacular objects in the universe, yet they appear only as small, undis-
tinguished patches of light when viewed in the larger context of the Milky Way. 
Perspective is crucial in astronomy.

The nebulae shown in Figures 11.4–11.7 are regions of glowing, ionized gas. 
At or near the center of each is at least one newly formed hot O- or B-type star 
producing copious amounts of ultraviolet light. As ultraviolet photons travel out-
ward from the star, they heat and ionize the surrounding gas. As electrons recom-
bine with nuclei, they emit visible radiation, causing the gas to glow. The 
predominant red coloration is the result of hydrogen atoms emitting Ha light in 
the red part of the visible spectrum.  (Sec. 2.6)

Woven through the glowing nebular gas, and plainly visible in Figures 11.5–
11.7, are dark dust lanes obscuring the nebular light. These dust lanes are part of 
the nebulae and are not just unrelated dust clouds that happen to lie along our 
line of sight. The bluish region visible in Figure 11.7 immediately above M20 is 
another type of nebula unrelated to the red emission nebula itself. Called a reflec-
tion nebula, it is caused by starlight reflecting off intervening dust particles along 
the line of sight. The blue coloration occurs because short-wavelength blue light 
is more easily scattered by interstellar matter back toward Earth and into our de-
tectors. Figure 11.8 sketches some of the key features of emission nebulae, illus-
trating the connection between the central stars, the nebula itself, and the 
surrounding interstellar medium.

Figure 11.9 shows two other nebulae (located just outside the top-left corner 
of Figure 11.5). Notice again the hot bright stars embedded within the glowing 
nebular gas and the overall red hue of the reemitted radiation in parts (a) and (c). 
(The colors in the Hubble images parts [b] and [d] accentuate observations made 
at different wavelengths.) The relationship between the nebula and the dust lanes 

InTerAcTIve

Multiwavelength cloud with embedded Stars 

 FIgure 11.8 nebular Structure An emission nebula 
results when ultraviolet radiation from one or more hot stars 
ionizes part of an interstellar cloud. If starlight happens 
to encounter another dusty cloud, some of the radiation, 
particularly at the shorter wavelength blue end of the 
spectrum, may be scattered back toward Earth, forming a 
reflection nebula.

Light scattered through a
dusty cloud, not along the

line of sight, can look bluer.

Red light is emitted by
nebulae when electrons

and protons recombine to
form hydrogen atoms.
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is again evident in Figure 11.9 (b) and (d), where regions of gas and dust are 
simultaneously silhouetted against background nebular emission and illuminated 
by foreground nebular stars. The interaction between stars and gas is particularly 
striking in Figure 11.9(b). The three dark “pillars” visible in this spectacular image 
are part of the interstellar cloud from which the stars formed. The rest of the cloud 
in the vicinity of the new stars has already been dispersed by their radiation. The 
fuzz around the edges of the pillars, especially at top right and center, is the result 
of this ongoing process, where intense stellar radiation continues to “eat away” the 
cloud, heating and dispersing the dense molecular gas. The process removes the 
less dense material first, leaving behind delicate sculptures composed of the 
denser parts of the original cloud, much as wind and water create spectacular 

 FIgure 11.9 emission nebulae (a) M16, the Eagle 
Nebula and (b) a close-up of its huge pillars of cold gas and 
dust within, showing delicate sculptures created by the action 
of stellar ultraviolet radiation on the original cloud. (c) M8, the 
Lagoon Nebula and (d) a high-resolution view of its core, a 
region known as the Hourglass. The varied colors of the insets 
result from observations at different wavelengths. Both these 
nebulae lie in the Milky Way plane, just to the upper left of 
the field of view of Figure 11.5. (NASA/AURA/ESO)

(a) (b)

(c)

(d)

R I V U X G
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gaseous Pillars of Star Birth
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structures in Earth’s deserts and shores by eroding away the 
softest rock. The pillars will eventually be destroyed, but 
probably not for another hundred thousand or so years.

Table 11.1 lists some vital statistics for some of the nebu-
lae shown in this section. Unlike stars, nebulae are large 
enough for their sizes to be measurable by simple geometry. 

 (More Precisely 4-1) Coupling this size information with 
estimates of the amount of matter along our line of sight (as 
revealed by absorption of the nebula’s light), we can find a 
nebula’s density. Emission nebulae typically contain a few 
hundred particles per cubic centimeter (108 per cubic meter), 
mostly protons and electrons. Figure 11.10 shows the emis-
sion nebula M17, along with its spectrum at visible and near-
ultraviolet wavelengths.  (Sec. 2.5). Numerous emission 
lines can be seen, providing further information on the 
nebula. Analyses of such spectra reveal nebular compositions 
similar to the Sun and other stars, as well as elsewhere in the 
interstellar medium. Spectral line widths imply temperatures 
of around 8000 K.  (Sec. 2.8)

11.3 Dark Dust clouds
Emission nebulae are only one small component of interstellar space. Most of 
space—in fact, more than 99 percent of it—is devoid of such regions and contains 
no stars. It is simply dark. The average temperature of a typical dark region of in-
terstellar space is about 100 K. Compare this with 273 K, at which water freezes, 
and 0 K, at which atomic and molecular motions cease.  (More Precisely 2-1)

Within the dark voids among the nebulae and the stars lurks another distinct 
type of astronomical object, the dark dust cloud. These clouds are cooler than 
their surroundings, with temperatures as low as a few tens of kelvins, and thou-
sands or even millions of times denser. In some regions, densities exceeding 
109 atoms/m3 (1000 atoms/cm3) are found. Researchers often refer to dark dust 
clouds as dense interstellar clouds, but recognize that even these densest interstel-
lar regions are barely denser than the best vacuum achievable in terrestrial labo-
ratories. Still, it is because their density is much larger than the average value of 
106 atoms/m3 in interstellar space that we can distinguish these clouds from the 
surrounding expanse of the interstellar medium.

Obscuration of visible Light
Dark dust clouds bear little resemblance to terrestrial clouds. Most are bigger 
than our solar system, and some are many parsecs across, although they still 
make up no more than a few percent of the entire volume of interstellar space. 
Despite their name, these clouds are composed primarily of gas, just like the rest 

 
Object

Approx 
Distance (pc)

Average 
Diameter (pc)

Density 
(106 particles/m3)

Mass (Solar 
Masses)

Temperature 
(K)

M8 1200 14 80 2600 7500

M16 1800 8 90 600 8000

M17 1500 7 120 500 8700

M20 1600 6 100 250 8200

tablE 11.1  nebular Properties

 FIgure 11.10 nebular Spectrum The visible spectrum 
of the hot gases in a nearby star-forming region known as the 
Omega Nebula (M17). Shining by the light of several very hot 
stars, the nebula produces a complex spectrum of bright and 
dark lines (bottom), also shown here as an intensity trace from 
red to blue (center). (ESO)
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if emission nebulae are powered by ultraviolet 
light from hot stars, why do they appear red?
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of the interstellar medium. However, their absorption of starlight is due almost 
entirely to the dust they contain.

Figure 11.2(b) is a good example of a dark dust cloud. Figure 11.11(a), a re-
gion called L997 in the constellation Cygnus, is another. Some early (18th-
century) observers thought that these dark patches on the sky were simply empty 
regions of space that happened to contain no bright stars. However, by the late 
19th century, astronomers had discounted this idea. They realized that seeing 
clear spaces among the stars would be like seeing clear tunnels between the trees 
in a forest, and it was statistically impossible that so many tunnels would lead 
directly away from Earth.

Before the advent of radio astronomy, astronomers had no direct means of 
studying clouds like L977. Emitting no visible light, they are generally undetect-
able to the eye except by the degree to which they dim starlight. However, as 
shown in Figure 11.11(b), the cloud’s radio emission—in this case from carbon 
monoxide (CO) molecules contained within its volume—outlines it clearly at 
radio wavelengths, providing an indispensable tool for the study of such 
objects.

Figure 11.12 is a spectacular wide-field image of another dark dust cloud. 
Taking its name from a neighboring star system, Rho Ophiuchus, this dust cloud 
resides relatively nearby, making it one of the most intensely studied regions of 
star formation in the Milky Way. Pockets of heavy blackness mark regions where 
the dust and gas are especially concentrated and the light from the background 
stars is completely obscured. Measuring several parsecs across, the Ophiuchus 
cloud is also visible on the right side of Figure 11.5. Note that this cloud, like 
most interstellar clouds, is very irregularly shaped. Some of the features labeled 
in the image are part of the cloud itself, whereas others are newly formed stars 
near the edge of the cloud. Still other objects have no connection to the cloud and 
just happen to lie along the line of sight.

 FIgure 11.11 Obscuration and emission (a) At optical 
wavelengths, this dark dust cloud (known as L977) can be 
seen only by its obscuration of background stars. (b) At radio 
wavelengths, it emits strongly in the CO molecular line, with 
the most intense radiation coming from the densest part of 
the cloud. (C. and E. Lada)

(a)

(b)
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 FIgure 11.12 Dark Dust cloud The Ophiuchus dark 
dust cloud resides only 170 pc away, surrounded by colorful 
stars and nebulae that are actually small illuminated parts 
of a much bigger and invisible molecular cloud engulfing 
much of the region shown. (R. Gendler/J. Misti/S. Mazlin) R I V U X G
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Figure 11.13 shows a particularly 
striking and well-known example of a 
dark dust cloud—the Horsehead Nebula 
in Orion. This curiously shaped finger of 
gas and dust projects out from the much 
larger dark cloud in the bottom half of 
the image and stands out clearly against 
the red glow of a background emission 
nebula.

21-centimeter radiation
Often, dark dust clouds absorb so much 
light from background stars that they 
cannot easily be studied by the optical 
techniques described in Section 11.1. 
Fortunately, astronomers have an im-
portant alternative means of probing 
their structure that relies on low-energy radio emission from the interstellar gas 
itself.

Much of the gas in interstellar space is atomic hydrogen. Recall that a hydro-
gen atom consists of one electron orbiting a single-proton nucleus.  (Sec. 2.6) 
Besides its orbital motion around the central proton, the electron also has some 
rotational motion—that is, spin—about its own axis. The proton also spins. This 
model parallels a planetary system, in which, in addition to the orbital motion of 
a planet about a central star, both the planet (electron) and the star (proton) ro-
tate about their axes.

The laws of physics dictate that there are just two possible spin configura-
tions for a hydrogen atom in its ground state. As illustrated in Figure 11.14, the 
electron and proton can either rotate in the same direction, with their spin axes 
parallel, or they can rotate in opposite directions, with their axes parallel but op-
positely oriented. The former configuration has slightly higher energy than the 
latter. When a slightly excited hydrogen atom having the electron and proton 
spinning in the same direction drops down to the less-energetic, opposite-spin 
state, the transition releases a photon with energy equal to the energy difference 
between the two states.

Because the energy difference between the two states is very small, the en-
ergy of the emitted photon is very low.  (Sec. 2.6) Consequently, the wave-
length of the radiation is long—about 21 cm. That wavelength lies in the radio 
portion of the electromagnetic spectrum. Researchers refer to the spectral emis-
sion line that results from this hydrogen–spin-flip process as the 21-centimeter 
line. It provides a vital probe into any region of the universe containing atomic 
hydrogen gas. Needing no visible starlight to help calibrate their signals, radio 
astronomers can observe any interstellar region that contains enough hydrogen 
to produce a detectable signal. Even the low-density regions between dark dust 
clouds can be studied.

Of great importance is the fact that the wavelength of 21-cm radiation is 
much larger than the typical size of interstellar dust particles. Accordingly, this 
radio radiation reaches Earth completely unaffected by interstellar debris. The 
opportunity to observe interstellar space well beyond a few thousand parsecs, 
and in directions lacking detectable background stars, makes 21-cm observations 
among the most important and useful tools in all of astronomy. As we will see in 
Chapters 10 and 15, it has been indispensable in allowing astronomers to map 
out the large-scale structure of our own galaxy and many others.

 FIgure 11.13 horsehead nebula (a) The Horsehead 
Nebula is a striking example of a dark dust cloud, silhouetted 
against the bright background of an emission nebula. (b) A 
stunning image of the Horsehead, taken at highest resolution 
by the Very Large Telescope (VLT) in Chile. (Sec. 3.2) The 
“neck” of the horse is about 0.25 pc across. This nebular 
region lies roughly 1500 pc from Earth, in the constellation 
Orion. (Royal Observatory of Belgium; ESO)
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 FIgure 11.14 hydrogen 21-cm emission A ground-
state hydrogen atom switches from a higher-energy state (top) 
to a lower-energy state (bottom), emitting a radio photon in 
the process.
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Molecular gas
In certain interstellar regions of cold (typically 10–20 K) neutral gas, densities can 
reach as high as 1012 particles/m3, and most gas particles are not atoms, but mol-
ecules. These regions are known as molecular clouds. Only long-wavelength 
radio radiation can escape from these dense, dusty parts of interstellar space.

Molecular hydrogen (H2) is by far the most common constituent of molecu-
lar clouds; but it does not emit or absorb radio radiation, so it cannot easily be 
used as a probe of cloud structure. Nor are 21-cm observations helpful—they are 
sensitive only to atomic hydrogen, not to the molecular form of the gas. Instead, 
astronomers use radio observations of “tracer” molecules, such as carbon monox-
ide (CO), water (H2O), and formaldehyde (H2CO), to study the dark interiors of 
these dusty regions. These molecules are produced by chemical reactions within 
the clouds and emit energy in the radio part of the spectrum. They are rare—
perhaps one per billion hydrogen molecules—but when we observe them we can 
be confident that large amounts of molecular hydrogen and other important con-
stituents are also present. Figure 11.15 shows a contour map of the distribution 
of formaldehyde molecules around M20. Notice that the emission peaks well 
away from the visible nebula.

Molecular observations reveal that the spectacular star-forming regions we 
see are actually parts of much larger molecular clouds. The bright emission neb-
ula “bursts out” of its dark parent cloud when the radiation from a group of new-
born stars heats and ionizes the cold molecular gas. And molecular clouds do not 
exist as distinct objects in space. Rather, they form huge molecular cloud com-
plexes tens of parsecs across, some containing enough gas to make millions of 
stars like our Sun. About 1000 such complexes are known in our Galaxy. Figure 
11.16 is a radio map of a large region of the sky, made using spectral lines of the 
CO molecule, showing molecular cloud complexes stretching across the entire 
field of view.

Why are molecules found only in the densest interstellar clouds? One reason 
is that the dust protects the fragile molecules from the harsh interstellar environ-
ment. The same absorption that prevents high-frequency radiation from getting 
out to our detectors also prevents it from getting in to destroy the molecules. The 
dust may also help form the molecules. Dust grains provide both a place where 
atoms can stick and react and a means of dissipating any heat associated with the 
reaction, which might otherwise destroy the newly formed molecules.

In recent years, astronomers have come to realize that the interstellar me-
dium is a dynamic environment in which energy released by new-born stars (Sec-
tion 11.5) and supernovae (see Chapter 12) drives large-scale, turbulent motion in 
the gas. The cold molecular clouds we see may simply be regions of dense gas 
temporarily compressed by the large-scale flow—transient islands in a sea of sur-
rounding chaos.

 FIgure 11.15 Molecules near M20 Contour map 
of formaldehyde near the M20 nebula, showing how the 
molecule is more abundant in the darkest interstellar regions. 
The maximum density of formaldehyde lies just to the bot-
tom right of the visible nebula. The colors show the intensity 
of formaldehyde spectral lines at two different frequencies. 
(AURA)

R I V U X G

H2CO peak
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in mapping molecular clouds, why do astronomers 
use observations of “minority” molecules such as 
carbon monoxide and formaldehyde when these 
molecules constitute only a tiny fraction of the 
total in interstellar space?

 FIgure 11.16 Molecular cloud complexes This false-
color radio map shows the outer portion of the Milky Way as 
it appears in CO emission. The bright regions are molecular 
cloud complexes, dense regions of interstellar space where 
molecules abound and, apparently, stars are forming. The 
map is huge, extending over about a quarter of the sky. It 
was made from 1,696,800 observations of CO spectra. (Five 
College Radio Astronomy Observatory)
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11.4 Formation of Stars Like the Sun
Let us now turn our attention to the connection between the interstellar medium 
and the stars in our Galaxy. How do stars form? What factors determine their 
masses, luminosities, and spatial distribution? In short, what basic processes are 
responsible for the appearance of our night sky?

gravity and heat
Simply stated, star formation begins when part of the interstellar medium—one 
of the cold, dark clouds discussed in the previous section—collapses under its 
own weight. An interstellar cloud is maintained in hydrostatic equilibrium by a 
balance between two basic opposing influences: gravity (which is always directed 
inward) and heat (in the form of outwardly directed pressure).  (Sec. 9.2) If 
gravity somehow begins to dominate over heat, then the cloud can lose its equi-
librium and start to contract.

Consider a small portion of a large interstellar cloud. Concentrate first on just a 
few atoms, as shown in Figure 11.17(a). Even though the cloud’s temperature is very 
low, each atom has some random motion.  (More Precisely 2-1) Each atom is 
also influenced by the gravitational attraction of all its neighbors. The gravitational 
force is not large, however, because the mass of each atom is so small. When a few 
atoms accidentally cluster for an instant, as sketched in Figure 11.17(b), their com-
bined gravity is insufficient to bind them into a lasting, distinct clump of matter. This 
accidental cluster disperses as quickly as it formed (Figure 11.17c). The effect of 
heat—the random motion of the atoms—is much stronger than the effect of gravity.

As the number of atoms increases, their gravitational attraction increases 
too, and eventually the collective gravity of the clump is strong enough to prevent 
it from dispersing back into interstellar space. How many atoms are required for 
this to be the case? The answer, for a typical cool (100 K) cloud, is about 1057—in 
other words, the clump must have mass comparable to that of the Sun. If our hy-
pothetical clump is more massive than that, it will not disperse. Instead, its grav-
ity will cause it to contract, ultimately to form a star.

Of course, 1057 atoms don’t just clump together by random chance. Rather, 
star formation is triggered when a sufficiently massive pocket of gas is squeezed 
by some external event. Perhaps it is compressed when two blobs of gas collide, 
or by the shock wave produced when a nearby group of O- or B-type stars form 
and heat their surroundings, creating an emission nebula, or when a neighbor-
ing star explodes as a supernova (see Section 12.4). Or possibly part of an inter-
stellar cloud simply becomes too cold for its internal pressure to support it 
against its own gravity. Whatever the cause, theory suggests that once the col-
lapse begins, star formation inevitably follows.

Table 11.2 lists seven evolutionary stages that an interstellar cloud goes through 
before becoming a main-sequence star like our Sun. These stages are characterized 
by different central temperatures, surface temperatures, central densities, and radii 

 FIgure 11.17 Atomic Motions The motions of a few 
atoms within an interstellar cloud are influenced by gravity so 
slightly that the atoms’ paths are hardly changed (a) before, 
(b) during, and (c) after an accidental, random encounter.

If more than a few atoms interact, the group would come together, start to slide by,
but then pause, and finally contract into a clump.
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of the prestellar object. They trace its progress from a quiescent interstellar cloud to 
a genuine star. The numbers given in Table 11.2 and the following discussion are 
valid only for stars of approximately the same mass as the Sun. In the next section 
we will relax this restriction and consider the formation of stars of other masses.

Stage 1—An Interstellar cloud
The first stage in the star-formation process is a dense interstellar cloud—the core 
of a dark dust cloud or perhaps part of a molecular cloud. These clouds are truly 
vast, sometimes spanning tens of parsecs (1014 to 1015 km) across. Typical tem-
peratures are about 10 K throughout, with a density of perhaps 109 particles/m3. 
Stage-1 clouds contain thousands of times the mass of the Sun, mainly in the 
form of cold atomic and molecular gas. (The dust they contain is important for 
cooling the cloud as it contracts and also plays a crucial role in planet formation, 
but it constitutes a negligible fraction of the total mass.)  (Sec. 4.3)

The dark region outlined by the red and green radio contours in Figure 11.15 
(not the emission nebula itself, where stars have already formed) probably repre-
sents a stage-1 cloud just starting to contract. Doppler shifts of the observed for-
maldehyde lines indicate that it is probably infalling. Less than a light year across, 
this region has a total mass over 1000 times the mass of the Sun—considerably 
greater than the mass of M20 itself.

Once the cloud is compressed past the point where gravity overcomes gas 
pressure, theory indicates that it will naturally fragment into smaller and smaller 
clumps of matter due to further gravitational instabilities in the gas. As illustrated 
in Figure 11.18, a typical cloud may form tens, hundreds, even thousands of frag-
ments, each destined to form a star or group of stars. The whole process, from 
initial unstable cloud to many collapsing fragments, takes perhaps a few hundred 
thousand years. Depending on the precise conditions in the cloud, it may form 
either a few dozen stars, each much larger than our Sun, or a collection of hun-
dreds or thousands of stars comparable to or smaller than our Sun. There is little 
evidence for stars born in isolation, one star from one cloud. Most stars—perhaps 

 
Stage

Approximate Time 
to next Stage (yr)

central 
Temperature (K)

Surface 
Temperature (K)

central Density 
(particles/m3)

Diameter1 
(km)

 
Object

1 2 × 106 10 10 109 1014 Interstellar cloud

2 3 × 104 100 10 1012 1012 Cloud fragment

3 1015 10,000 100 1018 1010 Cloud fragment/protostar

4 106 1,000,000 3000 1024 108 Protostar

5 107 5,000,000 4000 1028 107 Protostar

6 2 × 106 10,000,000 4500 1031 2 × 106 Star

7 1010 15,000,000 6000 1032 1.5 × 106 Main-sequence star
1For comparison, recall that the diameter of the Sun is 1.4 × 106 km and that of the solar system roughly 1.5 × 1010 km.

tablE 11.2  Prestellar evolution of a Sun-like Star

 FIgure 11.18 cloud Fragmentation As an interstellar 
cloud contracts, gravitational instabilities cause it to fragment 
into smaller pieces. The pieces themselves continue to 
fragment, eventually forming many tens or hundreds of 
individual stars.

In reality, no interstellar cloud ever fragments this neatly; it’s usually a mess.
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all—appear to originate as members of multiple systems. Figure 11.19 presents 
recent observational evidence that directly supports the scenario just described. It 
shows a dense, dark molecular cloud near the center of our Galaxy, containing 
within it several dozen even denser prestellar fragments, having masses ranging 
from a few tens to a few hundred times the mass of the Sun.

The process of continuing fragmentation is eventually stopped by the increas-
ing density within the shrinking cloud. As fragments continue to contract, they 
eventually become so dense that radiation cannot get out easily. The trapped ra-
diation causes the temperature to rise, the pressure to increase, and the fragmen-
tation to stop. However, the contraction continues.

Stages 2 and 3—A contracting cloud Fragment
As it enters stage 2, a fragment destined to form a star like the Sun—the end 
product of the process sketched in Figure 11.18—contains between one and two 
solar masses of material. Estimated to span a few hundredths of a parsec across, 
this fuzzy, gaseous blob is still about 100 times the size of our solar system. Its 
central density is about 1012 particles/m3.

Even though the fragment has shrunk substantially, its average temperature 
is not much different from that of its parent cloud. The reason is that the gas con-
stantly radiates large amounts of energy into space. The material of the fragment 
is so thin that photons produced anywhere within it easily escape without being 
reabsorbed, so virtually all the energy released in the contraction is radiated away 
and does not raise the temperature. Only at the center, where the radiation must 
traverse the greatest amount of material in order to escape, is there any appreci-
able temperature increase. The gas there might be as warm as 100 K by this stage. 
For the most part, however, the fragment stays cold as it shrinks.

Several tens of thousands of years after it first began contracting, the stage-2 
fragment has shrunk to a gaseous sphere with a diameter roughly the size of our 
solar system (still 10,000 times the size of our Sun). Now, at the start of stage 3, the 
inner regions have become opaque to their own radiation and have started to heat 
up considerably, as noted in Table 11.2. The central temperature has reached about 
10,000 K—hotter than the hottest steel furnace on Earth. However, the gas near the 
edge is still able to radiate its energy into space and so remains cool. The central 
density by this time is approximately 1018 particles/m3 (still only 10−9 kg/m3 or so).

For the first time, our fragment is beginning to resemble a star. The dense, 
opaque region at the center is called a protostar. Its mass increases as more and 
more material rains down on it from outside, although its radius continues to 
shrink because its pressure is still unable to overcome the relentless pull of grav-
ity. By the end of stage 3, we can distinguish a “surface” on the protostar—its 
photosphere. Inside the photosphere, the protostellar material is opaque to the 
radiation it emits. (Note that this is the same operational definition of surface we 
used for the Sun.)  (Sec. 9.1) From here on, the surface temperatures listed in 
Table 11.2 refer to the photosphere and not to the edge of the collapsing frag-
ment, where the temperature remains low.

Figure 11.20 shows a star-forming region in Orion. Lit from within by several 
O-type stars, the bright Orion Nebula is partly surrounded by a vast molecular 
cloud that extends well beyond the roughly 1-parsec-square region bounded by 
the photograph in Figure 11.20(c). The Orion complex harbors several smaller 
sites of intense radio emission from molecules deep within its core. Shown in Fig-
ure 11.20(d), they measure about 1010 km, about the diameter of our solar system. 
Their density is about 1015 particles/m3, much higher than the density of the sur-
rounding cloud. Although the temperatures of these regions cannot be estimated 
reliably, many researchers regard the regions as objects between stages 2 and 3, 
on the threshold of becoming protostars. (See Figures 11.25 and 11.31 for visible 
and infrared images of part of the nebula showing other evidence for protostars.)

 FIgure 11.19 Prestellar Fragments  This remarkable 
image combines infrared, millimeter, and radio observations 
of small molecular cloud called G0.253+0.016 near the 
Galactic center. The cyan image is an infrared view from 
Spitzer, while the white contours trace radio emission from 
molecules in the cloud, outlining its full extent. The cloud is so 
dense that it absorbs the infrared background, and so 
appears dark. The red blobs are high-resolution ALMA 
observations of dense prestellar fragments within the cloud. 

 (Sec. 5.4) These fragments are well on their way to 
forming stars; their total mass is a few thousand times the 
mass of the Sun. (J. Rathborne/Astrophysical Journal)

1 pc
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Stage 4—A Protostar
As the protostar evolves, it shrinks, its density increases and its temperature rises, 
both in the core and at the photosphere. Some 100,000 years after the fragment 
formed, it reaches stage 4, where its center seethes at about 1,000,000 K. The 
electrons and protons ripped from atoms whiz around at hundreds of kilometers 
per second, but the temperature is still short of the 107 K needed to ignite the pro-
ton–proton nuclear reactions that fuse hydrogen into helium. Still much larger 
than the Sun, our gassy heap is now about the size of Mercury’s orbit. Its surface 
temperature has risen to a few thousand kelvins.

Knowing the protostar’s radius and surface temperature, we can calculate its 
luminosity using the radius–luminosity–temperature relationship.  (Sec. 10.4) 
Remarkably, it turns out to be around 1000 times the luminosity of the Sun. Be-
cause nuclear reactions have not yet begun in the protostar’s core, this luminosity 
is due entirely to the release of gravitational energy as the protostar continues to 
shrink and material from the surrounding fragment (which we called the solar 
nebula back in Chapter 4) rains down on its surface.  (Sec. 4.3)

In the hunt for examples of more advanced stages of star formation, radio 
techniques become less useful because objects in stages 4, 5, and 6 have increas-
ingly higher temperatures. By Wien’s law, their emission shifts toward shorter 
wavelengths, and so they shine most strongly in the infrared.  (Sec. 2.4) One 
particularly bright infrared emitter, known as the Becklin–Neugebauer object, 
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 FIgure 11.20 Orion nebula, up close interactive   
(a) The constellation Orion, with the region around its famous 
emission nebula marked by a rectangle (see Figure 0.2).  
(b) Enlargement of the framed region in part (a), but here 
shown in the infrared, revealing how the nebula is partly 
surrounded by a vast molecular cloud. Various parts of this 
cloud are probably fragmenting and contracting, with even 
smaller sites forming protostars. The three frames at the right 
show some of the evidence for those protostars: (c) real-color 
visible image of embedded nebular “knots” within the Orion 
Nebula, (d) false-color radio image of some intensely emitting 
molecular sites, and (e) high-resolution image of one of 
several young stars surrounded by disks of gas and dust where 
planets might ultimately form. (P. Sanz/Alamy; SST; CfA; NASA) 
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was detected in the core of the Orion molecular cloud in the 1970s. Its luminos-
ity is around 1000 times the luminosity of the Sun. Most astronomers agree that 
this warm, dense blob is a high-mass protostar, probably around stage 4.

By the time stage 4 is reached, our protostar’s physical properties can be 
plotted on a Hertzsprung–Russell (H–R) diagram.  (Sec. 10.5) At each phase 
of a star’s evolution, its surface temperature and luminosity can be represented by 
a single point on the diagram. The motion of that point around the diagram as 
the star evolves is known as the star’s evolutionary track. It is a graphical 
representation of a star’s life. Note that it has nothing to do with any real spatial 
motion of the star. The red track on Figure 11.21 depicts the approximate path 
followed by our interstellar cloud fragment since it became a protostar at the end 
of stage 3 (which itself lies off the right-hand edge of the figure). Figure 11.22 is 
an artist’s sketch of an interstellar gas cloud proceeding along the evolutionary 
path outlined so far.

Stage 5—Protostellar evolution
Our protostar is still not in equilibrium. Even though its temperature is now so 
high that outward-directed pressure has become a powerful countervailing influ-
ence against gravity’s inward pull, the balance is not yet perfect. The protostar’s 
internal heat gradually diffuses out from the hot center to the cooler surface, 
where it is radiated away into space. As a result, the contraction slows, but it does 
not stop completely.

After stage 4, the protostar moves downward on the H–R diagram (toward 
lower luminosity) and slightly to the left (toward higher temperature), as shown 
in Figure 11.23. By stage 5, the protostar has shrunk to about 10 times the size of 
the Sun, its surface temperature is about 4000 K, and its luminosity has fallen to 
about 10 times the solar value. The central temperature has risen to about 
5,000,000 K. The gas is completely ionized by now, but the protons still do not 
have enough thermal energy for nuclear fusion to begin.

Protostars often exhibit violent surface activity during this phase of their evo-
lution, resulting in extremely strong protostellar winds, much denser than that of 
our Sun. This portion of the evolutionary track is often called the T-Tauri phase, 
after T-Tauri, the first “star” (actually protostar) to be ob-
served in this stage of prestellar development. The inter-
action between the strong winds and the nebular disk out 
of which the protostar (and possibly planets) is still form-
ing often results in a bipolar flow—expelling two “jets” of 
matter perpendicular to the disk. Figure 11.24(a) shows a 
particularly striking example.

These outflows can be very energetic. Figure 11.24(b) 
shows a portion of the Orion molecular cloud, south of 
the Orion Nebula, where a protostar is seen still sur-
rounded by a bright nebula, its turbulent wind spreading 
out into the interstellar medium. Below it (enlarged in the 
inset) are twin jets known as HH1 and HH2. (HH stands 
for Herbig–Haro, after the investigators who first cata-
loged such objects.) Formed in another (unseen) protos-
tellar disk, these jets have traveled outward for almost 
half a light-year before colliding with interstellar matter. 
More Herbig–Haro objects can be seen in the upper right 
portion of the figure.

Events proceed more slowly as the protostar approaches 
the main sequence. The initial contraction and fragmenta-
tion of the interstellar cloud occurred quite rapidly, but by 

 FIgure 11.21 Protostar on the h–r Diagram The red 
arrow indicates the approximate evolutionary track followed 
by an interstellar cloud fragment before becoming a stage-4 
protostar. The boldface numbers on this and subsequent H–R 
plots refer to the prestellar evolutionary stages listed in Table 
11.2.
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 FIgure 11.22 Interstellar cloud evolution Artist’s 
conception of the changes in an interstellar cloud during the 
early evolutionary stages outlined in Table 11.2. (Not drawn to 
scale.) The duration of each stage, in years, is indicated.

As a cloud contracts, it grows hotter,
denser, and more active.

Time

Stage 1 Stage 2 Stage 3/4 Stage 5

2 * 106 yr 3 * 104 yr 105 yr 107 yr
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 FIgure 11.24 Protostellar Outflow (a) This remarkable image (at right) shows two 
jets emanating from the young star system HH30, the result of matter accreting onto an 
embryonic star near the center. (b) The view below of the Orion molecular cloud shows the 
outflow from a newborn star, still surrounded by nebular gas. The inset shows a pair of jets 
called HH1/HH2, formed when matter falling onto another protostar (still obscured by the 
dusty cloud fragment from which it formed) creates a pair of high-speed jets of gas per-
pendicular to the flattened protostellar disk. The jets are nearly 1 light-year across. Several 
more Herbig–Haro objects can be seen at top right—one of them resembling a “waterfall.” 
(AURA; NASA)
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 FIgure 11.23 newborn Star on the h–r Diagram interactive  The changes in a 
protostar’s observed properties are shown by the path of decreasing luminosity, from stage 
4 to stage 6. At stage 7, the newborn star has arrived on the main sequence. 
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stage 5, as the protostar nears the status of a full-fledged star, its evolution slows. Its 
contraction is governed largely by the rate at which it can radiate its internal energy 
into space. As the luminosity decreases, so, too, does the contraction rate.

Until the Infrared Astronomy Satellite (IRAS) was launched in the early 1980s, 
astronomers were aware only of very massive stars forming in clouds far away. 
But IRAS showed that stars are forming much closer to home, and some of these 
protostars have masses comparable to that of our Sun. Figure 11.25 shows two 
examples of low-mass protostars—both spotted by the Hubble Space Telescope in 
a rich star-forming region in Orion. Their infrared heat signatures are those ex-
pected of a stage-5 object.

Stages 6 and 7—A newborn Star
Some 10 million years after reaching stage 4, the protostar finally becomes a true 
star. By stage 6, when our roughly one-solar-mass object has shrunk to a radius of 
about 1,000,000 km, the contraction has raised the central temperature to 
10,000,000 K—enough to ignite nuclear burning. Protons begin fusing into he-
lium nuclei in the core, and a star is born. As shown in Figure 11.23, the star’s 
surface temperature at this point is about 4500 K, still a little cooler than the Sun. 
Even though the radius of the newly formed star is slightly larger than that of the 
Sun, its lower temperature means that its luminosity is slightly less than (actually, 
about two-thirds of) the present solar value.

Indirect evidence for stage-6 stars comes from infrared observations of ob-
jects that seem to be luminous hot stars hidden from optical view by surrounding 
dark clouds. Their radiation is mostly absorbed by a “cocoon” of dust, then ree-
mitted by the dust as infrared radiation. Two considerations support the idea that 
the hot stars responsible for heating the clouds have only recently ignited: 
(1) dust cocoons are predicted to disperse quite rapidly once their central stars 
form, and (2) these objects are invariably found in the dense cores of molecular 
clouds, consistent with the star-formation sequence just outlined.

Over the next 30 million years or so, the stage-6 star contracts a little more. 
Its central density rises to about 1032 particles/m3 (more conveniently expressed 
as 105 kg/m3), the central temperature increases to 15,000,000 K, and the surface 
temperature reaches 6000 K. By stage 7 the star finally reaches the main sequence 
just about where our Sun now resides. Pressure and gravity are finally balanced 
in the stellar interior, and the rate at which nuclear energy is generated in the 
core exactly matches the rate at which energy is radiated from the surface.

The journey from interstellar cloud to star occurs over the course of 40–50 
million years. Although this is a long time by human standards, it is still less than 
1 percent of the Sun’s lifetime on the main sequence. Once an object begins fus-
ing hydrogen and establishes a “gravity-in/pressure-out” hydrostatic equilibrium, 

 FIgure 11.25 Protostars (a) An infrared, edge-on image of a 
planetary system–size dusty disk in the Orion region, showing heat and 
light emerging from its center. This unnamed source seems to be a low-
mass protostar around stage 5 in the H–R diagram. (b) An optical, face-
on image of a slightly more advanced circumstellar disk surrounding an 
embedded protostar in Orion. (NASA)R I V U X G

(a)
R I V U X G

(b)

What distinguishes a collapsing cloud from a 
protostar, and a protostar from a star?
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it burns steadily for a very long time. The star’s location on the H–R diagram—
that is, its surface temperature and luminosity—will remain almost unchanged 
for the next 10 billion years.

11.5 Stars of Other Masses
The numerical values and evolutionary track just described are valid only for 
1-solar-mass stars. The temperatures, densities, and radii of prestellar objects of 
other masses exhibit similar trends, but the details differ, in some cases quite con-
siderably. Perhaps not surprisingly, the most massive fragments formed within 
interstellar clouds tend to produce the most massive protostars and eventually 
the most massive stars. Similarly, low-mass fragments give rise to low-mass stars.

The Zero-Age Main Sequence
Figure 11.26 compares the theoretical pre-main-sequence evolutionary track 
taken by our Sun with the corresponding tracks of a 0.3-solar-mass star and a 
3.0-solar-mass star. All three tracks traverse the H–R diagram in the same general 
manner, but cloud fragments that eventually form stars more massive than the 
Sun approach the main sequence along a higher track on the diagram, while 
those destined to form less massive stars take a lower track. The time required for 
an interstellar cloud to become a main-sequence star also depends strongly on its 
mass.  (Sec. 10.7) The most massive fragments contract into O-type stars in a 
mere million years, roughly 1/50 the time taken by the Sun. The opposite is the 
case for prestellar objects having masses much less than our Sun. A typical M-
type star, for example, requires nearly a billion years to form.

Whatever the mass, the endpoint of the prestellar evolutionary track is the 
main sequence. A star is considered to have reached the main sequence when hy-
drogen burning begins in its core and the star’s properties settle down to stable val-
ues. The main-sequence band predicted by theory is usually called the zero-age 
main sequence (ZAMS). It agrees quite well with the main sequences observed for 
stars in the vicinity of the Sun and those observed in more distant stellar systems.

It is important to realize that the main sequence is not an evolutionary track—
stars do not evolve along it. Rather, it is a “waystation” on the H–R diagram where 
stars stop and spend most of their lives—low-mass stars at the bottom, high-mass 
stars at the top. Once on the main sequence, a star stays in roughly the same loca-
tion in the H–R diagram during its whole time as a stage-7 object. In other words, 
a star that arrives on the main sequence as, say, a G-type star can never “work its 
way up” to become a B- or an O-type main-sequence star, nor move down to be-
come an M-type red dwarf. As we will see in Chapter 12, the next stage of stellar 
evolution occurs when a star leaves the main sequence. When this occurs, the star 
will have pretty much the same surface temperature and luminosity it had when 
it arrived on the main sequence millions (or billions) of years earlier.

“Failed” Stars
Some cloud fragments are too small ever to become stars. Pressure and gravity 
come into equilibrium before the central temperature becomes hot enough to 
fuse hydrogen, so they never evolve beyond the protostar stage. Rather than 
turning into stars, such low-mass fragments continue to cool, eventually becom-
ing compact, dark “clinkers”—cold fragments of unburned matter—in interstel-
lar space. Small, faint, and cool (and growing ever colder), these objects are 
known collectively as brown dwarfs. On the basis of theoretical modeling, as-
tronomers calculate that the minimum mass of gas needed to generate core tem-
peratures high enough to begin nuclear fusion is about 0.08 solar masses—80 
times the mass of Jupiter.

 FIgure 11.26 Prestellar evolutionary Tracks Prestellar 
evolutionary paths for stars more massive and less massive 
than our Sun.
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R I V U X G R I V U X G
(c)

(d)
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Gliese 229
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 FIgure 11.27 Brown Dwarfs (a) This image shows 
Gliese 623, a binary system that may contain a brown dwarf 
(marked by an arrow). (b) This image of the binary-star system 
Gliese 229 shows two objects only 7” apart; the fainter “star” 
(arrow) has a luminosity only a few millionths that of the 
Sun and an estimated mass about 50 times that of Jupiter. 
(The rings in part a and the spike in part b are instrumental 
artifacts.) (c) An infrared image of a star cluster just north of 
the Orion Nebula, showing bright objects that are stars and 
many faint specks that are brown-dwarf candidates. (d) This 
rendering compares the sizes of some stars, brown dwarfs, 
and planets. (NASA)

Vast numbers of brown dwarfs may well be scattered throughout the uni-
verse—fragments frozen in time somewhere in the cloud-contraction phase. With 
our current technology, we have great difficulty in detecting them, whether they 
orbit other stars or float alone in space. We can telescopically detect stars and 
spectroscopically infer atoms and molecules, but low-mass astronomical objects 
far beyond our solar system are very hard to see. However, recent advances in ob-
servational hardware and image-processing techniques have identified many likely 
brown dwarf candidates, often using techniques similar to those employed in the 
search for extrasolar planets.  (Sec. 4.4) (Recall that most stars are found in 
binaries; the same may very well be true of brown dwarfs.  (Sec. 10.7))

Figure 11.27 shows Gliese 623, a binary system containing a brown dwarf 
candidate, originally identified by radial velocity measurements and Gliese 229, 
first identified as a possible brown dwarf by ground-based infrared observations. 
More recent infrared images from space show many more brown dwarf candi-
dates. Figure 11.27(c) is a Spitzer image of a small star cluster showing not only 
many bright stars, but also numerous much fainter objects thought to be brown 
dwarfs. Based on current observations, it seems that up to 100 billion cold, dark, 
brown dwarfs may lurk in the depths of interstellar space—comparable to the 
total number of “real” stars in our Galaxy. Figure 11.27(d) compares brown 
dwarfs, notably Gleise 229 of part (b), to some other well-known objects.

11.6 Star clusters
The end result of the contraction and fragmentation of an interstellar gas cloud is 
a group of stars, all formed from the same parent cloud and lying in the same re-
gion of space. Such a collection of stars is called a star cluster. Figure 11.28 
shows a spectacular view of a newborn star cluster and (part of) the interstellar 
cloud from which it came. Because all the stars formed at the same time out of 
the same cloud and under the same environmental conditions, clusters in many 
cases are near-ideal “laboratories” for stellar studies—not in the sense that as-
tronomers can perform experiments on them, but because the properties of the 
stars are very tightly constrained. The only factor distinguishing one star from 
another in the same cluster is mass, so theoretical models of star formation and 
evolution can be compared with reality without the complications introduced by 
broad spreads in age, chemical composition, and place of origin.

clusters and Associations
Figure 11.29(a) shows a small star cluster called the Pleiades, or Seven Sisters, a 
well-known naked-eye object in the constellation Taurus, lying about 120 pc from 
Earth. This type of loose, irregular cluster, found mainly in the plane of the Milky 
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Way, is called an open cluster. Open clusters typically contain from a few hun-
dred to a few tens of thousands of stars and are a few parsecs across. Figure 
11.29(b) shows the H–R diagram for stars in the Pleiades. The cluster contains 
stars in all parts of the main sequence. The blue stars must be relatively young, for, 
as we saw in Chapter 10, they burn their fuel very rapidly.  (Sec. 10.7) Thus, 
even though we have no direct evidence of the cluster’s birth, we can estimate its 
age at less than 20 million years, the lifetime of an O-type star. The wisps of lefto-
ver gas evident in the photograph are further evidence of the cluster’s youth.

Less massive, but more extended, clusters are known as associations. These 
typically contain no more than a few hundred stars, but may span many tens of 
parsecs. Associations tend to be rich in very young stars and are very loosely 
bound—if they are bound at all. Many associations appear to be expanding freely 
into space and dissolving following their formation.

Figure 11.30(a) shows a very different type of star cluster, called a globular 
cluster. All globular clusters are roughly spherical (which accounts for their 
name), are generally found away from the Milky Way plane, and contain hundreds 
of thousands, and sometimes millions, of stars spread out over about 50 pc. The 
H–R diagram for this cluster (called Omega Centauri) is shown in Figure 11.30(b).

The most outstanding feature of globular clusters is their lack of upper main-
sequence stars. In fact, globular clusters contain no main-sequence stars with masses 
greater than about 0.8 times the mass of the Sun. (The A-type stars in this plot are 
stars at a much later evolutionary stage that happen to be passing through the loca-
tion of the upper main sequence.) Their more massive O- through F-type stars have 
long since exhausted their nuclear fuel and disappeared from the main sequence. On 
the basis of these and other observations, astronomers estimate that all globular 
clusters are at least 10 billion years old. They contain the oldest known stars in our 
Galaxy. Astronomers speculate that the 150 or so globular clusters observed today 
are just the survivors of a much larger population of clusters that formed long ago.

clusters and nebulae
How many stars form in a cluster, and of what type are they? What does the col-
lapsed cloud look like once star formation has run its course? At present, al-
though the main stages (3–7) in the formation of individual stars are fairly well 
established, the answers to these broader questions (involving stages 1 and 2) re-
main sketchy. Low-mass stars are much more common than high-mass ones, but 
an explanation of exactly why this is so still awaits a more thorough understand-
ing of the star-formation process.  (Sec. 10.7)

At present, researchers are divided on whether more massive stars simply 
form from denser or more massive clumps of interstellar gas or whether all stars 
form as relatively lightweight objects (with masses much less than the mass of 
the Sun). Stars subsequently grow by accretion from their surroundings, in a 
manner reminiscent of the growth of planetesimals in the early solar system. 

 (Sec. 4.3) In the latter view, the most massive stars are the ones that win the 
competition for resources.

In either case, computer simulations of star-forming clouds (see Figure 11.31) 
suggest that the sequence of events leading to main-sequence stars may be strongly 
influenced by physical interactions—close encounters and even collisions—between 
protostars within the cluster. The simulations indicate that the strong gravitational 
fields of the most massive protostars give them a competitive advantage over their 
smaller rivals in attracting gas from the surrounding nebula, causing giant proto-
stars to grow even faster. Close encounters with massive protostars also tend to dis-
rupt smaller protostellar disks, terminating the growth of their central protostars 
and ejecting planets and low-mass brown dwarfs from the disk into intracluster 
space. In dense clusters these interactions may even lead to mergers and further 
growth of massive objects.

 FIgure 11.28 newborn cluster The star cluster  
NGC 3603 and part of the larger molecular cloud in which it 
formed. The cluster contains about 2000 bright stars and lies 
some 6000 pc from Earth. The field of view shown here spans 
about 20 light-years. Radiation from the cluster has cleared a 
cavity in the cloud several light-years across. The inset shows 
the central area more clearly, revealing many small stars less 
massive than the Sun. (ESO; NASA)

R I V U X G

AnIMATIOn / vIDeO 

carina nebula 
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Thus, even though many details remain to be filled in, we can see several ways 
in which the cluster environment affects the kinds of stars that form there. The most 
massive stars form fastest and in the process tend to prevent the formation of more 
high-mass stars, both by stealing their raw material and by helping destroy their 
disks. Eventually, the intense radiation from newborn O and B stars disrupts the 
environment in which lower-mass stars are forming, “freezing in” their masses. This 
also helps explain the existence of brown dwarfs by providing a mechanism whereby 
star formation can stop before nuclear fusion begins in a low-mass stellar core.

 FIgure 11.29 Open cluster (a) The Pleiades cluster (also 
known as the Seven Sisters because only six or seven of its stars 
can be seen with the naked eye) lies about 120 pc from the Sun. 
(b) An H–R diagram for all the stars of this well-known open 
cluster. (NOAO)
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 FIgure 11.30 globular cluster (a) The globular cluster 
Omega Centauri is approximately 5000 pc from Earth and some 
40 pc in diameter. (b) An H–R diagram for some of its stars.  
(P. Seitzer)
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Young star clusters are often shrouded in gas and dust, making 
them hard to see in visible light, but infrared observations clearly dem-
onstrate that clusters really are found within star-forming regions. Fig-
ure 11.32 compares optical (a) and infrared (b) views of the central 
regions of the Orion Nebula. The optical image shows the Trapezium, 
the group of four bright stars responsible for ionizing the nebula; the in-
frared image reveals an extensive cluster of stars within and behind the 
visible nebula and shows many stages of star formation, including nearly 
1000 new stars forming and interacting with the surrounding cloud.

Eventually, star clusters dissolve into individual stars. In some 
cases, the irregular star formation process illustrated in Figure 11.31 
simply leaves the newborn cluster gravitationally unbound. In others, 
the ejection of leftover gas reduces the cluster’s mass so much that it 
becomes unbound and quickly disperses. The tidal gravitational field 
of the Galaxy slowly destroys the remainder.  (Sec. 5.2) The most 
massive systems—the globular clusters—may survive for billions of 
years, but most clusters surrender their stars to the Galactic popula-
tion in less than a few hundred million years.

Take another look at the sky one clear, dark evening. Ponder all of 
the cosmic activity you have learned about as you peer upward at the 
stars. After studying this chapter, you may find that you have to mod-
ify your view of the night sky. Even the seemingly quiet nighttime 
darkness is dominated by continual change.

 FIgure 11.31 Protostellar collisions interactive  In the congested 
environment of a young cluster, star formation is a competitive and violent 
process. Large protostars may grow by “stealing” gas from smaller ones, and 
the extended disks surrounding most protostars can lead to collisions and even 
mergers. This frame from a supercomputer simulation shows a small star cluster 
emerging from an interstellar cloud that originally contained some 50 solar 
masses of material spread over a volume 1 light-year across. (M. Bate, I. Bonnell, 
and V. Bromm) 

if stars in a cluster all start to form at the same 
time, how can some influence the formation of 
others?

ConCEPt ChECk

The BIg QueSTIOn

When did the first stars form? We observe stars forming today throughout 
the Milky Way and myriad other galaxies, and studies of distant stars 
imply that they formed even more efficiently billions of years ago. 
Astronomers are pushing back the veil of ancient star formation, trying to 
understand how and when conditions in the early universe first allowed 
gas without walls—stars—to ignite as brilliant balls of fire.

Cluster environments play
a crucial role in determining
the types of stars that form.

Remnants
of the original
cloud are
shown in red.

Here a star has formed 
with a surrounding disk.

Ejected stars

Brown dwarf 1000 AU 

R I V U X GR I V U X G
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0.5
pc

 FIgure 11.32 Young Stars in Orion interactive  (a) Visible Hubble and 
(b) infrared Spitzer views of the central part of the Orion Nebula. The visible 
image is dominated by the emission nebula and shows few stars. However, the 
infrared image shows an extensive star cluster containing stars of many masses, 
possibly including many brown dwarfs (see also Figures 3.24c and d). (NASA) 
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LO1 The interstellar medium (p. 304) occupies 
the space between stars. It is composed of 
cold (less than 100 K) gas, mostly atomic or 
molecular hydrogen and helium, and dust 
grains (p. 305) containing carbon, silicates, 
and iron. Interstellar dust is very effective at 
blocking our view of distant stars, even 
though the density of the interstellar medium is very low. The 
spatial distribution of interstellar matter is very patchy. The 
dust preferentially absorbs short-wavelength radiation, 
leading to reddening (p. 305) of light passing through 
interstellar clouds.

LO2 Emission nebulae (p. 308) are 
extended clouds of hot, glowing 
interstellar matter. Those associated 
with star formation are caused by hot 
O- and B-type stars heating and 
ionizing their surroundings. They are 
often crossed by dark dust lanes 
(p. 309)—part of the larger molecular cloud from which they 
formed.

LO3 Dark dust clouds (p. 311) are cold, 
irregularly shaped regions in the 
interstellar medium that diminish or 
completely obscure the light from 
background stars. The interstellar 
medium also contains many cold, dark 
molecular clouds (p. 314). Dust 
within these clouds probably both 
protects the molecules and acts as a 
catalyst to help them form. Molecular clouds are likely sites of 
future star formation. Often, several molecular clouds are found 
close to one another, forming a molecular cloud complex 
(p. 314) millions of times more massive than the Sun.

LO4 Astronomers can study dark 
interstellar clouds by observing 
their effect on the light from more 
distant stars. Another way to 
observe these regions of interstellar 
space is through spectral analysis of 
the 21-centimeter line (p. 313) 
produced whenever the electron in a hydrogen atom reverses 
its spin, changing its energy very slightly in the process. 
Astronomers usually study these clouds through observations 
of other molecules that are less common than hydrogen but 
much easier to detect.

SuMMArY
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LO5 Stars form when an interstellar cloud 
collapses under its own gravity and breaks 
up into smaller pieces. The evolution of 
the contracting cloud can be represented 
as an evolutionary track (p. 319) on the 
Hertzsprung–Russell diagram. A cold 
interstellar cloud (stage 1) containing a few thousand solar 
masses of gas can fragment into tens or hundreds of smaller 
clumps of matter, from which stars eventually form. As a 
collapsing prestellar fragment heats up and becomes denser 
(stages 2 and 3), it eventually becomes a protostar (stage 4; 
p. 317)—a warm, very luminous object that emits radiation 
mainly in the infrared portion of the electromagnetic 
spectrum. The protostar contracts as it radiates its internal 
energy into space (stage 5). Eventually, the central 
temperature becomes high enough for hydrogen fusion to 
begin (stage 6), and the protostar becomes a star (stage 7).

LO6 Dark dust clouds and globules are examples 
of stage-1 clouds and stage-2 collapsing 
fragments. Examples of stage-3 objects 
have been observed in some star-forming 
regions, such as Orion. Stars in the T-Tauri 
phase (p. 319) are examples of stage-4/5 protostars. Low-
mass stage-6 stars on their final approach to the main 
sequence are found in star-forming regions.

LO7 Stars of different masses go through 
similar formation stages, but end up at 
different locations along the main 
sequence, high-mass stars at the top, low-
mass stars at the bottom. The zero-age 
main sequence (p. 322) is the main 
sequence predicted by stellar evolutionary 
theory. It agrees very well with observed 
main sequences. The most massive stars 
have the shortest formation times and the shortest main-
sequence lifetimes. At the other extreme, some low-mass 
fragments never reach the point of nuclear ignition. Objects not 
massive enough to fuse hydrogen to helium are called brown 
dwarfs (p. 322). They may be very common in the universe.

LO8 A single contracting and fragmenting 
cloud can give rise to hundreds or 
thousands of stars—a star cluster 
(p. 323). Open clusters (p. 324), which 
are loose, irregular clusters that typically 
contain from a few tens to a few 
thousands of stars, are found mostly in 
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the Milky Way plane. They typically contain many bright blue 
stars, indicating that they formed relatively recently. 
Globular clusters (p. 324) are roughly spherical and may 
contain millions of stars. They include no main-sequence 
stars more massive than the Sun, indicating that they formed 

long ago. Infrared observations have revealed young star 
clusters within several emission nebulae. Eventually, star 
clusters break up into individual stars, although the process 
may take billions of years to complete.

Problems labeled POS explore the process of science. vIS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

revIeW AnD DIScuSSIOn
 1. LO1  What is the composition of interstellar gas? Of interstellar 

dust?

 2. LO3  How is interstellar matter distributed through space?

 3. What are some methods that astronomers use to study inter-
stellar dust?

 4. LO2  What is an emission nebula?

 5. LO4  What is 21-centimeter radiation, and why is it useful to 
astronomers?

 6. If our Sun were surrounded by a cloud of gas, would this cloud 
be an emission nebula? Why or why not?

 7. LO5  Briefly describe the basic chain of events leading to the 
formation of a star like the Sun.

 8. What is an evolutionary track?

 9. Why do stars tend to form in groups?

 10. What critical event must occur in order for a protostar to be-
come a star?

 11. LO7  What are brown dwarfs?

 12. POS  Stars live much longer than we do, so how do astronomers 
test the accuracy of theories of star formation?

 13. LO6  At what evolutionary stages must astronomers use radio 
and infrared radiation to study prestellar objects? Why can’t 
they use visible light?

 14. POS  Explain the usefulness of the H–R diagram in studying the 
evolution of stars. Why can’t evolutionary stages 1–3 be plotted 
on the diagram?

 15. LO8  Compare and contrast the properties of open and globular 
star clusters.

cOncePTuAL SeLF-TeST: True Or FALSe? / MuLTIPLe chOIce
1. Interstellar matter is quite evenly distributed throughout the 

Milky Way Galaxy. (T/F)

2. Emission nebulae radiate mainly in the ultraviolet part of the 
electromagnetic spectrum. (T/F)

3. Twenty-one-centimeter radiation can be used to probe the inte-
riors of molecular clouds. (T/F)

4. More massive stars form more rapidly. (T/F)

5. Brown dwarfs take a long time to form, but will eventually be-
come visible as stars on the lower main sequence. (T/F)

6. The formation of the first high-mass stars in a collapsing cloud 
tends to inhibit further star formation within that cloud. (T/F)

7. Most stars form as members of groups or clusters. (T/F)

8. vIS  The dark interstellar globule shown in Figure 11.2(b) is 
about the same size as (a) a cloud in Earth’s atmosphere; 
(b) the entire planet Earth; (c) a star like the Sun; the Oort cloud.

9. The red glow of an emission nebula (a) is emitted by warm gas 
falling onto the stars at the center; (b) is produced by hydrogen 
gas heated to high temperatures by massive stars within the neb-
ula; (c) is a reflection of light from stars near the nebula; (d) is 
the unresolved light of many faint red stars within the nebula.

10. vIS  The Rho Ophiuchus cloud, shown in Figure 11.12(a) (Dark 
Dust Cloud), is dark because (a) there are no stars in this re-
gion; (b) the stars in this region are young and faint; (c) star-
light from behind the cloud does not penetrate the cloud; 
(d) the region is too cold to sustain stellar fusion.

11. Of the following telescopes, the one best suited to observing dark 
dust clouds is (a) an X-ray telescope; (b) a large visible-light tele-
scope; (c) an orbiting ultraviolet telescope; (d) a radio telescope.

12. A protostar that will eventually turn into a star like the Sun 
is significantly (a) smaller; (b) more luminous; (c) fainter; 
(d) less massive than the Sun.

13. vIS  The main difference between the Pleiades cluster (Figure 
11.29a) and Omega Centauri (Figure 11.30a) is that the Pleiades 
cluster is much (a) larger; (b) younger; (c) farther away; (d) denser.

14. vIS  In Figure 11.2 (Reddening), the effect of interstellar ab-
sorption on spectral lines is (a) to shift them to longer wave-
lengths; (b) to shift them to shorter wavelengths; (c) to leave 
their wavelengths unchanged; (d) to erase them.

15. vIS  In Figure 11.23 (Newborn Star on the H–R Diagram), as the star 
moves from stage 6 to stage 7 it becomes (a) cooler and fainter;  
(b) hotter and smaller; (c) redder and brighter; (d) larger and cooler.
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PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  The average density of interstellar gas within the Local Bubble is 
much lower than the value mentioned in the text—in fact, it is 
roughly 103 hydrogen atoms/m3. Given that the mass of a hydrogen 
atom is 1.7 × 10−7 kg, calculate the total mass of interstellar matter 
contained within a bubble volume equal in size to planet Earth.

 2.  Calculate the frequency of 21-cm radiation. If interstellar 
clouds along our line of sight have radial velocities in the range 
75 km/s (receding) to 50 km/s (approaching), calculate the 
range of frequencies and wavelengths over which the 21-cm 
line will be observed.  (Sec. 2.7)

 3.  Calculate the radius of a spherical molecular cloud whose 
total mass equals the mass of the Sun. Assume a cloud density 
of 1012 hydrogen molecules per cubic meter.

 4.  A beam of light shining through a dense molecular cloud is 
diminished in intensity by a factor of 2 for every 5 pc it travels. 
By how many magnitudes is the light from a background star 
dimmed if the total thickness of the cloud is 60 pc?

 5.  Estimate the escape speeds near the edges of the four emis-
sion nebulae listed in Table 11.1, and compare them with the 
average speeds of hydrogen nuclei in those nebulae.  (More 
Precisely 5-1) Is it likely that the nebulae are held together by 
their own gravity?

 6.  For an interstellar gas cloud to contract, the average speed of 
its constituent particles must be less than half the cloud’s escape 
speed. Will a (spherical) molecular hydrogen cloud of mass of 
1000 solar masses, a radius 10 pc, and temperature of 10 K begin 
to collapse? Why or why not?  (More Precisely 5-1)

 7.  A protostar evolves from a temperature T = 3500 K and a lu-
minosity L = 5000 times that of the Sun to T = 5000 K and L = 3 
solar units. What is its radius (a) at the start, and (b) at the end 
of the evolution?  (Sec. 10.4)

 8.  Through roughly how many magnitudes does a three-solar-mass 
protostar decrease in brightness between stage 4 and stage 6?

 9.  What is the luminosity, in solar units, of a brown dwarf 
whose radius is 0.1 solar radii and whose surface temperature 
is 600 K (0.1 times that of the Sun)?  (Sec. 10.4)

 10.  Approximating the gravitational field of our Galaxy as a 
mass of 1011 solar masses at a distance of 8000 pc (see Chapter 
14), estimate the “tidal radius” of a 20,000-solar-mass star clus-
ter—that is, the distance from the cluster center outside of 
which the tidal force due to the Galaxy overwhelms the clus-
ter’s gravity.  (Sec. 5.2)

AcTIvITIeS
collaborative
 1. The Messier catalog is a list of nebulae and other “fuzzy” ob-

jects in the night sky, compiled by 18th century astronomer 
Charles Messier to avoid confusion with his main interest, 
comets. Today, the catalog is a treasure trove of fascinating 
deep-sky objects. Many Messier objects are star-forming re-
gions or star clusters. Star-forming regions mentioned in this 
chapter include M8 (the Lagoon Nebula), M16 (Eagle Nebula), 
M17 (Omega Nebula), M20 (Trifid Nebula), M42 (Orion Neb-
ula). Interesting star clusters and associations include M6, M7, 
M11, M35, M37, M44, M45, M52, M67, and M103. Not all of 
these objects are easily observable on any given night, so con-
sult a sky chart or do some research online, and make a list of 
which are visible. A small telescope will give the best results in 
most cases, and you may want to observe in shifts over the 
course of the night. For each Messier object on your list, find 
out what sort of object it is (emission nebula, association, 
young or old open cluster), carefully follow the finding in-
structions to locate it, and sketch it (or photograph it, if you 
have the equipment). Compare your sketch or photograph to 
images found in this book or online.

Individual
 2. Observe the Milky Way on a dark, clear night away from city 

lights. Is it a continuous band of light across the sky or is it 
mottled? The parts of the Milky Way that appear missing are 
actually dark dust clouds lying relatively near the Sun. Identify 

the constellations in which you see these clouds. Make a sketch 
and compare with a star atlas. Find other small clouds in the 
atlas and try to find them with your eye or with binoculars.

 3. The constellation Orion the Hunter is prominent in the winter 
sky. Its most noticeable feature is a short, straight row of three 
medium-bright stars: the famous belt of Orion. A line of stars 
extends from the easternmost star of the belt, toward the 
south. This is Orion’s sword. Toward the bottom of the sword 
is the sky’s most famous emission nebula, the Orion Nebula 
(M42). Observe the Orion Nebula with your eye, with binocu-
lars, and with a telescope. What is its color? How can you ac-
count for this? With the telescope, try to find the Trapezium, a 
grouping of four stars in the center of the nebula. These are 
hot, young stars; their energy causes the Orion Nebula to glow.

 4. The Trifid Nebula (M20) is another place where new stars are 
forming. It has been called a “dark night revelation, even in 
modest apertures.” An 8- to 10-inch telescope is needed to see 
the nebula’s triple-lobed structure. Ordinary binoculars reveal 
the Trifid as a hazy patch located in the constellation Sagitta-
rius, set against the richest part of the Milky Way. What are the 
dark lanes? Why are other parts of the nebula bright? There 
have been reports of large-scale changes occurring in this neb-
ula over the last 150 years, based on old drawings showing the 
nebula looking slightly different from its appearance today. Do 
you think it possible for an interstellar cloud to undergo a 
change in appearance on a time scale of years, decades, or 
centuries?
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Stellar Evolution
The Lives and Deaths of Stars

12
Studying this chapter will 
enable you to:

LO1 Explain why stars evolve off 
the main sequence.

LO2 Summarize the evolutionary 
stages a Sun-like star follows 
after it leaves the main 
sequence, and describe the 
resulting remnant.

LO3 Explain how white dwarfs in 
binary systems can become 
explosively active.

LO4 Summarize the sequence of 
events leading to the violent 
death of a massive star.

LO5 Describe the two types of 
supernova, and explain how 
each is produced.

LO6 Describe how observations of 
star clusters support the 
theory of stellar evolution.

LO7 Explain the origin of elements 
heavier than helium, and 
identify the significance of 
these elements for the study 
of stellar evolution.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Understanding the story of the birth, development, and death of stars is one of the 
greatest accomplishments of 20th-century science. Yet no one has ever seen even a single 
star pass through all of its many varied evolutionary stages. Like archaeologists who 
examine bones and artifacts from long ago to learn more about the evolution of human 
culture, astronomers observe stars of many different ages to construct a consistent model 
of how stars evolve over billions of years.

ThE Big PicTurE

 Resembling a cosmic hourglass or a celestial 
butterfly, this striking image captures hot gas released 
by a dying star about 3800 light-years away. Known as 
NGC 6302, or more informally as the Bug Nebula, this 
complex object is a planetary nebula—an old star 

shedding its outer layers over light-year dimensions 
as it ends its life. Its peculiar shape results from a belt 
of dust (dark lane at center) that obscures the dying 
star and partially blocks the rolling cauldrons of 
outwardly expelled gas. (STScI)

L e a r n i n g 
O u TcO m e S

Once nuclear fusion begins, a newborn star changes little in outward appearance for 

more than 90 percent of its lifetime. However, at the end of this period, as the star 

begins to run out of fuel and die, its properties once again change greatly. Aging stars 

travel along evolutionary tracks that take them far from the main sequence. The fate of a 

star depends primarily on its mass. Low-mass stars are destined to end their lives 

quiescently, their outer layers eventually escaping into interstellar space, while very 

massive stars die violently, in spectacular explosions of almost unimaginable fury. In 

either case, the deaths of stars enrich the Galaxy with newly created heavy elements. By 

continually comparing theoretical calculations with detailed observations of stars of all 

types, astronomers have refined the theory of stellar evolution into a precise and 

powerful tool for understanding the universe.
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12.1 Leaving the Main Sequence
Most stars spend most of their lives on the main sequence of the H–R diagram. A 
star like the Sun, for example, after spending a few tens of millions of years in 
formation (stages 1–6 in Chapter 11), will reside on or near the main sequence 
(stage 7), with roughly constant temperature and luminosity, for some 10 billion 
years before evolving into something else.  (Sec. 11.4) That “something else” 
is the topic of this chapter.

Stars and the Scientific Method
No one has ever witnessed the complete evolution of any star from birth to death. 
Stars take a very long time—millions, billions, even trillions of years—to evolve. 

 (Sec. 10.7) Yet in less than a century, astronomers have developed a compre-
hensive theory of stellar evolution that is one of the best-tested in all of astron-
omy. How can we can talk so confidently about what took place billions of years 
in the past, and what will happen billions of years in the future? The answer is 
that we can observe billions of stars in the universe, enough to see examples of 
every stage of stellar development, allowing us to test and refine our theoretical 
ideas. Just as we can piece together a picture of the human life cycle by studying 
a snapshot of all the residents of a large city, so we can construct a picture of stel-
lar evolution by studying the myriad stars we see in the night sky.

The modern theory of the lives and deaths of stars is another example of the 
scientific method in action.  (Sec. 0.5) Faced with a huge volume of observa-
tional data, with little theory to organize or explain it, astronomers in the late 19th 
and early 20th centuries painstakingly classified and categorized the properties of 
the stars they observed.  (Sec. 10.5) During the first half of the 20th century, as 
quantum mechanics yielded detailed insight into the behavior of light and matter 
on subatomic scales, theoretical understanding of key stellar properties fell into 
place.  (Sec. 2.6) Since the 1950s, a truly comprehensive theory has emerged, 
tying together the basic disciplines of atomic and nuclear physics, electromagne-
tism, thermodynamics, and gravitation into a coherent whole. Today, theory and 
observation proceed hand in hand, each refining and validating the details of the 
other as astronomers continue to hone their understanding of stellar evolution.

Note that astronomers always use the term evolution in this context to mean 
change “during the lifetime of an individual star.” Contrast this usage with the 
meaning of the term in biology, where evolution refers to changes in the charac-
teristics of a population of plants or animals over many generations. In fact, popu-
lations of stars also evolve in the “biological” sense, as the overall composition of 
the interstellar medium (and hence of each new stellar generation) changes slowly 
over time due to nuclear fusion in stars. However, in astronomical parlance, stel-
lar evolution refers to changes that occur during a single stellar lifetime.

Structural change
On the main sequence, a star slowly fuses hydrogen into helium in its core. This 
process is usually called core hydrogen burning, but realize that here is another 

instance where astronomers use a familiar term in an unfamiliar way: To astrono-
mers, “burning” always means nuclear fusion in a star’s core, not a chemical reac-
tion, such as the combustion of wood or gasoline in air, that we would normally 
mean in everyday speech. Chemical burning does not directly affect atomic nuclei.

As illustrated schematically in Figure 12.1, a main-sequence star is in a 
state of hydrostatic equilibrium, in which pressure’s outward push exactly coun-
teracts gravity’s inward pull.  (Sec. 9.2) This is a stable balance between 

Pressure
out

Gravity
in

Normally, a star is in equilibrium, 
with gravity’s inward pull exactly 
balanced by pressure’s outward 
push.

If the star’s interior gets hotter, 
pressure temporarily wins the 
battle against gravity and the star 
expands.

Eventually, as the star 
expands and cools, 
equilibrium is once 
again established.

 FigurE 12.1 hydrostatic Equilibrium  In a steadily 
burning star on the main sequence, the outward pressure 
exerted by hot gas balances the inward pull of gravity.
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gravity and pressure, in which a small change in one always results in a small 
compensating change in the other. For example, as shown in the figure, a small 
increase in the star’s central temperature leads to an increase in pressure, caus-
ing the star to expand and cool, thus recovering its equilibrium. Conversely, a 
small temperature decrease leads to a slight pressure decrease, and gravity 
causes the star to contract and heat up; again, equilibrium is restored. You 
should keep Figure 12.1 in mind as you study the various stages of stellar evolu-
tion described next. Much of a star’s complex behavior can be understood in 
these simple terms.

As the hydrogen in the star’s core is consumed, the balance between these op-
posing forces starts to shift. Both the star’s internal structure and its outward ap-
pearance begin to change. The star leaves the main sequence. The subsequent 
stages of stellar evolution—the end of the star’s life—depend critically on the star’s 
mass. As a rule of thumb, we can say that low-mass stars die gently, while high-
mass stars die catastrophically. The dividing line between these two very different 
outcomes lies around eight times the mass of the Sun, and in this chapter we will 
refer to stars of more than 8 solar masses as “high-mass” stars. However, within 
both the “high-mass” and the “low-mass” (i.e., less than 8 solar masses) categories, 
there are substantial variations, some of which we will point out as we proceed.

Rather than dwelling on the many details, we will concentrate on a few repre-
sentative evolutionary sequences. We begin by considering the evolution of a 
fairly low-mass star like the Sun. Later, we will broaden our discussion to include 
all stars, large and small.

12.2 Evolution of a Sun-like Star
Figure 12.2 illustrates how the interior composition of a main-sequence star 
changes as the star ages. The star’s helium content increases fastest at the center, 
where temperatures are highest and the burning (creating helium from hydro-
gen) is fastest.  (Sec. 9.5) The helium content also increases near the edge of 
the core, but more slowly because the burning rate is less rapid there. The inner, 
helium-rich region becomes larger and more hydrogen deficient as the star con-
tinues to shine.

Stages 8 and 9—Subgiant to red giant
Recall from Chapter 9 that a temperature of 107 K is needed to fuse hydrogen into 
helium. Only above that temperature do colliding hydrogen nuclei (that is, pro-
tons) have enough speed to overwhelm their mutual electromagnetic repulsion. 

 (Sec. 9.5) Because helium nuclei (with two protons each, compared to one 
for hydrogen) carry a greater positive charge, their electromagnetic repulsion is 
greater, and so higher temperatures are needed to cause them to fuse. The core 
temperature at this stage is too low for helium fusion to begin. Eventually, hydro-
gen becomes depleted at the center, the nuclear fires there subside, and the loca-
tion of principal burning moves to higher layers in the core. An inner core of 
nonburning pure helium starts to grow.

Without nuclear burning to maintain it, the outward-pushing gas pressure 
weakens in the helium inner core; however, the inward pull of gravity does not. 
Once the pressure is relaxed—even a little—structural changes in the star become 
inevitable. As soon as hydrogen becomes substantially depleted, about 10 billion 
years after the star arrived on the main sequence, the helium core begins to 
contract.

ConCept CheCk

in what sense is the Sun stable?
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At birth, a star’s helium
abundance is about
10 percent.

After 5 billion years, only
a small amount of 
hydrogen has changed
into more helium.

Even after 10 billion years,
most of the star is still
made of hydrogen.

 FigurE 12.2 Solar composition change  Theoretical 
estimates of the changes in a Sun-like star’s composition show 
how hydrogen (yellow) and helium (blue) abundance vary 
within the star from birth to death (top to bottom).
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The shrinking helium core releases gravitational energy, driving up the cen-
tral temperature, heating the overlying layers of the core, and causing the hydro-
gen there to fuse even more rapidly than before. Figure 12.3 depicts this hydrogen 
shell-burning stage, in which hydrogen burns at a furious rate in a relatively thin 
layer surrounding the nonburning inner core of helium “ash.” The hydrogen shell 
generates energy faster than did the original main-sequence star’s hydrogen-
burning core, and the shell’s energy production continues to increase as the he-
lium core contracts. Strange as it may seem, the star’s response to the 
disappearance of the nuclear fire at its center is to get brighter!

The pressure exerted by this enhanced hydrogen burning causes the star’s 
nonburning outer layers to increase in radius. Not even gravity can stop them. 
Even as the core shrinks and heats up, the overlying layers expand and cool. The 
star, aged and unbalanced, is on its way to becoming a red giant. The change 
from main-sequence star to red giant takes about 100 million years.

We can trace these large-scale changes on an H–R diagram. Figure 12.4 
shows the star’s path away from the main sequence, labeled as stage 7.  (Sec. 
11.3) The star evolves to the right on the diagram, its surface temperature drop-
ping while its luminosity increases only slightly. The star’s roughly horizontal 
track from the main sequence (stage 7) to stage 8 on the figure is called the sub-
giant branch. By stage 8, the star’s radius has increased to about three times the 
radius of the Sun. The nearly vertical (constant temperature) path followed by the 
star between stages 8 and 9 is known as the red giant branch of the H–R dia-
gram. (Figure 12.3 corresponds to a point just after stage 8, as the star begins to 
ascend the giant branch.)

The red giant is huge. By stage 9 its luminosity is many hundreds of times 
the solar value. Its radius is around 100 solar radii—about the size of Mercu-
ry’s orbit. In contrast, its helium core is surprisingly small, less than 1/1000 
the size of the entire star, or just a few times larger than Earth. Continued 
shrinkage of the red giant’s core has compacted its helium gas to a density of 
approximately 108 kg/m3—10,000 times denser than any material found on 
Earth. About 25 percent of the mass of the entire star is packed into its planet-
sized core.

A familiar example of a low-mass star in the red giant phase is the KIII giant 
Arcturus  (Figure 10.14), one of the brightest stars in our night sky. Its mass 
is about 1.5 times that of the Sun. Currently in the hydrogen shell-burning stage 
and ascending the red giant branch, its radius is some 21 times the solar value.  

 (Table  10.4) It emits more than 160 times more energy than the Sun, much 
of it in the infrared part of the spectrum.

Stage 10—helium Fusion
This simultaneous contraction of the red giant’s core and expansion of its enve-
lope—the nonburning layers surrounding the core—does not continue indefi-
nitely. A few hundred million years after a solar-mass star leaves the main 
sequence, the central temperature reaches the 108 K needed for helium to fuse 
into carbon, and the nuclear fires reignite.

For stars comparable in mass to the Sun, the high densities and pressures 
found in the stage-9 core mean that the onset of helium fusion is a very violent 
event. Once the burning starts, the core cannot respond quickly enough to the 
rapidly changing conditions within it, and its temperature rises sharply in a 

Hydrogen-burning
shell

Nonburning
envelope

Nonburning
helium “ash”

 FigurE 12.3 hydrogen Shell Burning  As a star’s core 
converts more and more of its hydrogen into helium, the 
hydrogen in the shell surrounding the nonburning helium 
“ash” burns ever more violently. By the time the star has 
reached the bottom of the giant branch, its core has shrunk 
to a few tens of thousands of kilometers in diameter, and its 
surface is 10 times the star’s original size.
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 FigurE 12.4 red giant on the h–r Diagram  As its helium core shrinks and its outer 
envelope expands, the star leaves the main sequence (stage 7). At stage 8, the star is well on 
its way to becoming a red giant. The star continues to brighten and grow as it ascends the 
red giant branch to stage 9.
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runaway explosion called the helium flash. For a few hours, the helium burns 
ferociously, like an uncontrolled bomb. Eventually, the star’s structure “catches 
up” with the flood of energy dumped into it by helium burning. The core expands, 
its density drops, and equilibrium is restored as the inward pull of gravity and the 
outward push of gas pressure come back into balance. The core, now stable, be-
gins to burn helium into carbon at temperatures well above 108 K.

The helium flash terminates the star’s ascent of the red giant branch of the 
H–R diagram. Yet despite the explosive detonation of helium in the core, the flash 
does not increase the star’s luminosity. Rather, the helium flash produces an ex-
pansion and cooling of the core that ultimately results in a reduction in the energy 
output as the star jumps from stage 9 to stage 10. As indicated in Figure 12.5, the 
surface temperature is now higher than it was on the red giant branch, although 
the luminosity is less than at the helium flash. This adjustment in the star’s prop-
erties occurs quite quickly—in about 100,000 years.

At stage 10 our star is now stably burning helium in its inner core and fusing 
hydrogen in a shell surrounding that core. It resides in a well-defined region of 
the H–R diagram known as the horizontal branch, where core helium-burning 
stars remain for a time before resuming their journey around the H–R diagram. 
The star’s specific position within this region is determined mostly by its mass—
not its original mass, but whatever mass remains after the red giant phase. The 
two masses differ because strong stellar winds can eject large amounts of 
matter—as much as 20–30 percent of the initial mass—from a red giant’s surface. 
The more massive stars have thicker envelopes and lower surface temperatures at 
this stage, but all stars have roughly the same luminosity after the helium flash. 
As a result, stage-10 stars tend to lie along a horizontal line on the H–R diagram, 
with more massive stars to the right and less massive ones to the left.

Stage 11—A red giant Again
Nuclear reactions in stars proceed at rates that increase very rapidly with tem-
perature. At the extremely high temperatures found in the core of a horizontal-
branch star, the helium fuel doesn’t last long—no more than a few tens of millions 
of years after the initial flash.

As helium fuses to carbon, a new carbon-rich inner core begins to form and 
phenomena similar to the earlier buildup of helium occur. Helium becomes de-
pleted at the center, and eventually fusion ceases there. The nonburning carbon 
core shrinks in size—even as its mass increases due to helium fusion—and heats 
up as gravity pulls it inward, causing the hydrogen- and helium-burning rates in 
the overlying layers to increase. The star now contains a contracting carbon-ash 
inner core surrounded by a helium-burning shell, which is in turn surrounded by 
a hydrogen-burning shell (Figure 12.6). The outer envelope of the star expands, 
much as it did earlier in the first red giant stage. By the time it reaches stage 11 in 
Figure 12.7, the star has become a swollen red giant for a second time.

The burning rates in the shells surrounding the inner core are much fiercer 
during the star’s second trip into the red giant region, and the radius and lumi-
nosity increase to values even greater than those reached during the first visit 
(stage 9). Its carbon core continues to shrink, driving the hydrogen- and helium-
burning shells to higher and higher temperatures and luminosities. To distinguish 
this second visit to the red giant region from the first, the star’s evolutionary track 
during this stage is often referred to as the asymptotic giant branch.1
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 FigurE 12.5 horizontal Branch  A large increase in 
luminosity occurs as a star ascends the red giant branch, 
ending in the helium flash. The star then settles down into 
another equilibrium state at stage 10, on the horizontal branch.

ConCept CheCk

Why does a star get brighter as it runs out of fuel 
in its core?

Nonburning
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 FigurE 12.6 helium Shell Burning  Within a few million 
years after the onset of helium burning (stage 9), carbon ash 
accumulates in the star’s inner core (not to scale). Above this 
core, hydrogen and helium are still burning in concentric shells.

1The term is borrowed from mathematics. An asymptote to a curve is a second curve that approaches ever 
closer to the first as the two are extended to infinity. Theoretically, if the star remained intact, the asymptotic-
giant branch would approach the red giant branch from the left as the luminosity increased and would ef-
fectively merge with the red giant branch near the top of Figure 12.10. However, a Sun-like star will not live 
long enough for that to occur.
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Table 12.1 summarizes the key stages through which our solar-mass star 
evolves. It is a continuation of Table 11.2, except that the density units are now 
the more convenient kilograms per cubic meter and we now express radii in units 
of the solar radius. As in Chapter 11, The numbers in the “Stage” column refer to 
the evolutionary stages noted in the figures and discussed in the text. Figure 12.8 
illustrates the stages through which a G-type star like our Sun will evolve over the 
course of its lifetime.

12.3 The Death of a Low-Mass Star
As our star moves from stage 10 to stage 11, its envelope swells while its inner 
carbon core, too cool for further nuclear burning, continues to contract. If the 
central temperature could become high enough for carbon fusion to occur, still 
heavier elements could be synthesized, and the newly generated energy might 
again support the star, restoring for a time the equilibrium between gravity and 
pressure. For solar-mass stars, however, this does not occur—a lot more mass is 
needed, as we will see in the next section. The temperature never reaches the 600 
million kelvins needed for new nuclear reactions to occur. The red giant is now 
very close to the end of its nuclear-burning lifetime.

Stage 12—A Planetary nebula
Our aging star is now in quite a predicament. Its carbon core is, for all practical 
purposes, dead, while the outer hydrogen- and helium-burning shells consume 
fuel at a furious and increasing rate. As it expands, cools, and reascends the giant 
branch, the star begins to fall apart. Driven by the intense radiation from within, 
its outer layers begin to drift away into interstellar space. Slowly at first, then 
more rapidly as the core luminosity increases, the star loses virtually its entire 
envelope in less than a million years. The former red giant now consists of two 
distinct pieces: the exposed core, very hot and still very luminous, surrounded by 
a cloud of dust and cool gas—the escaping envelope—expanding away at a typical 
speed of a few tens of kilometers per second.

As the core exhausts its last remaining fuel, it contracts and heats up, moving 
to the left in the H–R diagram. Eventually, it becomes so hot that its ultraviolet 
radiation ionizes the inner parts of the surrounding cloud, producing a spectacu-
lar display called a planetary nebula (see Figure 12.9). The terminology is mis-
leading, for these objects have nothing to do with planets. It originated in the 

Spectral classification

Surface temperature (K)
30,000 10,000 6000 3000

0.0001

0.01

1

100

10,000

Lu
m

in
os

ity
 (s

ol
ar

 u
ni

ts
)

10 R

1 R

100 R

Red
giant

branch

Subgiant
branch

Helium
flashHorizontal

branch

11

7

0.1 R

9

8

10

Asymptotic
giant branch

ZERO-AGE MAIN SEQUENCE

 FigurE 12.7 reascending the giant Branch  A carbon-
core star reenters the giant region of the H–R diagram 
(stage 11) for the same reason it evolved there the first time 
around: Lack of nuclear fusion at the center causes the core to 
contract and the overlying layers to expand.
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 FigurE 12.8 g-type Star Evolution interactive  Artist’s conception of the relative  
sizes and changing colors of a normal G-type star (such as our Sun) during its formative 
stages, on the main sequence, and while passing through the red giant and white dwarf 
stages. At maximum swelling, the red giant is approximately 70 times the size of its  
main-sequence parent; the core of the giant is about 1/15 the main-sequence size and 
would be barely discernible if this figure were drawn to scale. The duration of time spent in 
the various stages—protostar, main-sequence star, red giant, and white dwarf—is roughly 
proportional to the lengths shown in this imaginary trek through space. 
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18th century when, viewed at poor resolution through small telescopes, these 
shells of gas looked to some astronomers like the circular disks of planets in our 
solar system.

The mechanism by which planetary nebulae shine is very similar to that 
powering the emission nebulae we studied earlier—ionizing radiation from a 
hot star embedded in a cool gas cloud.  (Sec. 11.2) However, these two 
classes of object have very different origins and represent completely separate 
phases of stellar evolution. The emission nebulae in Chapter 11 were the 
signposts of recent stellar birth. Planetary nebulae indicate impending stellar 
death.

Astronomers once thought that the escaping giant envelope would be more 
or less spherical in shape, completely surrounding the core in three dimensions, 
just as it had while still part of the star. Figure 12.9(a) shows an example in which 
this may well be the case. The nebula looks brighter near the edges because there 
is more emitting gas along the line of sight there, creating the illusion of a bright 
ring. However, such cases now seem to be in the minority. There is growing evi-
dence that the final stages of red giant mass loss are often decidedly nonspheri-
cal. The Ring Nebula shown in Figure 12.9(b) may very well be a ring and not just 
our view of a glowing shell of gas as was once thought. As illustrated in Figure 
12.9(c) and (d), some planetary nebulae exhibit much more complex structures, 
suggesting that the star’s environment—including the existence of a binary com-
panion—can play an important role in determining the nebula’s shape and 
appearance.

The central star fades and eventually cools, and the expanding gas cloud 
becomes more and more diffuse, gradually dispersing into interstellar space. In 
doing so it plays a vital role in the evolution of our Galaxy. During the final 
stages of the red giant’s life, nuclear reactions between carbon and unburned 
helium in the core create oxygen, and in some cases even heavier elements, 
such as neon and magnesium. Some of these reactions also release neutrons 

Stage 4 Stage 7

Protostar Main-sequence G-type star

table 12.1  Evolution of a Sun-like Star

Stage
Approx. Time to  
next Stage (yr)

central  
Temperature (K)

Surface  
Temperature (K)

central  
Density (kg/m3)

radius  
(km)

radius  
(solar radii) Object

7 1010 1.5 3 107 6,000 105 7 3 105 1 Main-sequence star

8 108 5 3 107 4,000 107 2 3 106 3 Subgiant

9 105 108 4,000 108 7 3 107 100 Red giant/helium flash

10 5 3 107 2 3 108 5,000 107 7 3 106 10 Horizontal branch

11 104 2.5 3 108 4,000 108 4 3 108 500 Red giant (AGB)

105 3 3 108 100,000 1010 104 0.01 Carbon core

12 — — 3,000 10217 7 3 108 1,000 Planetary nebula*

13 — 108 50,000 1010 104 0.01 White dwarf

14 — Close to 0 Close to 0 1010 104 0.01 Black dwarf

*Values in columns 2–7 refer to the envelope.

Red giant

Core

White dwarf

Stage 8 Stage 9
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Helix nebula animation
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338 chAPTEr 12   Stellar evolution

that, carrying no electrical charge, have no electrostatic repulsion to overcome 
and hence can interact with existing nuclei to form still heavier elements.  
(Secs. 2.6, 9.5) All of these elements—helium, carbon, oxygen, and heavier—
are “dredged up” from the depths of the core into the envelope by convection 
during the star’s final years and enrich the interstellar medium when the giant 
envelope escapes.  (Sec. 9.2) The evolution of low-mass stars is the source of 
virtually all of the carbon-rich dust observed throughout the plane of our Gal-
axy.  (Sec. 11.1)

Dense Matter
Before the shrinking carbon core can become hot enough for carbon to fuse, the 
rising pressure stops the contraction and stabilizes the temperature. However, 
this pressure is not the “normal” thermal pressure of high-speed particles in a 
very hot gas.  (More Precisely 5-1) Instead, as we now discuss, the core enters 
a state in which the free electrons in the core—a vast sea of charged particles 
stripped from their parent nuclei by the ferocious heat in the stellar interior—
play a critical role in determining the star’s future.

The core density at this stage (stage 12 in Table 12.1) is enormous—about 
1010 kg/m3. This density is much higher than anything we have seen so far in our 
study of the cosmos. A single cubic centimeter of core matter would weigh 1000 
kg on Earth—a ton of matter compressed into a volume about the size of a grape! 
Under these extreme conditions, a law of quantum physics known as the Pauli 
exclusion principle comes into play, preventing the electrons in the core from 
being crushed any closer together. (In fact, the core was in a similar high-density 
state at the moment of helium ignition, causing the helium flash.)

In essence, the electrons behave like tiny rigid spheres that can be squeezed 
relatively easily up to the point of contact, but become virtually incompressible 
thereafter. By stage 12 the pressure in the carbon core resisting the force of grav-
ity is supplied almost entirely by tightly packed electrons, and this pressure brings 
the core back into equilibrium at a central temperature of about 300 million K—
too cool to fuse carbon into heavier elements. This stage represents the maximum 
compression that the star can achieve—there is simply not enough matter in the 
overlying layers to bear down any harder. Supported by the resistance of its elec-
trons to further compression, the contraction of the core stops.

Stage 13—A White Dwarf
Formerly concealed by the atmosphere of the red giant, the carbon core becomes 
visible as a white dwarf as the envelope recedes.  (Sec. 10.4) The core is small, 
about the size of Earth, with a mass about half that of the Sun. Shining only by 
stored heat, not by nuclear reactions, this object has a white-hot surface when it 
first becomes visible, although it appears dim because of its small size. This is 
stage 13 of Table 12.1. The approximate path followed by the star on the H–R 

Arrows in parts a and
b mark the hot, yet
dead, central
stars of these
planetary
nebulae.
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 FigurE 12.9 Planetary nebulae  The ejected envelopes of dying stars can take on a 
bewildering variety of forms. (a) Abell 39, some 2100 pc away, is a classic planetary nebula 
shedding a spherical shell of gas about 1.5 pc across; (b) the Ring Nebula, perhaps the 
most famous of all planetaries at 1500 pc distant and 0.5 pc across, is probably a genuine 
ring, yet too small and dim to be seen with the naked eye; (c) the Cat’s Eye Nebula, about 
1000 pc away and 0.1 pc across, is an example of a much more complex planetary nebula, 
possibly produced by a pair of binary stars (unresolved at center) that have both shed 
envelopes (red seen in visible light, blue in X-rays); (d) M2-9, some 600 pc away, shows 
surprising twin jets of glowing gas racing outward from the central star at speeds of about 
300 km/s. (AURA; NASA)
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diagram as it evolves from a stage 11 red giant to a stage 13 white dwarf is shown 
in Figure 12.10.

Not all white dwarfs are seen as the cores of planetary nebulae. Several hun-
dred have been discovered “naked,” their envelopes expelled to invisibility long 
ago. Figure 12.11 shows an example of a white dwarf, Sirius B, that happens to 
lie particularly close to Earth; it is the faint binary companion of the much 
brighter Sirius A.  (Sec. 10.7) Some of its properties are listed in Table 12.2. 
With more than a solar mass of material packed into a volume smaller than 
Earth, Sirius B is about a million times denser than anything known in the solar 
system. Sirius B has an unusually high mass for a white dwarf. It is thought to be 
the descendent of a star roughly four times the mass of the Sun.

Hubble Space Telescope observations of nearby globular clusters have revealed 
the white dwarf sequences long predicted by theory but previously too faint to 
detect at such large distances. Figure 12.12(a) shows a ground-based view of the 
globular cluster M4, lying 2100 pc from Earth. Part (b) of the figure shows a Hub-
ble close-up of a small portion of the cluster, revealing dozens of white dwarfs 
(some marked) among the cluster’s much brighter main-sequence, red giant, and 
horizontal-branch stars. When plotted on an H–R diagram (see Figure 12.26), the 
white dwarfs fall nicely along the line indicated on Figure 12.10.

The white dwarf continues to cool and dim with time, following the white–
yellow–red line near the bottom of Figure 12.10, eventually becoming a black 
dwarf—a cold, dense, burned-out cinder in space. This is stage 14 of Table 12.1, 
the graveyard of stars. The cooling dwarf does not shrink much as it fades away, 
however. Even though its heat is leaking away into space, gravity does not com-
press it further. Its tightly packed electrons will support the star even as its tem-
perature drops (after trillions of years) almost to absolute zero. As the dwarf 
cools, it remains about the size of Earth.

Most white dwarfs are composed of carbon and oxygen, but theory predicts 
that very low-mass stars (less than about one-quarter the mass of the Sun) will 
never reach the point of helium fusion. Instead, their cores will become sup-
ported by the resistance of its electrons to further compression before the central 
temperature reaches the 100 million kelvins needed for helium to fuse. The interi-
ors of such stars are completely convective, ensuring that fresh hydrogen contin-
ually mixes from the envelope into the core. As a result, unlike the case of the Sun 
illustrated in Figure 12.2, a nonburning helium inner core never appears, and 
eventually all of the star’s hydrogen is converted to helium, forming a helium 
white dwarf.

The time needed for this kind of transformation to occur is very long—hun-
dreds of billions of years—so no helium white dwarfs have ever actually formed 
in this way.  (Sec. 10.7) However, if a solar-mass star is a member of a binary 
star system, it is possible for its envelope to be stripped away during the red 
giant stage by the gravitational pull of its companion, exposing the helium core 
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This diagram illustrates the entire evolutionary 
path of a typical low-mass star like the Sun.

 FigurE 12.10 White Dwarf on h–r Diagram interactive  A star’s passage from the 
horizontal branch (stage 10) to the white dwarf stage (stage 13) creates an evolutionary path 
that cuts across the H–R diagram. 
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 FigurE 12.11 Sirius Binary System  Sirius B (the speck 
of light to the right of the much larger and brighter Sirius A) 
is a white dwarf star, a companion to Sirius A. The “spikes” 
on the image of Sirius A are not real; they are caused by the 
support struts of the telescope. (Palomar Observatory)

table 12.2  Sirius B—A nearby White Dwarf

Mass 1.1 Solar masses

Radius 0.008 Solar radii (5500 km)

Luminosity (total) 0.04 Solar luminosities

Surface temperature 24,000 K

Average density 3 3 109 kg/m3
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340 chAPTEr 12   Stellar evolution

and terminating the star’s evolution before helium fusion can begin. Several such 
low-mass helium white dwarfs have in fact been detected in binary systems in 
our Galaxy.

In stars much more massive than the Sun (close to the 8-solar mass limit on 
“low-mass” stars at the time the carbon core forms—see Section 12.4), tempera-
tures in the core may become high enough that oxygen can combine with helium 
to form neon, eventually leading to the formation of a rare neon–oxygen white 
dwarf when fusion finally stops.

novae
In some cases, the white dwarf stage does not represent the end of the road for a 
Sun-like star. Given the right circumstances, it is possible for a white dwarf to 
become explosively active, in the form of a highly luminous nova (plural: novae). 
The word nova means “new” in Latin, and to early observers, these stars did 
indeed seem new as they suddenly appeared in the night sky. Astronomers now 
recognize that a nova is what we see when a white dwarf undergoes a violent 
explosion on its surface, resulting in a rapid, temporary increase in luminosity. 
Figures 12.13(a) and (b) illustrate the brightening of a typical nova over a period 
of 3 days. Figure 12.13(c) shows the nova’s light curve, demonstrating how the 
luminosity rises dramatically in a matter of days, then fades slowly back to 
normal over the course of several months. On average, two or three novae are 
observed each year.

What could cause such an explosion on a faint, dead star? The energy in-
volved is far too great to be explained by flares or other surface activity, and as we 
have just seen, there is no nuclear activity in the dwarf’s interior. The answer to 
this question lies in the white dwarf’s surroundings. If the white dwarf is isolated, 
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 FigurE 12.12 Distant White Dwarfs  (a) The globular 
cluster M4, as seen through a large ground-based telescope 
at Kitt Peak National Observatory in Arizona, is the closest 
globular cluster to us, at 1700 pc away; it spans some 16 pc. 
(b) A peek at M4’s “suburbs” by the Hubble Space Telescope 
shows nearly a hundred white dwarfs within a small 0.2 
square-parsec region. (AURA; NASA)
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 FigurE 12.13 nova  Shown here is Nova Herculis 1934 in (a) March 1935 and (b) May 
1935, after brightening by a factor of 60,000. (c) The light curve of a typical nova displays a 
rapid rise followed by a slow decline in the light received from the star, in good agreement 
with the explanation of the nova as a nuclear flash on a white dwarf’s surface. (UC/Lick 
Observatory)
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then it will indeed cool and ultimately become a black dwarf, as just described. 
However, should the white dwarf be part of a binary system in which the other 
star is either a main-sequence star or a giant, an important new possibility exists.

If the distance between the dwarf and the other star is small enough, the 
dwarf’s gravitational field can pull matter—primarily hydrogen and helium—
away from the surface of the companion. Because of the binary’s rotation, mate-
rial leaving the companion does not fall directly onto the white dwarf. Instead, it 
“misses” the dwarf, loops around behind it, and goes into orbit around it, forming 
a swirling, flattened disk of matter called an accretion disk, as shown in Figure 
12.14. As it builds up on the white dwarf’s surface, the stolen gas becomes hotter 
and denser. Eventually, its temperature exceeds 107 K and the hydrogen ignites, 
fusing into helium at a furious rate. This surface-burning stage is as brief as it is 
violent. The star suddenly flares up in luminosity, then fades away as some of the 
fuel is exhausted and the rest is blown off into space (Figure 12.15). If the event 
happens to be visible from Earth, we see a nova.

Once the nova explosion is over and the binary has returned to normal, the 
mass-transfer process can begin again. Astronomers know of many recurrent 
novae—stars that have been observed to “go nova” several times over the course 
of a few decades. Such systems can, in principle, repeat their violent outbursts 
many dozens, if not hundreds, of times.
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 FigurE 12.14 close Binary System  If a white dwarf 
in a binary system is close enough to its companion, its 
gravitational field can tear matter from the companion’s 
surface. Notice that the matter does not fall directly onto the 
white dwarf’s surface. Instead, it forms an accretion disk of gas 
spiraling down onto the dwarf.
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 FigurE 12.15 nova Matter Ejection  (a) The ejection 
of material from the star’s surface can clearly be seen in this 
image of Nova Persei, taken some 50 years after it suddenly 
brightened by a factor of 40,000 in 1901. (b) Nova Cygni, 
imaged here with a European camera on the Hubble Space 
Telescope, erupted in 1992. At left, more than a year after the 
blast, a rapidly expanding bubble is seen; at right, 7 months 
after that, the shell continued to expand and distort. (Palomar 
Observatory; ESA)
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Stellar Evolution

Forty percent of students had difficulty describing 
the basic evolutionary processes occurring once a 
star leaves the main sequence. Some key points:

 Stars begin their lives on the Main Sequence, 
the most massive at the top left, the least mas-
sive at the lower right.

 Stars do not evolve along the Main Sequence; 
they evolve away from it as they age.

 Stars generally evolve toward the upper right of 
the Hertzsprung-Russell once they leave the 
main sequence. That is, they become cooler 
and brighter, as red giants, as their non-burning 
cores shrink and heat up.

 High-mass stars explode as supernovae while 
still in the upper part of the Main Sequence; 
low-mass stars generally end up as white 
dwarfs, at the lower left.

Data points
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342 chAPTEr 12   Stellar evolution

12.4  Evolution of Stars More Massive 
than the Sun

All stars leaving the main sequence on their way toward the red giant region of 
the H–R diagram have similar internal structure. Thereafter, however, their evolu-
tionary tracks diverge.

Formation of heavy Elements
Figure 12.16 compares the post-main-sequence evolution of three stars having 
masses 1, 4, and 10 times the mass of the Sun. Note the qualitative differences 
between the solar-mass and higher-mass evolutionary tracks. The solar-mass star 
ascends the red giant branch almost vertically after leaving the main sequence, its 
luminosity and radius increasing dramatically while its temperature changes only 
a little. The higher-mass stars tend to do just the opposite. They loop back and 
forth across the top of the H–R diagram, their luminosities staying roughly con-
stant as their radii alternately increase and decrease and their surface tempera-
tures fall and rise. The 4- and 10-solar-mass stars do not undergo helium flashes 
when helium fusion begins, and they do reach core temperatures high enough for 
helium and carbon to fuse into oxygen.

In the 4-solar-mass star, nuclear burning ceases after the carbon-fusion stage, 
eventually leading to a carbon–oxygen white dwarf, much as described previ-
ously. The fate of the 10-solar-mass star is a little less certain. Depending on how 
much mass it loses as it evolves (see below), it may also end up as a white dwarf, 
or it might retain enough mass for fusion to proceed to more massive nuclei. 
Even higher-mass stars can fuse not just hydrogen, helium, and carbon, but also 
oxygen, neon, magnesium, silicon, and even heavier elements as their inner cores 
continue to contract and their central temperatures continue to rise.

Evolution proceeds so rapidly for stars bigger than 10 solar masses that they 
don’t even reach the red giant region before helium fusion begins. Such stars 
achieve central temperatures of 108 K while still quite close to the main sequence. 
As each element is burned to depletion at the center, the core contracts, heats up, 
and fusion starts again. A new inner core forms, contracts again, heats again, and 
so on. The star’s evolutionary track continues smoothly across the H–R diagram, 
seemingly unaffected by each new phase of burning. The star’s luminosity stays 
roughly constant as its radius increases and its surface temperature drops. It 
swells to become a red supergiant.

Figure 12.17 is a cutaway diagram of an evolved high-mass star nearing the 
end of its red supergiant stage. Note the numerous layers where various nuclei 
burn. As the temperature increases with depth, the product of each burning stage 
becomes the fuel for the next. At the relatively cool periphery of the core, hydro-
gen fuses into helium. In the intermediate layers, shells of helium, carbon, and 
oxygen burn to form heavier nuclei. Deeper down reside neon, magnesium, sili-
con, and other heavy nuclei, all produced by nuclear fusion in the layers overlying 
the nonburning inner core. The inner core itself is composed of iron.
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 FigurE 12.16 high-Mass Evolutionary Tracks 
interactive  Evolutionary tracks for stars of 1, 4, and 10 solar 
masses. Stars with masses comparable to the mass of the  
Sun ascend the giant branch almost vertically, whereas  
higher-mass stars move roughly horizontally across the H–R 
diagram from the main sequence into the red giant region. 
Some points are labeled with the element that has just  
started to fuse in the inner core. 
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 FigurE 12.17 heavy-Element Fusion  Cutaway diagram of the interior of a highly 
evolved high-mass star shows how the interior resembles the layers of an onion, with shells 
of progressively heavier elements burning at smaller and smaller radii and at higher and 
higher temperatures. The core is actually only a few times larger than planet Earth, while the 
star is hundreds of times larger than the Sun.
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Observations of Supergiants
A good example of a post-main-sequence blue supergiant is the bright star Rigel 
in the constellation Orion. With a radius some 70 times that of the Sun and some 
60,000 solar luminosities, Rigel is thought to have had an original mass about 17 
times that of the Sun. A strong stellar wind has probably carried away a signifi-
cant fraction of the star’s mass since it formed. Although still near the main se-
quence, Rigel is probably already fusing helium into carbon in its core.

Astronomers have discovered that, while stars of all spectral types have stellar 
winds, the highly luminous supergiants have by far the strongest.  (Sec. 9.3) 
Satellite and rocket observations have shown that the winds of some blue 
supergiants may reach speeds of 3000 km/s and carry off more than 10−6 solar 
masses of material per year. Over the relatively short span of a few million years, 
these stars can blow a tenth or more of their total mass—a Sun’s worth of 
matter—off into space. During violent outbursts near the end of the star’s life, the 
mass loss rate may exceed 10−3 solar masses per year. Figure 12.18 shows a 
luminous blue variable star called Eta Carinae that is currently displaying this 
type of behavior. The glowing nebula surrounding the star itself contains up to 3 
solar masses of gas shed during this and previous outbursts over the past few 
hundred years.

Perhaps the best-known red supergiant is Betelgeuse (shown in Figures 10.7 
and 10.10), also in Orion and Rigel’s rival for the title of brightest star in the 
constellation. Its luminosity is 10,000 times that of the Sun in visible light and 
perhaps four times that in the infrared. Astronomers think that Betelgeuse is 
currently fusing helium into carbon and oxygen in its core, but its eventual fate is 
uncertain. As best we can tell, the star’s mass at formation was between 12 and 17 
times the mass of the Sun. However, like Rigel and many other supergiants, 
Betelgeuse has a strong stellar wind and is known to be surrounded by a huge 
shell of dust of its own making. This suggests that Betelgeuse has lost a lot of 
mass since it formed, but just how much remains uncertain.

The End of the road
Through each period of stability and instability and each new burning stage, 
the star’s central temperature increases, the nuclear reactions speed up, and 
the newly released energy supports the star for ever shorter periods of time. 
For example, in round numbers, a star 20 times more massive than the Sun 
burns hydrogen for 10 million years, helium for 1 million years, carbon for 
1000 years, oxygen for 1 year, and silicon for a week. Its iron core grows for less 
than a day.

Once the inner core begins to change to iron, our high-mass star is in trouble. 
Nuclear fusion involving iron does not produce energy, because iron nuclei are so 
tightly bound that energy cannot be extracted by combining them into heavier 
elements. In effect, iron plays the role of a fire extinguisher, damping the inferno 
in the stellar core. With the appearance of substantial quantities of iron, the cen-
tral fires cease for the last time, and the star’s internal support begins to dwindle. 
The star’s foundation is destroyed, and its equilibrium is gone forever. Even 
though the temperature in the iron core has reached several billion kelvins by this 
stage, the enormous inward gravitational pull of matter ensures catastrophe in 
the very near future. Gravity overwhelms the pressure of the hot gas, and the star 
implodes, falling in on itself.

The core temperature rises to nearly 10 billion kelvins. At these temperatures 
individual photons are energetic enough to split iron into lighter nuclei and then  
break those lighter nuclei apart until only protons and neutrons remain. This 
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 FigurE 12.18 Mass Loss from Supergiants  With an 
estimated mass of around 100 times the mass of the Sun and 
a luminosity of 5 million times the solar value, Eta Carinae is 
one of the most massive and most luminous stars known. This 
HST image shows blobs of ejected material racing away from 
the star at hundreds of kilometers per second, following a 
series of explosive outbursts that ejected 2 or 3 solar masses 
of material into space. (NASA)
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process is known as photodisintegration. In less than 
a second, the collapsing core undoes all the effects 
of nuclear fusion that occurred during the previous 
10 million years. But to split iron and lighter nuclei 
into smaller pieces requires a lot of energy. After all, 
this splitting is the opposite of the fusion reactions 
that generated the star’s energy during earlier times. 
The process thus absorbs some of the core’s heat en-
ergy, reducing the pressure and accelerating the 
collapse.

Now the core consists entirely of electrons, 
protons, neutrons, and photons at enormously high 
densities, and it is still shrinking. As the density 
continues to rise, the protons and electrons are 
crushed together, combining to form more neu-
trons and releasing neutrinos. Even though the 
central density by this time may exceed, 1012 kg/m3, 
most of the neutrinos pass through the core as if it 

weren’t there.  (Sec. 9.5) They escape into space, carrying away still more 
energy as they go.

There is nothing to prevent the collapse from continuing all the way to the 
point at which the neutrons themselves come into contact with each other, at 
the incredible density of about 1015 kg/m3. At this density, the neutrons in the 
shrinking core play a role similar in many ways to that of the electrons in a 
white dwarf. When far apart, they offer little resistance to compression, but 
when brought into contact, they produce enormous pressures that strongly op-
pose further contraction. The collapse finally begins to slow. By the time it is 
actually halted, however, the core has overshot its point of equilibrium and 
may reach a density as high as 1018 kg/m3 before beginning to reexpand. Like a 
fast-moving ball hitting a brick wall, the core becomes compressed, stops, then 
rebounds—with a vengeance!

The events just described do not take long. Only about a second elapses from 
the start of the collapse to the “bounce” at nuclear densities. Driven by the re-
bounding core, an enormously energetic shock wave then sweeps outward 
through the star at high speed, blasting all the overlying layers—including the 
heavy elements outside the iron inner core—into space. Although the details of 
how the shock reaches the surface and destroys the star are still uncertain, the 
end result is not: The star explodes in one of the most energetic events known in 
the universe (Figure 12.19). This spectacular death rattle of a high-mass star is 
known as a core-collapse supernova.

Our earlier dividing line of 8 solar masses between “low mass” and “high 
mass” really refers to the mass at the time the carbon core forms. Since very 
luminous stars often have strong stellar winds, it is possible that main-se-
quence stars as massive as 10 to 12 times the mass of the Sun may still man-
age to avoid going supernova. Unfortunately, we do not know exactly how 
much mass either Rigel or Betelgeuse has lost, so we cannot yet tell whether 
they are above or below the supernova threshold. Either might explode or 
instead become a (neon–oxygen) white dwarf, but for now we can’t say which. 
We may just have to wait and see—in a few million years we will know for 
sure!

Table 12.3 summarizes the possible outcomes of stellar evolution for stars of 
different masses. For completeness, brown dwarfs—the end product of low-mass 
protostars unable even to fuse hydrogen in their cores—are included in the list. 

 (Sec. 11.4)

R I V U X G

 FigurE 12.19 Supernova 1987A  A supernova called 
SN1987A (arrow) was exploding near this nebula (called 30 
Doradus) at the moment the photograph at right was taken. 
The photograph at left is the normal appearance of the star 
field. (See Discovery 12-1.) (AURA)

table 12.3   End Points of Evolution for Stars of 
Different Masses

initial Mass (Solar 
Masses) Final State

Less than 0.08 (Hydrogen) brown dwarf

0.08–0.25 Helium white dwarf

0.25–8 Carbon–oxygen white 
dwarf

8–12 (approx.)* Neon–oxygen white dwarf

Greater than 12* Supernova

*Precise numbers depend on the (poorly known) amount of mass 
lost while the star is on, and after it leaves, the main sequence.

ConCept CheCk 

Why does the iron core of a high-mass star 
collapse?
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12.5 Supernova Explosions

novae and Supernovae
Observationally, a supernova, like a nova, is a “star” that suddenly increases dra-
matically in brightness, then slowly dims again, eventually fading from view. 
However, despite some similarities in their light curves, novae and supernovae 
are very different phenomena. As we saw in Section 12.3, a nova is a violent ex-
plosion on the surface of a white dwarf in a binary system.2 Supernovae are much 
more energetic—about a million times brighter than novae—and are driven by 
very different underlying physical processes. A supernova produces a burst of 
light billions of times brighter than the Sun, reaching that brightness within just 
a few hours of the start of the outburst, sometimes rivaling its parent galaxy in 
brightness (Figure 12.20a). The total amount of electromagnetic energy radiated 
by a supernova during the few months it takes to brighten and fade away is 
roughly the same as the Sun will radiate during its entire 1010-year lifetime!

Astronomers divide supernovae into two classes. Type I supernovae con-
tain very little hydrogen, according to their spectra, and have light curves (see 
Figure 12.20b) somewhat similar in shape to those of typical novae—a sharp rise 
in intensity followed by steady, gradual decline. Type II supernovae are hydro-
gen-rich and usually have a characteristic “plateau” in the light curve a few 
months after the maximum. Observed supernovae are divided roughly evenly be-
tween these two categories.

Type i and Type ii Supernovae Explained
How do we explain the two types of supernova just described? In fact, we already 
have half of the answer—the characteristics of Type II supernovae are exactly 
consistent with the core-collapse supernovae discussed in the previous section. 
The Type II light curve is in good agreement with computer simulations of a stel-
lar envelope expanding and cooling as it is blown into space by a shock wave 
sweeping up from below. And since the expanding material consists mainly of 
unburned hydrogen and helium, it is not surprising that those elements dominate 
the supernova’s spectrum.

What of Type I supernovae? Is there more than one way for a supernova ex-
plosion to occur? The answer is yes. To understand the alternative supernova 
mechanism, we must reconsider the long-term consequences of the accretion–
explosion cycle that causes a nova. A nova explosion ejects matter from a white 
dwarf’s surface, but it does not necessarily expel or burn all the material that has 
accumulated since the last outburst. In other words, there is a tendency for the 
dwarf’s mass to increase slowly with each new nova cycle. As its mass grows and 
the internal pressure required to support its weight rises, the white dwarf can 
enter into a new period of instability—with disastrous consequences.

Recall that a white dwarf is held up by the pressure of electrons that have 
been squeezed so close together that they have effectively come into contact with 
one another. However, there is a limit to the mass of a white dwarf, beyond which 
the electrons cannot support the star against its own gravity. Detailed calculations 
show that the maximum mass of a white dwarf is about 1.4 solar masses, a mass 
often called the Chandrasekhar mass, after the Indian-American astronomer Sub-
ramanyan Chandrasekhar, whose work in theoretical astrophysics earned him a 
Nobel Prize in Physics in 1983. More recently, in 1999, NASA’s latest X-ray 

This supernova exploded in 1994
in the disk of a distant galaxy.
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 FigurE 12.20 Supernova Light curves  (a) The  
(Type I) supernova SN1994D in the galaxy NGC 4526 was for 
a time comparable in brightness to the entire galaxy in which 
it occurred. (b) The light curves of typical Type I and Type 
II supernovae both show that their maximum luminosities 
can sometimes reach that of a billion suns, but there are 
characteristic differences in the decline of luminosity after 
the initial peak. Type I light curves resemble those of novae 
(see Figure 12.13c), but the total energy released is much 
larger. Type II curves have a characteristic plateau during the 
declining phase.

2When discussing novae and supernovae, astronomers tend to blur the distinction between the observed 
event (the sudden appearance and brightening of an object in the sky) and the process responsible for it (a 
violent explosion in or on a star). The terms can have either meaning, depending on context.
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telescope was named Chandra in his honor.  (Sec. 3.5) Figure 12.21 shows a 
Chandra image of a (relatively) recent Type I supernova.

If an accreting white dwarf exceeds the Chandrasekhar mass, it starts to col-
lapse. Its internal temperature rapidly rises to the point at which carbon can (at last) 
fuse into heavier elements. Carbon fusion begins everywhere throughout the white 
dwarf almost simultaneously, and the entire star explodes in a carbon-detonation 
supernova—an event comparable in violence to the core-collapse supernova associ-
ated with the death of a high-mass star. In an alternative and (many astronomers 
think) possibly more common scenario, two white dwarfs in a binary system may 
collide and merge to form a massive, unstable star. The end result is the same.

The detonation of a carbon white dwarf, the descendant of a low-mass star, is 
a Type I supernova.3 Because the explosion occurs in a system containing virtu-
ally no hydrogen, we can readily see why the supernova spectrum shows little evi-
dence of that element. The light curve is almost entirely due to the radioactive 
decay of unstable heavy elements produced during the explosion. These explo-
sions have one other important property: Because they all originate in similar 
systems—white dwarfs whose masses have just exceeded the Chandrasekhar 
limit—Type I supernovae show remarkably little variation in their properties 
from one supernova to the next, no matter where (or when) they occur. As we will 
see in Chapters 15 and 17, this fact, coupled with the huge luminosities involved, 
make Type I supernovae invaluable tools for mapping out the structure and evo-
lution of the universe on the largest scales.

Figure 12.22 summarizes the processes responsible for the two types of su-
pernovae. Recognize that, despite the similarity in their peak luminosities, Type I  

2 pc

 FigurE 12.21 Kepler’s Supernova  This X-ray image, 
captured by the orbiting Chandra telescope and released in 
2013, shows the aftermath of a titanic stellar explosion that 
was observed by many people on Earth in 1604. At its peak it 
was the brightest object in the night sky; it was visible even 
during the daytime for several weeks. It lies about 6000 pc 
from Earth.  (Sec. 1.2) (CXC)

(a) Type I Supernova

(b) Type II Supernova
Time

Binary star system

White
dwarf

Planetary
nebula 

Red
giant

Growing
white dwarf

Accretion
disk

Detonation

Remnant
core

Shock
wave

ExplosionCore rebound

Hydrogen

Massive star imploding

Iron
core

Heavy elements

Hydrogen
Helium, carbon

Hydrogen

Normal star fusion

 FigurE 12.22 Two Types of Supernova  Type I and Type II supernovae have different causes. These sequences depict the 
evolutionary history of each type. (a) A Type I supernova usually results when a carbon-rich white dwarf pulls matter onto itself from 
a nearby red giant or main-sequence companion. (b) A Type II supernova occurs when the core of a high-mass star collapses and 
then rebounds in a catastrophic explosion.

3In the jargon of the field, these explosions are technically known as Type Ia supernovae, to distinguish 
them from the rarer Type Ib and Ic explosions, which are core-collapse events in stars that have lost their 
hydrogen envelopes.
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and Type II supernovae are unrelated to one another. They occur in stars of very 
different types, under very different circumstances. All high-mass stars become 
Type II (core-collapse) supernovae, but only a tiny fraction of low-mass stars 
evolve into white dwarfs that ultimately explode as Type I (carbon-detonation) 
supernovae. However, there are far more low-mass stars than high-mass stars, 
resulting in the remarkable coincidence that the two types of supernova occur at 
roughly the same rate.

Supernova remnants
We have plenty of evidence that supernovae have occurred in our Galaxy. Occa-
sionally, the supernova explosions are visible from Earth. In other cases, we can 
detect their glowing remains, or supernova remnants. One of the best-studied 
supernova remnants is the Crab Nebula (Figure 12.23a). Its brightness has 

AniMATiOn/ViDEO

Supernova explosions

inTErAcTiVE

Supernova remnant cassiopeia a

0.5 pc

3 pc

(a)

(b)
R I V U X G

 FigurE 12.23 Supernova remnants interactive  (a) This remnant of an 
ancient Type II supernova is called the Crab Nebula. It resides about 1800 pc from 
Earth, and its debris is scattered over a region about 2 pc across. The main image 
was taken with the Very Large Telescope of the European Southern Observatory 
in Chile, the inset by the Hubble telescope in orbit. (b) The glowing gases of the 
Vela supernova remnant are spread across 6° of the sky. (ESO; NASA; ESO)

ConCept CheCk

How did astronomers know, even before the 
mechanisms were understood, that there were at 
least two distinct physical processes at work in 
creating supernovae?
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Although there have been no observable supernovae in our own 
Galaxy since the invention of the telescope, astronomers were 
treated to the next best thing in 1987 when a 15-solar mass  
B-type supergiant exploded in the Large Magellanic Cloud (LMC), 
a small satellite galaxy orbiting our own (see Section 15.1). For a 
few weeks the Type II supernova SN1987A, shown in Figure 12.19, 
outshone all the other stars in the LMC combined. Because the 
LMC is relatively close to Earth and the explosion was detected 
soon after it occurred, SN1987A provided astronomers with a 
wealth of detailed information on supernovae, allowing them to 
make key comparisons between theoretical models and observa-
tional reality. By and large, the theory of stellar evolution has held 
up very well. Still, SN1987A did hold a few surprises.

The light curve of SN1987A, shown at right, differed somewhat 
from the “standard” Type II shape (Figure 12.20). The peak brightness 
was only about 1/10 the standard value and occurred much later than 
expected. These differences stemmed from the fact that the parent 
star’s envelope was deficient in heavy elements, significantly altering 
its evolutionary track. As a result, the star was a (relatively small) blue 
supergiant, at the top right of the H-R diagram with a surface tem-
perature of around 20,000 K, when the rapid chain of events leading 
to the supernova occurred.

Because the parent star was small and quite tightly bound 
by gravity, a lot of the energy produced in the explosion was used 
in expanding SN1987A’s stellar envelope, so far less was left over 

to be radiated into space. Thus the luminosity during the first 
few months was lower than expected, and the early peak evident 
in Figure 12.20 did not occur. The peak in the SN1987A light 
curve at about 80 days actually corresponds to the “plateau” in 
the Type II light curve in Figure 12.20.

About 20 hours before the supernova was detected optically, 
underground detectors in Japan and the United States recorded 
a brief (13-second) burst of neutrinos. The neutrinos preceded 
the light because they escaped during the collapse, whereas the 
first light of the explosion was emitted only after the supernova 
shock had plowed through the body of the star to the surface. 
Theoretical models, consistent with these observations, suggest 
that many tens of thousands of times more energy was emitted 
in the form of neutrinos than in any other form. Detection of 
this neutrino pulse was a brilliant confirmation of theory and 
may well herald a new age of astronomy. For the first time, 
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astronomers received information from beyond the solar system by means 
outside the electromagnetic spectrum.

The accompanying photographs show the barely resolved remnant of 
SN1987A (at the center of each image) surrounded by a much larger shell of glow-
ing gas (in yellow). The progenitor star expelled this shell during its red giant phase, 
some 40,000 years before the explosion. The image we see results from the flash of 
ultraviolet light from the supernova hitting the ring and causing it to glow brightly. 
The insets at the bottom show supernova debris moving outward toward the ring 
at nearly 3000 km/s. The fastest-moving ejecta have already reached the ring, form-
ing the glowing regions that now surround the supernova remnant. The main 
image also revealed two additional faint rings that might be caused by radiation 

sweeping across an hourglass-shaped bubble of gas, itself perhaps the result of 
a nonspherical “bipolar” stellar wind from the progenitor star before 

the supernova occurred.
Buoyed by the success of stellar-evolution 

theory astronomers eagerly await further 
developments in the story of this 

remarkable object.

AniMATiOn/ViDEO

Shockwaves Hit the ring 
around Supernova 1987a
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greatly dimmed now, but the original explosion in the 
year a.d. 1054 was so brilliant that it is prominently re-
corded in the manuscripts of Chinese and Middle East-
ern astronomers. For nearly a month, this exploded 
star reportedly could be seen in broad daylight. Even 
today, the knots and filaments give a strong indication 
of past violence. The nebula—the envelope of the high-
mass star that exploded to create this Type II super-
nova—is still expanding into space at a speed of several 
thousand kilometers per second. Figure 12.24 illus-
trates this motion by combining a positive image of the 
Crab taken in 1960 with a negative image taken in 1974. 
If the gas were not moving, the positive and negative 
images would overlap perfectly, but they do not. The 
gas moved outward in the intervening 14 years. Tracing 
the motion backward in time, astronomers have found 
that the explosion must have occurred about nine cen-
turies ago, consistent with the Chinese and Middle 
Eastern observations.

Figure 12.23b shows another example (also of Type 
II). The expansion velocity of the Vela supernova remnant 
implies that its central star exploded around 9000 b.c. 
This remnant lies only 500 pc from Earth. Given its prox-
imity, it may have been as bright as the Moon for several 
months. See also Figure 3.29 for an X-ray image of a nearby supernova remnant.

Although hundreds of supernovae have been observed in other galaxies dur-
ing the 20th century, no one using modern equipment has ever observed one in 
our own Galaxy. (See Discovery 12-1 for a discussion of a recent supernova in a 
galaxy very close to our own.) A viewable Milky Way star has not exploded since 
Galileo first turned his telescope to the heavens almost four centuries ago. 
Based on stellar evolutionary theory, astronomers estimate that an observable 
supernova ought to occur in our Galaxy every 100 years or so. Our local neigh-
borhood seems long overdue for one. Unless stars explode much less frequently 
than predicted by theory, we should be treated to a (relatively) nearby version of 
nature’s most spectacular cosmic event any day now.

Formation of the heavy Elements
From the point of view of life on Earth, probably the most important aspect of 
stellar evolution is its role in creating, and then dispersing, the heavy elements 
out of which both our planet and our bodies are made. Since the 1950s, astrono-
mers have come to realize that all of the hydrogen and most of the helium in the 
universe are primordial—that is, they date back to the very earliest times, long 
before the first stars formed (see Section 17.6). All other elements (and, in par-
ticular, virtually everything we see around us on Earth) formed later, in stars.

We have already seen how heavy elements are created from light ones by 
nuclear fusion. This is the basic process that powers all stars. Hydrogen fuses to 
helium, then helium to carbon and oxygen. Subsequently, in high-mass stars, 
carbon and oxygen can fuse to form still heavier elements. Neon, magnesium, 
sulfur, silicon—in fact, elements up to and including iron—are created in turn by 
fusion reactions in the cores of the most massive stars.

However, fusion stops at iron. The fact that iron nuclei will not fuse to 
release energy and create more massive nuclei is the basic underlying cause of 
Type II supernovae. How then were even heavier elements, such as copper, 
lead, gold, and uranium, formed? As mentioned in Section 12.3, some of these 
elements were formed during the late red giant stages of low-mass stars via 

This superposition of two
images taken 14 years
apart shows how the Crab
Nebula expanded during
that time.

R I V U X G

Blast center

 FigurE 12.24 The crab in Motion  Positive and negative 
photographs of the Crab Nebula taken 14 years apart do not 
superimpose exactly, indicating that the gaseous filaments are 
still moving away from the site of the explosion. The positive 
image in white was taken first, and the black (negative) filaments 
were overlaid later—hence the black (but still glowing) outlying 
debris is farther from the center of the blast. The scale is roughly 
the same as in Figure 12.23(a). (Harvard College Observatory)

novae and Supernovae

Two-thirds of students had difficulty distinguishing 
novae and the different kinds of supernovae. 
Some points to remember:

 Supernovae are millions of times brighter than 
novae.

 Novae are thermonuclear detonations on the 
surfaces of white dwarf stars. They are violent, 
but do not destroy the star on which they occur.

 A Type I supernova is a detonation involving an 
entire white dwarf that has exceeded its 
maximum stable mass. The explosion likely 
leaves no remnant behind.

 A Type II supernova results from the runaway 
collapse of the core of a massive star; it probably 
leaves a neutron star or black hole remnant behind.

Data points
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reactions involving neutrons. Similar reactions occur in superno-
vae too, where neutrons and protons, produced when some nuclei 
are ripped apart by the almost unimaginable violence of the blast, 
are crammed into other nuclei, creating heavy elements that can-
not have formed by any other means. Many of the heaviest ele-
ments were formed after their parent stars had already died, even 
as the debris from the explosion signaling the stars’ deaths was 
hurled into interstellar space. In this way stellar evolution stead-
ily enriches the composition of each new generation of stars.

Although no one has ever observed directly the formation of 
heavy nuclei in stars, astronomers are confident that the chain of 
events just described really occurs. When nuclear reaction rates 
(determined from laboratory experiments) are incorporated into 
detailed computer models of stars and supernovae, the results agree 
very well, point by point, with the composition of the universe in-
ferred from analysis of meteorites and spectroscopic studies of 
planets, stars, and the interstellar medium. The reasoning is indi-
rect, but the agreement between theory and observation is so strik-
ing that most astronomers regard it as strong evidence supporting 
the entire theory of stellar evolution.

12.6  Observing Stellar Evolution 
in Star clusters

Star clusters provide excellent test sites for the theory of stellar evolu-
tion. Every star in a given cluster formed at nearly the same time, 
from the same interstellar cloud, with virtually the same composi-
tion.  (Sec. 11.6) Only the mass varies from one star to another. 
This uniformity allows us to check the accuracy of our theoretical 
models in a very straightforward way. Having studied in some detail 
the evolutionary tracks of individual stars, let us now consider how 
their collective appearance changes in time.

We begin our study shortly after the cluster’s formation, with 
the high-mass stars already fully formed and burning steadily on 
the upper main sequence and lower-mass stars just beginning to ar-
rive on the main sequence (Figure 12.25a). The appearance of the 
cluster at this early stage is dominated by its most massive stars—
the bright blue supergiants.

Figure 12.25(b) shows our cluster’s H–R diagram after 10 million 
years. The most massive O-type stars have evolved off the main se-
quence. Most have already exploded and vanished, but one or two 
may still be visible as supergiants traversing the top of the diagram. 
The remaining cluster stars are largely unchanged in appearance. 
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 FigurE 12.25 cluster Evolution on the h–r Diagram  (a) Initially, stars 
on the upper main sequence are already burning steadily while the lower main 
sequence is still forming. (b) At 107 years, O-type stars have already left the main 
sequence, and a few red giants are visible. (c) By 108 years, more red giants are 
visible, and the lower main sequence is almost fully formed. (d) At 109 years, the 
subgiant and red giant branches are just becoming evident, and the formation 
of the lower main sequence is complete. (e) At 1010 years, the cluster’s subgiant, 
red giant, horizontal, and asymptotic giant branches are all discernible, and many 
white dwarfs have now formed. 
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The cluster’s H–R diagram has a slightly shortened main sequence. Figure 
12.26 shows the twin open clusters h and (the Greek letter chi) Persei, along 
with their observed H–R diagram. Comparing Figure 12.26(b) with Figure 
12.25(b), astronomers estimate the age of this double cluster to be about  
10 million years.

After 100 million years (Figure 12.25c), stars brighter than type B5 or so 
(about 4 to 5 solar masses) have left the main sequence, and a few more su-
pergiants are visible. By this time most of the cluster’s low-mass stars have 
finally arrived on the main sequence, although the dimmest M-type stars 
may still be in their contraction phase. The appearance of the cluster is now 
dominated by bright B-type stars and brighter supergiants.

At any time during the evolution, the cluster’s original main sequence is 
intact up to some well-defined stellar mass, corresponding to the stars that 
are just leaving the main sequence at that instant. We can imagine the main 
sequence being “peeled away” from the top down, with fainter and fainter 
stars turning off and heading for the giant branch as time goes on. 
Astronomers refer to the high-luminosity end of the observed main sequence 
as the main-sequence turnoff. The mass of the star that is just evolving off 
the main sequence at any moment is known as the turnoff mass. Knowing the 
turnoff mass is equivalent to knowing the age of the cluster—stars less 
massive than the turnoff are still on the main sequence, while more massive 
stars have already evolved into something else.

At 1 billion years (Figure 12.25d) the main-sequence turnoff mass is 
around 2 solar masses, corresponding roughly to spectral type A2. The 
subgiant and giant branches associated with the evolution of low-mass 
stars are just becoming apparent, and the formation of the lower main 
sequence is now complete. In addition, the first white dwarfs have just 
appeared, although they are often too faint to be observed at the dis-
tances of most clusters. Figure 12.27 shows the Hyades open cluster and 
its H–R diagram. The H–R diagram appears to lie between Figures 12.25 
(c) and (d). More careful measurements yield a cluster age of about 600 
million years.

At 10 billion years, the turnoff point has reached solar-mass stars, of spec-
tral type G2. The subgiant and giant branches are now clearly discernible in 
the H–R diagram (Figure 12.25e), and the horizontal branch appears as a dis-
tinct region. Many white dwarfs are also present in the cluster. Figure 12.28 
shows a composite H–R diagram for several globular clusters in our Galaxy. 
The various evolutionary stages predicted by theory are all clearly visible in 
this figure, although the individual points are shifted somewhat to the left relative 
to our previous H–R diagrams because of differences in composition between 
stars like the Sun and stars in globular clusters. (Globular cluster stars tend to be 
hotter than solar-type stars of the same mass.) The clusters represented in Figure 
12.28(b) are quite deficient in heavy elements compared with the Sun. Figure 
12.28(a) shows a Hubble image of the globular cluster M80, which has a similarly 
low concentration of heavy elements—only about 2 percent the solar value—and 
whose H–R diagram looks qualitatively very similar to Figure 12.28.

By carefully adjusting their theoretical models until the main sequence, sub-
giant, red giant, and horizontal branches are all well matched, astronomers find 
that this diagram corresponds to a cluster age of roughly 12 billion years, a little 
older than the hypothetical cluster in Figure 12.25(e). The deficiency of heavy ele-
ments is consistent with these clusters being among the first objects to form in 
our Galaxy (see Section 12.7). In fact, globular cluster ages determined this way 
show a remarkably small spread. Most of the globular clusters in our Galaxy 
formed between about 10 and 12 billion years ago.
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 FigurE 12.26 newborn cluster h–r Diagram  (a) The 
“double cluster” h and x Persei, two open clusters that 
apparently formed at the same time. (b) The H–R diagram of 
the pair indicates that the stars are very young—probably only 
10–15 million years old. Even so, the most massive stars have 
already left the main sequence. (NOAO; data from T. Currie)
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 FigurE 12.27 Young cluster h–r Diagram  (a) The 
Hyades cluster, a relatively young group of stars visible to the 
naked eye, is found 46 pc away in the constellation Taurus.  
(b) The H–R diagram for this cluster is cut off at about spectral 
type A, implying an age of about 600 million years. A few 
massive stars have already become white dwarfs. (NOAO)
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 FigurE 12.28 Old cluster h–r Diagram  (a) The 
globular cluster M80, which lies some 8 kpc from Earth.  
(b) Combined H–R diagram, based on ground- and  
space-based observations, for several globular clusters similar 
in overall composition to M80. Fitting the main-sequence 
turnoff and the giant and horizontal branches to theoretical 
models implies an age of about 12 billion years, making these 
clusters among the oldest known objects in the Milky Way 
Galaxy. (NASA; data courtesy of William E. Harris)
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 FigurE 12.29 Multiple Stellar generations  The 
ground-based H–R diagram (b) of the globular cluster NGC 
2808 (a) shows an apparently normal main sequence, but 
more precise observations from HST (c) reveal that the main 
sequence is actually made up of three distinct sequences (as 
noted), increasing in helium content from right to left. These 
observations imply multiple generations of star formation shortly 
after the cluster formed, but no theory can yet explain just how 
this occurred. (NASA)

The objects labeled as blue stragglers in Figure 
12.28(b) appear at first sight to contradict the theory 
just described. They lie on the main sequence, but 
above the turnoff, suggesting that they should have 
evolved into white dwarfs long ago, given the cluster’s 
age of 12 billion years. Blue stragglers are observed in 
many star clusters. They are main-sequence stars, but 
they did not form when the cluster did. Instead, they 
formed much more recently, through mergers of lower-
mass stars—so recently, in fact, that they have not yet 
had time to evolve into giants. In some cases, the merg-
ers were probably the result of stellar evolution in bi-
nary systems, as the component stars evolved, grew, 
and came into contact. In others, the mergers are 
thought to be the result of actual collisions between 
stars. The dense central cores of globular clusters—
with a million or more times as many stars per unit 
volume as are found in the neighborhood of the Sun—
are among the few places in the entire universe where 
stellar collisions are likely to occur.

High-precision observations from HST have revealed 
a new, and as yet unresolved, mystery about globular 
clusters that may yet force astronomers to change sig-
nificantly their views on how massive star clusters form. 
Figure 12.29 presents the H–R diagram for the cluster 
NGC 2808, showing (in the inset) what appear to be three 
distinct main sequences, undetected in earlier ground-
based observations. The stars in the three sequences con-
tain different amounts of helium, carbon, and nitrogen 
and are thought to be the result of multiple episodes of 
star formation occurring over the course of about 100 
million years. Models suggest that the two more helium-
rich generations formed from gas enriched by stellar evolution in the first-gener-
ation stars, but astronomers do not know how this could have occurred in the 
time available. Whatever happened, it seems to have been a common phenome-
non, as high-resolution studies of many globular clusters now reveal similar 
multiple populations. Indeed, some observers would go so far as to claim that 
multiple stellar populations are the norm in the Galactic globular cluster 
population.
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12.7  The cycle of Stellar Evolution
The theory of stellar evolution outlined in this chapter can naturally account 
for the observed differences in the abundances of heavy elements between 
the old globular-cluster stars and stars now forming in our Galaxy. Even 
though an evolved star continuously creates new heavy elements in its 
interior, changes in the star’s composition are confined largely to the core, 
and the star’s spectrum may give little indication of the events within. Only at 
the end of the star’s life are its newly created elements released and scattered 
into space.

Thus the spectra of the youngest stars show the most heavy elements because 
each new generation of stars increases the concentration of these elements in the 
interstellar clouds from which the next generation forms. Accordingly, the photo-
sphere of a recently formed star contains a much greater abundance of heavy ele-
ments than that of a star formed long ago. Knowledge of stellar evolution allows 
astronomers to estimate the ages of stars from purely spectroscopic studies, even 
when the stars are isolated and are not members of any cluster.

We have now seen all the ingredients that make up the complete cycle of star 
formation and evolution. Let us now briefly summarize that process, which is il-
lustrated in Figure 12.30.

 1. Stars form when part of an interstellar cloud is compressed beyond the point 
at which it can support itself against its own gravity. The cloud collapses and 
fragments, forming a cluster of stars. The hottest stars heat and ionize the 
surrounding gas, sending shock waves through the surrounding cloud, modi-
fying the formation of lower-mass stars, and possibly triggering new rounds 
of star formation.  (Secs. 11.2, 11.3)

 2. Within the cluster, stars evolve. The most massive stars evolve fastest, creat-
ing heavy elements in their cores and spewing them forth into the interstellar 
medium in supernova explosions. Low-mass stars evolve more slowly, but 
they too create heavy elements and contribute significantly to the “seeding” 
of interstellar space when they shed their envelopes as planetary nebulae. 
Roughly speaking, low-mass stars created most of the carbon, nitrogen, and 
oxygen that make life on Earth possible. High-mass stars produced the iron 
and silicon that make up Earth itself, as well as the heavier elements on 
which much of our technology is based.

 3. The creation and explosive dispersal of new heavy elements are accompanied 
by further shock waves. The passage of these shock waves through the inter-
stellar medium simultaneously enriches the medium and compresses it into 
further star formation. Each generation of stars increases the concentration 
of heavy elements in the interstellar clouds from which the next generation 
forms. As a result, recently formed stars contain a much greater abundance 
of heavy elements than stars that formed long ago.

In this way, although some material is used up in each cycle—turned into 
energy or locked up in stars less massive than the Sun (most of which have not 
yet left the main sequence)—the Galaxy continuously recycles its matter. Each 
new round of formation creates stars containing more heavy elements than the 
preceding generation had. From the old globular clusters, which are observed to 
be deficient in heavy elements relative to the Sun, to the young open clusters, 
which contain much larger amounts of these elements, we observe this enrich-
ment process in action. Our Sun is the product of many such cycles. We ourselves 
are another. Without the heavy elements synthesized in the hearts of stars, life on 
Earth would not exist.

proCess of sCienCe CheCk 

Why are observations of star clusters so important 
to the theory of stellar evolution?
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cthrowing out heavy-element
debris, such as N49 here, that
then enrich interstellar
space.

 cafter which stars
evolve, some eventually exploding,
like NGC 7635 shown brightly here c

Stellar recycling begins with dark
interstellar clouds, such as this

one called Barnard 68 c

 cstars form when such
clouds collapse under their own

gravity, as here in the RCW 38
star-forming region c

 FigurE 12.30 Stellar recycling interactive  The cycle of star formation and evolution continuously replenishes the Galaxy with new heavy 
elements and provides the driving force for the creation of new generations of stars. Clockwise from the top are an interstellar cloud (Barnard 68), a 
star-forming region in our Galaxy (RCW 38), a massive star ejecting a “bubble” and about to explode (NGC 7635), and a supernova remnant and its 
heavy-element debris (N49). (ESO; NASA) 

ConCept CheCk

Why is stellar evolution important to life on earth?

Stellar evolution is one of the great success stories of astrophysics. Like all 
good scientific theories, it makes definite, testable predictions about the universe, 
at the same time remaining flexible enough to incorporate new discoveries as 
they occur. Theory and observation have advanced hand in hand. At the start of 
the 20th century, many scientists despaired of ever knowing the compositions of 
the stars, let alone why they shine and how they change. Today, the theory of stel-
lar evolution is a cornerstone of modern astronomy.
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LO1 Stars spend most of their lives on the 
main sequence, in the core hydrogen-
burning (stage 7; p. 332) phase of 
stellar evolution. Stars leave the main 
sequence when the hydrogen in their 
cores is exhausted. With no internal 
energy source, the star’s helium core is 
unable to support itself against its own 
gravity and begins to shrink. The star at this stage is in the 
hydrogen shell-burning (p. 334) phase, with nonburning 
helium at the center surrounded by a layer of burning 
hydrogen. The energy released by the contracting helium core 
heats the hydrogen-burning shell, greatly increasing the 
nuclear reaction rates there. As a result, the star becomes 
much brighter, while the envelope expands and cools. A solar-
mass star moves off the main sequence on the H–R diagram 
first along the subgiant branch (stage 8; p. 334), then 
almost vertically up the red giant branch (stage 9; p. 334).

LO2 As the helium core contracts, it 
heats up. Eventually, helium begins 
to fuse into carbon. In a star like the 
Sun, helium burning begins 
explosively, in the helium flash  
(p. 335). The flash expands the core 
and reduces the star’s luminosity, sending it onto the 
horizontal branch (stage 10; p. 335) of the H–R diagram. 
The star now has a core of burning helium surrounded by a 
shell of burning hydrogen. An inner core of nonburning 
carbon forms, shrinks, and heats the overlying burning layers, 
and the star once again becomes a red giant, even more 
luminous than before (stage 11). The core of a solar-mass star 

never becomes hot enough to fuse carbon. Such a star 
continues to brighten and expand until its envelope is ejected 
into space, forming a planetary nebula (stage 12; p. 336). At 
that point the core becomes visible as a hot, faint, and 
extremely dense white dwarf (stage 13). The white dwarf 
cools and fades, eventually becoming a cold black dwarf 
(stage 14; p. 339).

LO3 Although most white dwarfs simply 
cool and dim with time, some may 
become explosively active in the 
form of a nova (p. 340). A nova is a 
star that suddenly increases greatly 
in brightness, then slowly fades 
back to its normal appearance over 
a period of months. It is the result of a white dwarf in a 
binary system drawing hydrogen-rich material from its 
companion. The gas spirals inward in an accretion disk  
(p. 341) and builds up on the white dwarf’s surface, eventually 
becoming hot and dense enough for the hydrogen to burn 
explosively, temporarily causing a large increase in the 
dwarf’s luminosity.

LO4 Stars more massive than about 8 
solar masses form heavier and 
heavier elements in their cores, at 
a more and more rapid pace. As 
they evolve into red supergiants 
(p. 342), their cores form a layered structure consisting of 
burning shells of successively heavier elements. The process 
stops at iron, whose nuclei can neither be fused together nor 
split to produce energy. As a star’s iron core grows in mass, it 

SuMMArY

Ch a p ter  r e v ie w

Hydrogen-burning
shell

Nonburning
envelope

Nonburning
helium “ash”

GroundGround HSTHST

Debris

Star

ThE Big QuESTiOn

If stars like the Sun end their lives quiescently and similarly, why do their 
scattered remnants look so different on the sky? Planetary nebulae display 
all sorts of weird shapes and sizes, some with rings and spheres, others 
with loops and jets. What causes these dissimilar structures? Are they 
somehow intrinsic to the stars themselves, or are they due to the complex 
environments through which dying stars expel their contents into 
interstellar space?
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LO6 The theory of stellar evolution can 
be tested by observing star 
clusters. At any instant, stars with 
masses above the cluster’s main-
sequence turnoff (p. 351) have 
evolved off the main sequence. By 
comparing a cluster’s main-
sequence turnoff mass with 
theoretical predictions, 
astronomers can determine the 
cluster’s age. Many globular clusters show evidence of 
multiple stellar populations, whose origin is not yet 

understood.

LO7 All elements heavier than helium 
formed in evolved stars or in 
supernova explosions. With each 
new generation of stars, the 
fraction of heavy elements in the 
universe increases. Comparisons 
between theoretical predictions of 
element production and 
observations of element 
abundances in the Galaxy provide 
strong support for the theory of stellar evolution.

eventually becomes unable to support itself against gravity and 
begins to collapse. At the high temperatures produced during 
the collapse, iron nuclei are broken down into protons and 
neutrons. The protons combine with electrons to form more 
neutrons. Eventually, when the core becomes so dense that the 
neutrons are effectively brought into physical contact with one 
another, their resistance to further squeezing stops the 
collapse and the core rebounds, sending a violent shock wave 
out through the rest of the star. The star explodes in a core-
collapse supernova (p. 344).

LO5 Type I supernovae (p. 345) are 
hydrogen poor and have light 
curves similar in shape to those of 
novae. Type II supernovae  
(p. 345) are hydrogen rich and 
have a characteristic bump in the 
light curve a few months after 
maximum. A Type II supernova is a core-collapse supernova. 
A Type I supernova is a carbon-detonation supernova  
(p. 346), which occurs when a white dwarf in a binary 
system collapses and then explodes as its carbon ignites.  
We can see evidence for a past supernova in the form of a 
supernova remnant (p. 347), a shell of exploded debris 
surrounding the site of the explosion and expanding into 
space at a speed of thousands of kilometers per second.

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

rEViEW AnD DiScuSSiOn
 1. How long can a star like the Sun keep burning hydrogen in its 

core?

 2. LO1 Why is the depletion of hydrogen in the core of a star such 
an important event?

 3. What makes an ordinary star become a red giant?

 4. Roughly how big (in AU) will the Sun become when it enters 
the red giant phase?

 5. LO2 How long does it take for a star like the Sun to evolve from 
the main sequence to the top of the red giant branch?

 6. What is the helium flash?

 7. How do stars of low mass die? How do stars of high mass die?

 8. What is a planetary nebula? With what stage of stellar evolu-
tion is it associated?

 9. What are white dwarfs? What is their ultimate fate?

 10. LO3 Under what circumstances will a binary star produce a 
nova?

 11. LO4 What occurs in a massive star to cause it to explode?

 12. What are the observational differences between Type I and 
Type II supernovae?

 13. LO5 How do the mechanisms that cause Type I and Type II 
supernovae explain their observed differences?

 14. LO6 POS What evidence do we have that many supernovae 
have occurred in our Galaxy?

 15. LO7 POS What do stars in clusters tell us about the various 
stages of stellar evolution?
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PrOBLEMS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  Calculate the average density of a red giant core of mass 0.25 
solar masses and radius 15,000 km. Compare this with the av-
erage density of the giant’s envelope, if the mass of the enve-
lope is 0.5 solar masses and its radius is 0.5 AU. Compare each 
with the central density of the Sun.  (Sec. 9.2)

 2.  A main sequence star at a distance of 20 pc is barely visible 
through a certain telescope. The star subsequently ascends the 
giant branch, during which time its temperature drops by a 
factor of three and its radius increases 100-fold. What is the 
new maximum distance at which the star would still be visible 
using the same telescope?

 3.  The Sun will reside on the main sequence for years. If the 
luminosity of a main-sequence star is proportional to the 
fourth power of the star’s mass, what is the mass of a star that 
is just now leaving the main sequence in a cluster that formed 
(a) 400 million years ago? (b) 2 billion years ago?

 4.  How long will it take the Sun’s planetary nebula, expanding 
at a speed of 20 km/s, to reach the orbit of Neptune? How long 
to reach the nearest star?

 5.  What are the escape speed (in km/s) and surface gravity 
(relative to Earth’s gravity) of Sirius B (Table 12.2)?  (More 
Precisely 5-1)

 6.  A certain telescope could just detect the Sun at a distance 
of 10,000 pc. What is the apparent magnitude of the Sun at 

this distance? (For convenience, take the Sun’s absolute mag-
nitude to be 5.) What is the maximum distance at which the 
telescope could detect a nova having a peak luminosity of 105 
solar luminosities? Repeat the calculation for a supernova 
having a peak luminosity 1010 times that of the Sun.

 7.  At what distance would the supernova in the previous ques-
tion look as bright as the Sun (apparent magnitude 227)? 
Would you expect a supernova to occur that close to us?

 8.  A (hypothetical) supernova at a distance of 150 pc has an 
absolute magnitude of 220. Compare its apparent magni-
tude with that of (a) the full Moon; (b) Venus at its brightest 
(see Figure 10.6). Would you expect a supernova to occur so 
close to us?

 9.  The Crab Nebula is now about 1 pc in radius. If it was ob-
served to explode in a.d. 1054, roughly how fast is it expand-
ing? (Assume constant expansion velocity. Is that a reasonable 
assumption?)

 10.  A supernova’s energy is often compared to the total energy 
output of the Sun over its lifetime. Using the Sun’s current 
luminosity, calculate the total solar energy output, assuming a 
1010 year main-sequence lifetime. Using Einstein’s formula  
E 5 mc2 calculate the equivalent amount of mass, in Earth 
masses.  (Sec. 9.5)

cOncEPTuAL SELF-TEST: TruE Or FALSE?/MuLTiPLE chOicE
 1. All of the single red-dwarf stars that ever formed are still on the 

main sequence today. (T/F)

 2. The Sun will get brighter as it begins to run out of fuel in its 
core. (T/F)

 3. A planetary nebula is the disk of matter around a star that will 
eventually form a planetary system. (T/F)

 4. Nuclear fusion in the core of a massive star cannot create ele-
ments much heavier than iron. (T/F)

 5. A nova is a sudden outburst of light coming from an old main-
sequence star. (T/F)

 6. It takes less and less time to fuse heavier and heavier elements 
inside a high-mass star. (T/F)

 7. In a core-collapse supernova, the outer part of the core re-
bounds from the inner, high-density core, destroying the entire 
outer part of the star. (T/F)

 8. Because of stellar nucleosynthesis, the spectra of old stars 
show more heavy elements than those of young stars. (T/F)

 9. A white dwarf is supported by the pressure of tightly packed  
(a) electrons; (b) protons; (c) neutrons; (d) photons.

 10. A star like the Sun will end up as a (a) blue giant; (b) white 
dwarf; (c) binary star; (d) red dwarf.

11. A white dwarf can dramatically increase in brightness only if it 
(a) has another star nearby; (b) can avoid nuclear fusion in its 
core; (c) is spinning very rapidly; (d) is descended from a very 
massive star.

12. Nuclear fusion in the Sun will (a) never create elements heavier 
than helium; (b) create elements up to and including oxygen; 
(c) create all elements up to and including iron; (d) create some 
elements heavier than iron.

13. Most of the carbon in our bodies originated in (a) the core of 
the Sun; (b) the core of a red giant star; (c) a supernova; (d) a 
nearby galaxy.

14. ViS If the evolutionary track in Overlay 3, showing a Sun-like 
star, were instead illustrating a significantly more massive star, 
its starting point (stage 7) would be (a) up and to the right;  
(b) down and to the left; (c) up and to the left; (d) down and to 
the right.

15. ViS Figure 12.20 (Supernova Light Curves) indicates that a su-
pernova whose luminosity declines steadily in time is most 
likely associated with a star that is (a) without a binary com-
panion; (b) more than eight times the mass of the Sun; (c) on 
the main sequence; (d) comparable in mass to the Sun.
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AcTiViTiES
collaborative
 1. Open clusters are generally found in the plane of the Galaxy. If 

you can see the hazy band of the Milky Way arcing across your 
night sky—in other words, if you are far from city lights and 
looking at an appropriate time of night and year—you can 
simply sweep with your binoculars along the Milky Way. Nu-
merous “clumps” of stars will pop into view. Many will turn 
out to be open star clusters. The most easily visible clusters are 
those in the Messier catalog, but there are many others besides 
those. How many clusters can you find that are not on Messi-
er’s list?

 2. Globular star clusters are harder to find. They are intrinsically 
larger, but they are also much farther away and therefore ap-
pear smaller in the sky. The most famous globular cluster visi-
ble from the Northern Hemisphere is M13 in the constellation 
Hercules, visible on spring and summer evenings. It contains 
half million or so of the Galaxy’s most ancient stars. It may be 
glimpsed through binoculars as a little ball of light, located 
about one-third of the way from the star Eta to the star Zeta in 
the Keystone asterism of the constellation Hercules. Tele-
scopes reveal this cluster as a magnificent, symmetrical group-
ing of stars. Can you find the following well-known globular 
clusters: M3, M4, M5, M13, M15? Look online or in a star 
chart for details on how to locate them.

individual
 1. Can you find the Hyades cluster? It lies about 46 pc away in 

the constellation Taurus, making up the “face” of the bull. It 
appears to surround the very bright star Aldebaran, the bull’s 
eye, which makes it easy to locate in the sky. Aldebaran is a 
low-mass red giant, about twice the mass of the Sun, probably 
on the asymptotic giant branch of its evolution. Despite ap-
pearances, it is not part of the Hyades cluster. In fact, it lies 
only about half as far away—about 20 pc from Earth

 2. In 1758, Charles Messier discovered the sky’s most legendary 
supernova remnant, now called M1, or the Crab Nebula. It is 
located northwest of Zeta Tauri, the star that marks the south-
ern tip of the horns of Taurus the Bull. Try to find it. An 8-inch 
telescope reveals the Crab’s oval shape, but it will appear faint; 
a 10-inch or larger telescope reveals some of its famous fila-
mentary structure.

 3. The Ring Nebula (M57) is perhaps the most famous planetary 
nebula. At magnitude 9, it is faint, but a 6-inch or larger tele-
scope should show its structure. To locate it, find Beta and 
Gamma Lyrae, the second and third brightest stars in the con-
stellation Lyra. The ring lies between them, about one-third 
the way from Beta to Gamma. Don’t expect the Ring to look as 
colorful as the Hubble images you may have seen! Can you see 
any color in the ring?
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Neutron Stars and 
Black Holes
Strange States of Matter

13
Studying this chapter  
will enable you to:

LO1 List the key properties of 
neutron stars, and outline 
how these strange objects are 
formed.

LO2 Describe the nature and 
origin of pulsars, and explain 
how pulsars provide evidence 
for the existence of neutron 
stars.

LO3 List and explain some of the 
observable properties of 
neutron star binary systems.

LO4 Outline the basic 
characteristics of gamma-ray 
bursts and the leading 
theoretical attempts to 
explain them.

LO5 Describe Einstein’s theories of 
relativity, and explain how 
they relate to neutron stars 
and black holes.

LO6 Explain how black holes are 
formed, and describe their 
effects on matter and 
radiation in their vicinity.

LO7 Relate the phenomena that 
occur near black holes to the 
warping of space around 
them.

LO8 Describe the difficulties in 
observing black holes, and list 
some ways in which black 
holes can be detected.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

The almost unimaginable violence of supernova explosions may create objects so 
extreme in their behavior that they require us to reconsider some of our most cherished 
laws of physics. They open up a science fiction writer’s dream of fantastic phenomena 
that border on reality. They may even one day force scientists to construct a whole new 
theory of the universe.

THe Big PicTure

Neutron stars and black holes are among the most 
exotic members of the vast population of stars 
throughout the universe. These objects represent the 
end states of stellar systems, yet despite their bizarre 
nature, they do seem to agree quite well with models 
of stellar evolution. This stunning image combines 
X-ray observations from the Chandra satellite, with 

red, green, and blue representing low, medium, and 
high X-ray energies. This debris field spread across 
10 light-years is known as Cassiopeia A, the remnant 
of a supernova whose radiation first reached Earth 
about 300 years ago. The white dot at the center may 
be a neutron star created at the precise center of the 
blast. (CXC)

L e a r n i n g 
O u tcO M e S

Our study of stellar evolution has led us to some very unusual and unexpected objects. 

Red giants, white dwarfs, and supernova explosions surely represent extreme states of 

matter completely unfamiliar to us here on Earth. Yet, stellar evolution can have even 

more bizarre consequences. The strangest states of all result from the catastrophic 

implosion–explosion of stars much more massive than our Sun.

Neutron stars and black holes are among the most exotic objects in the universe. 

They are the end of the road for massive stars, and their bizarre properties boggle the 

imagination. Yet theory and observation seem to agree that, fantastic or not, they really 

do exist in space.
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13.1 Neutron Stars
What remains after a supernova explosion? Is the original star blown to bits and 
dispersed into interstellar space, or does some portion of it survive? For a Type I 
(carbon-detonation) supernova, most astronomers regard it as unlikely that any-
thing is left behind after the explosion.  (Sec. 12.5) The entire star is shattered 
by the blast. However, for a Type II (core-collapse) supernova, theoretical calcula-
tions indicate that part of the star should survive the explosion.

Recall that in a Type II supernova, the iron core of a massive star collapses 
until its neutrons effectively come into contact with one another. At that point the 
central portion of the core rebounds, creating a powerful shock wave that races 
outward through the star, violently expelling matter into space.  (Sec. 12.4) 
The key point here is that the shock wave does not start at the very center of the 
collapsing core. The innermost part of the core—the region that rebounds—
remains intact as the shock wave it produces destroys the rest of the star. After 
the violence of the supernova has subsided, this ultracompressed ball of neutrons 
is all that is left. Researchers call this core remnant a neutron star.

Neutron stars are extremely small and very massive. Composed purely of neu-
trons packed together in a tight ball about 20 km across, a typical neutron star is not 
much bigger than a small asteroid or a terrestrial city (Figure 13.1), yet its mass is 
greater than that of the Sun. With so much mass squeezed into such a small volume, 
neutron stars are incredibly dense—some 1017 or even 1018 kg/m3, nearly a billion 
times denser than a white dwarf.  (Sec. 12.3) A thimbleful of neutron star mate-
rial would weigh 100 million tons—about as much as a terrestrial mountain.

Neutron stars are solid objects. Provided that a sufficiently cool one could be 
found, you might even imagine standing on it. However, this would not be easy, 
as its gravity is immensely strong. A 70-kg human would weigh the Earth equiva-
lent of about 1 billion kilograms (1 million tons). The severe pull of a neutron 
star’s gravity would flatten you much thinner a piece of paper.

In addition to large mass and small size, newly formed neutron stars have 
two other very important properties. First, they rotate extremely rapidly, with pe-
riods measured in fractions of a second. This is a direct result of the law of con-
servation of angular momentum (Chapter 4), which tells us that any rotating 
body must spin faster as it shrinks, and the core of the parent star almost cer-
tainly had some rotation before it began to collapse.  (More Precisely 4-2) 
Second, they have very strong magnetic fields. The original field of the parent star 
is amplified as the collapsing core squeezes the magnetic field lines closer to-
gether, creating a magnetic field trillions of times stronger than Earth’s.

In time, theory indicates, a neutron star will spin more and more slowly as it ra-
diates its energy into space, and its magnetic field will diminish. However, for a few 
million years after its birth, these two properties combine to provide the primary 
means by which this strange object can be detected and studied, as we now discuss.

13.2 Pulsars
The first observation of a neutron star occurred in 1967 when Jocelyn Bell, a grad-
uate student at Cambridge University, observed an astronomical object emitting 
radio radiation in the form of rapid pulses (Figure 13.2). Each pulse consisted of a 
roughly 0.01-s burst of radiation, separated by precisely 1.34 s from the next.

More than 1500 of these pulsating objects are now known. They are called 
pulsars. Each has its own characteristic pulse shape and period. Observed 
pulsar periods are generally quite short, ranging from about a few milliseconds 
to about a second, corresponding to flashing rates of between one and several 

ConCept CheCk 

are all supernovae expected to lead to neutron 
stars?

 Figure 13.1 Neutron Star  Neutron stars are not 
much larger than many of Earth’s major cities. In this fanciful 
comparison, a typical neutron star sits alongside Manhattan 
Island. (NASA)
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hundred times per second. In some cases, the periods are extremely stable—in 
fact, constant to within a few seconds in a million years—making pulsars the 
most accurate natural clocks known in the universe, more accurate even than 
the best atomic clocks on Earth.

A Pulsar Model
When Bell made her discovery in 1967, she did not know what she was looking at. 
Indeed, no one at the time knew what a pulsar was. The explanation won Bell’s 
thesis advisor, Anthony Hewish, the 1974 
Nobel Prize in physics. Hewish reasoned 
that the only physical mechanism 
consistent with such precisely timed pulses 
is a small, rotating source of radiation. 
Only rotation can cause the high degree of 
regularity of the observed pulses, and only a 
small object can account for the sharpness 
of each pulse (see Section 13.4). The best 
current model describes a pulsar as a 
compact, spinning neutron star that 
periodically flashes radiation 
toward Earth.

Figure 13.3 outlines the 
main features of this pulsar 
model. Two “hot spots,” either 
on the surface of a neutron 
star or in the magnetosphere 
just above it, continuously emit 
radiation in a narrow beam. These spots 
are most likely localized regions near the 
neutron star’s magnetic poles, where 
charged particles, accelerated to extremely 
high energies by the star’s rotating mag-
netic field, emit radiation along the star’s 
magnetic axis. The hot spots radiate more 
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 Figure 13.2 Pulsar radiation  This 
recording shows the regular change in the 
intensity of the radio radiation emitted 
by the first pulsar discovered, known as 
CP1919. Some of the object’s pulses are 
marked.
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A lighthouse beacon 
is a good analogy 
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 Figure 13.3 Pulsar Model  The “lighthouse 
model” of neutron star emission explains many of 
the observed properties of pulsars. Charged parti-
cles, accelerated by the magnetism of the neutron 
star, flow along the magnetic field lines, producing 
radio radiation that beams outward. At greater dis-
tances from the star, the field lines channel these 
particles into a high-speed outflow in the star’s 
equatorial plane, forming a pulsar wind. The beam 
sweeps across the sky as the neutron star rotates. If 
it happens to intersect Earth, we see a pulsar.
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or less steadily, and the resulting beams sweep through space like a revolving 
lighthouse beacon as the neutron star rotates. Indeed, this pulsar model is often 
known as the lighthouse model. If the neutron star happens to be oriented such 
that one of the rotating beams sweeps across Earth, then we see the pulses. The 
period of the pulses is the star’s rotation period.

A few pulsars are definitely associated with supernova remnants, clearly 
establishing those pulsars’ explosive origin, although not all such remnants have 
a detectable pulsar within them. Figure 13.4(c) shows optical images of the Crab 
pulsar at the center of the Crab supernova remnant (Figure 13.4a).  

 (Sec. 12.5) By observing the speed and direction of the Crab’s ejected matter, 
astronomers can work backward to pinpoint the location in space at which the 
explosion must have occurred. It corresponds to the location of the pulsar. This is 
all that remains of the once massive star whose supernova was observed in 1054.

As indicated in Figure 13.3, the neutron star’s strong magnetic field and rapid 
rotation channel high-energy particles from near the star’s surface into the 
surrounding nebula. The result is an energetic pulsar wind that flows outward at 
almost the speed of light, primarily in the star’s equatorial plane. Figure 13.4(b) 
shows this process in action in the Crab—this combined Hubble/Chandra image 
reveals rings of hot X-ray-emitting gas moving rapidly away from the pulsar. 
Eventually, the energy from the pulsar wind is deposited in the surrounding Crab 
Nebula, heating the gas to very high temperatures and powering the spectacular 
display we see from Earth.

Most pulsars emit pulses in the form of radio radiation. However, some also 
pulse in the visible, X-ray, and gamma-ray parts of the spectrum. Figure 13.5 
shows the Crab and nearby Geminga pulsars in gamma rays. Geminga is unusual 
in that, while it pulsates strongly in gamma rays, it is barely detectable in visible 
light and not at all at radio wavelengths. Whatever types of radiation are pro-
duced, pulsar flashes at different frequencies all occur at regular, repeated time 
intervals—as we would expect since they arise from the same object—although 
the pulses may not all occur at the same instant.

Most known pulsars are observed (usually by Doppler measurements) to 
have high speeds—much greater than the typical speeds of stars in the Galaxy. 
The most likely explanation for these anomalously high speeds is that a neutron 
star can receive a substantial “kick” due to asymmetries in the supernova in 
which it forms. If the supernova’s enormous energy is channeled even slightly in 
one direction, the newborn neutron star/pulsar can recoil in the opposite 
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Pulsar in crab nebula

Here the pulsar cannot be seen c
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 Figure 13.4 crab Pulsar  In the core of the 
Crab Nebula (a), the Crab pulsar (c) blinks on 
and off about 30 times each second. In the top 
frame, the pulsar is off; in the bottom frame, it is 
on (arrow). (b) This Chandra X-ray image of the 
Crab, superimposed on a Hubble optical image, 
shows the central pulsar, as well as rings of hot 
X-ray-emitting gas in the equatorial plane, driven 
outward by the pulsar wind. Also visible in the 
image is a jet of hot gas escaping perpendicular 
to the equatorial plane. (ESO; NASA; UC/Lick 
Observatory)

ConCept CheCk

Why don’t we see pulsars at the centers of all 
supernova remnants?
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direction with a speed of many tens or even hundreds of kilometers per second. 
Thus, observations of pulsar velocities give theorists additional insight into the 
detailed physics of supernovae.

Neutron Stars and Pulsars
All pulsars are neutron stars, but not all neutron stars are pulsars, for two rea-
sons. First, the two ingredients that make the neutron star pulse—rapid rotation 
and strong magnetic field—both diminish with time, so the pulses gradually 
weaken and become less frequent. Theory indicates that within a few tens of mil-
lions of years, the pulses have all but stopped. Second, even a young, bright pul-
sar is not necessarily visible from Earth. The pulsar beam depicted in Figure 13.3 
is relatively narrow—perhaps as little as a few degrees across. Only if the neutron 
star happens to be oriented in just the right way do we see pulses. When we see 
the pulses from Earth, we call the object a pulsar. Note that we are using the term 
“pulsar” here to mean the pulsing object we observe if the beam crosses Earth. 
However, many astronomers use the word more generically to mean any young 
neutron star producing beams of radiation as in Figure 13.3. Such an object will 
be a pulsar as seen from some directions—just not necessarily ours!

Figure 13.6 shows Hubble images of a neutron star that is not a pulsar. First 
identified by X-ray observations, this object is just 30 km across and has a surface 
temperature of about 700,000 K. Despite this enormous temperature, its small size 
means that it is very faint—just 25th magnitude in visible light.  (Sec. 10.4) 
The star is thought to be about 1 million years old, lies about 60 pc away, and is 
moving at a speed of 110 km/s across our line of sight. Such faint objects are very 
difficult to detect, however, and a detection of a “bare” neutron star like this is  
a rare event. Most cataloged neutron stars have been detected either as pulsars or 
by their interaction with a “normal” stellar companion in a binary system (see 
Section 13.3).

Given our current knowledge of star formation, stellar evolution, and 
neutron stars, observations of pulsars are consistent with the ideas that  
(1) every high-mass star dies in a supernova explosion, (2) most supernovae 
leave a neutron star behind (a few result in black holes, as discussed in a 
moment), and (3) all young neutron stars emit beams of radiation, just like the 
pulsars we actually detect. On the basis of estimates of the rate at which massive 
stars have formed over the lifetime of the Milky Way, astronomers reason that, 
for every pulsar we know of, there must be several hundred thousand more 
neutron stars moving unseen somewhere in the Galaxy. Some formed relatively 
recently—less than a few million years ago—and simply happen not to be 
beaming their energy toward Earth. However, the vast majority are old, their 
youthful pulsar phase long past.

Neutron stars (and black holes too) were suggested by theory long before 
they were actually observed, although their extreme properties made many sci-
entists doubt that they would ever be found in nature. The fact that we now 
have strong observational evidence, not just for their existence, but also for the 
vitally important roles they play in many areas of high-energy astrophysics, is 
yet another testament to the fundamental soundness of the theory of stellar 
evolution.

(b) 0.24 second
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Geminga pulsar

Crab pulsar
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 Figure 13.5 gamma-ray Pulsars  (a) The Crab and 
Geminga pulsars lie fairly close to one another in the 
sky. Unlike the Crab, Geminga is barely visible at optical 
wavelengths, and undetectable in the radio region of the 
spectrum. (b) Sequence of Compton Gamma-Ray Observatory 
images showing Geminga’s 0.24-s pulse period. (NASA)
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 Figure 13.6 isolated Neutron Star  This lone neutron 
star was first detected by its X-ray emission and subsequently 
imaged by Hubble. This 700,000-K object lies about 60 pc 
from Earth and is thought to be about 1 million years old.  
This triple exposure shows the star streaking across the sky  
at more than 100 km/s. (NASA)
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13.3 Neutron Star Binaries
We noted in Chapter 10 that most stars are members of binary systems.  

 (Sec. 10.7) Although many pulsars are known to be isolated (that is, not part 
of any binary), at least some do have binary companions, and the same is true of 
neutron stars in general (that is, even the ones not seen as pulsars). One impor-
tant consequence of this is that some neutron star masses have been determined 
very accurately. Most of the measured masses are fairly close to 1.4 times the 
mass of the Sun—the Chandrasekhar mass of the stellar core that collapsed to 
form the neutron star remnant—although a neutron star with a mass twice that 
of the Sun has recently been reported.

X-ray Sources
With the launch of the first orbiting X-ray telescopes in the 1970s, numerous 
X-ray sources were found near the central regions of our Galaxy and also near the 
centers of a few globular star clusters.  (Sec. 11.6) Some of these sources, 
known as X-ray bursters, emit much of their energy in violent eruptions, each 
thousands of times more luminous than our Sun but lasting only seconds. A typi-
cal burst is shown in Figure 13.7.

The X-ray emission is thought to arise on or near neutron stars that are mem-
bers of binary systems. Matter torn from the surface of the companion by the 
neutron star’s strong gravitational pull accumulates on the neutron star’s surface. 
(Figure 12.14 shows the white dwarf equivalent.)  (Sec. 12.3) The gas forms 
an accretion disk around the neutron star, then slowly spirals inward. The inner 
portions of the disk become extremely hot, releasing a steady stream of X-rays.

As gas builds up on the neutron star’s surface, its temperature rises due to the 
pressure of overlying material. Eventually, it becomes hot enough to fuse hydrogen. 
The result is a sudden period of rapid nuclear burning that releases a huge amount 
of energy in a brief but intense X-ray burst. After several hours of renewed accumu-
lation, a fresh layer of matter produces the next burst. The mechanism is similar to 
that responsible for a nova explosion on a white dwarf, except that it occurs on a 
far more violent scale because of the neutron star’s much stronger surface gravity.

Millisecond Pulsars
In the mid-1980s astronomers discovered an important new category of 
pulsars—a class of very rapidly rotating objects called millisecond pulsars. 
These objects spin hundreds of times per second (that is, their pulse periods are a 
few milliseconds, 0.001 s). This speed is about as fast as a typical neutron star can 
spin without flying apart. In some cases the star’s equator is moving at more than 
20 percent of the speed of light. This suggests a phenomenon bordering on the 
incredible—a cosmic object just 20 km across, more massive than our Sun, 
spinning almost at breakup speed, making nearly 1000 complete revolutions every 
second. Yet the observations and their interpretation leave little room for doubt. 
More than 200 millisecond pulsars are now known.

The story of these remarkable objects is further complicated by the fact that 
many of them—about two-thirds—are found in globular clusters. This is odd be-
cause globular clusters are at least 10 billion years old, yet Type II supernovae (the 
kind that create neutron stars) are associated with massive stars that explode within 
a few tens of millions of years after their formation, and no stars have formed in any 
globular cluster since the cluster came into being.  (Secs. 11.6, 12.4) Thus, no 
new neutron star has been produced in a globular cluster in a very long time. Fur-
thermore, as mentioned earlier, the pulsar produced in a supernova explosion is 
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 Figure 13.7 X-ray Burster  An X-ray burster produces 
a sudden, intense flash of X-rays, followed by a period of 
relative inactivity lasting as long as several hours. Then 
another burst occurs. (a) An optical photograph of the 
globular star cluster Terzan 2, showing a 2“ dot at the center 
where the X-ray bursts originate. (b) X-ray images taken before 
and during the outburst. The most intense X-rays correspond 
to the position of the black dot shown in (a). (SAO)

Neutron
star

Matter strikes the star while
moving parallel to its surface.

Gas from a companion star
spirals down while infalling.

 Figure 13.8 Millisecond Pulsar  As infalling matter 
strikes the star, it moves almost parallel to the surface, so it 
tends to make the star spin faster. Eventually, this process can 
result in a millisecond pulsar—a neutron star spinning at the 
incredible rate of hundreds of revolutions per second.
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expected to slow down and fade away in only a few tens 
of millions of years—after 10 billion years, its rotation 
rate should be very slow. The rapid rotation of the pul-
sars found in globular clusters therefore cannot be a 
relic of their birth. These pulsars must have been “spun 
up”—that is, had their rotation rates increased—by some 
other, much more recent, mechanism.

The most likely explanation for the high rotation 
rate of millisecond pulsars is that they have been spun 
up by drawing in matter from a companion star. As mat-
ter spirals down onto the neutron star’s surface in an ac-
cretion disk, it provides the “push” needed to make the 
neutron star spin faster (Figure 13.8). Theoretical calcu-
lations indicate that this process can spin the star up to 
breakup speed in about 100 million years. This picture 
is supported by the finding that, of the 140 or so milli-
second pulsars observed in globular clusters, roughly 
half are known currently to be members of binary sys-
tems. The remaining solo millisecond pulsars were 
probably formed when an encounter with another star ejected the pulsar from the 
binary or when the pulsar’s own intense radiation destroyed its companion.

Notice that the scenario of accretion onto a neutron star from a binary com-
panion is the same as the one we just used to explain X-ray binaries. In fact, the 
two phenomena are very closely linked. Many X-ray binaries may be on their way 
to becoming millisecond pulsars, and many millisecond pulsars are X-ray sources, 
powered by the trickle of material still falling onto them from their binary com-
panions. Figure 13.9 shows the globular cluster 47 Tucanae, together with a re-
markable Chandra image of its core showing more than 100 X-ray sources—about 
10 times the number that had been known in the cluster prior to Chandra’s launch. 
Roughly half of these sources are millisecond pulsars; the cluster also contains 
two or three “conventional” neutron star binaries. Most of the remaining sources 
are white dwarf binaries, similar to those discussed in Chapter 12.  (Sec. 12.3)

Pulsar Planets
Radio astronomers can capitalize on the precision with which pulsar signals 
repeat themselves to make extremely accurate measurements of pulsar motion. 
In 1992 radio astronomers at the Arecibo Observatory found that the pulse period 
of a millisecond pulsar lying some 500 pc from Earth exhibits tiny but regular 
fluctuations (at the level of about 1 part in 107) on two distinct time scales—67 
and 98 days.

These fluctuations are caused by the Doppler effect as the pulsar wobbles 
back and forth in space under the combined gravitational pulls of two small bod-
ies, each about three times the mass of Earth  (Sec. 4.4). One orbits the pulsar 
at a distance of 0.4 AU, the other at a distance of 0.5 AU, with orbital periods of 
67 and 98 days, respectively. Further observations not only confirmed these find-
ings, but also revealed the presence of a third body, with a mass comparable to 
that of Earth’s Moon, orbiting just 0.2 AU from the pulsar.

 Figure 13.9 cluster X-ray Binaries  The dense core 
of the old globular cluster 47 Tucanae harbors more than 
100 separate X-ray sources (shown in the Chandra image 
at bottom right). More than half of these are thought to be 
binary millisecond pulsars, still accreting small amounts of gas 
from their companions after an earlier period of mass transfer 
spun them up to millisecond speeds. (ESO; NASA)
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These remarkable findings were the first definite evidence of planet-sized 
bodies outside our solar system. A few other millisecond pulsars have since 
been found also to have planets. However, it is unlikely that any of these plan-
ets formed in the same way as our own. Any planetary system orbiting the 
pulsar’s parent star was almost certainly destroyed in the supernova explo-
sion that created the pulsar. Scientists are uncertain about how these planets 
came into being. One possibility involves the binary companion that provided 
the matter necessary to spin the pulsar up to millisecond speeds. Possibly, the 
pulsar’s intense radiation and strong gravity destroyed the companion, then 
spread its matter out into a disk (a little like the solar nebula) in whose cool 
outer regions the planets might have condensed.

Astronomers searched for decades for planets orbiting main-sequence 
stars like our Sun on the assumption that planets are a natural by-product of 
star formation.  (Sec. 4.3) These searches have now identified many 
extrasolar planets, although only a few planets comparable in mass to Earth 
have so far been detected.  (Sec. 4.4) It is ironic that the first Earth-sized 
planets found outside the solar system orbit a dead star and have little or 
nothing to do with our own world.

13.4 gamma-ray Bursts
Discovered serendipitously in the late 1960s by military satellites looking for 
violations of the Nuclear Test Ban Treaty, and first made public in the 1970s, 
gamma-ray bursts consist of bright, irregular flashes of gamma rays typi-
cally lasting only a few seconds (Figure 13.10a). Until the 1990s it was thought 
that gamma-ray bursts were basically “scaled-up” versions of X-ray bursters, 
in which even more violent nuclear events released more energetic gamma 
rays. However, that is not the case.

distances and Luminosities
Figure 13.10(b) shows an all-sky plot of the positions of 2704 bursts detected 
by the Compton Gamma-Ray Observatory (CGRO) during its 9-year operational 
lifetime.  (Sec. 3.5) On average, CGRO detected gamma-ray bursts at the 
rate of about one per day. Note that the bursts are distributed uniformly across 
the sky, rather than being confined to the relatively narrow band of the Milky 
Way (compare Figure 3.30). This widespread distribution convinced most 
astronomers that the bursts do not originate within our own Galaxy, as had 
previously been assumed, but instead are produced at much greater distances.

Measuring the distance to a gamma-ray burst is no easy task. The 
gamma-ray observations do not provide enough information 

in and of themselves to tell us how far away the burst is, so 
astronomers must instead associate the burst with 

some other object in the sky—called the burst 

Some gamma ray bursts
last just a fraction of a
second c

cwhile others persist
for minutes or even hours.
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 Figure 13.10 gamma-ray Bursts  (a) Plots of 
intensity versus time for three gamma-ray bursts show 
that some of them are irregular and spiky, whereas others 
are much more smoothly varying. (b) Positions on the sky 
of all the gamma-ray bursts detected by the Compton 
Gamma-Ray Observatory during its 9 years of operation in 
orbit. The bursts appear to be distributed uniformly across 
the entire sky, which is mapped here with the plane of the 
Milky Way running horizontally across its center. (NASA)
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counterpart—whose distance can be measured by other means. The techniques 
for studying counterparts generally involve observations in the optical or X-ray 
parts of the electromagnetic spectrum. The problem is that the resolution of a 
gamma-ray telescope is quite poor, so burst positions are uncertain by up to 1 
degree, and a relatively large region of the sky must be scanned in search of a 
counterpart.  (Sec. 3.5) In addition, the “afterglow” of a burst at X-ray or op-
tical wavelengths fades quite rapidly, severely limiting the time available to com-
plete the search (see Figures 13.11a and b).

The most successful searches for burst counterparts have been carried 
out by satellites combining gamma-ray detectors with X-ray and/or optical 
telescopes. For example, NASA’s Swift mission, launched in 2004 and still (as 
of 2015) operational, combines a wide-angle gamma-ray detector (to monitor 
as much of the sky as possible) with two telescopes: 
one X-ray and one optical/ultraviolet instrument. The 
gamma-ray detector system pinpoints the direction of 
the burst to an accuracy of about 4 arc minutes, and 
within seconds the onboard computer automatically 
repositions the satellite to point the X-ray and optical 
telescopes in that direction. At the same time, the 
craft relays the burst position to other instruments in 
space and on the ground. Swift detects burst counter-
parts at the rate of about one per week and has played 
a pivotal role in advancing our understanding of these 
violent phenomena. Figures 13.11(c) and (d) show 
Swift X-ray and optical images of GRB 080319B, one 
of the brightest bursts to date. Automated observa-
tions at many wavelengths began within seconds of 
Swift’s detection, making this burst one of the most 
intensively studied on record.

The first direct measurement of the distance to a 
gamma-ray burst was made in 1997 when astronomers 
detected the visible afterglow created as the burst 
faded and cooled. Using spectroscopic distance-
measurement techniques (to be discussed in more 
detail in Section 16.1, they found that the event 
occurred more than 2 billion parsecs from Earth. 
Figure 13.11 shows an optical image of another 
gamma-ray burst, this one almost 5 billion parsecs 
distant, along with what may be its host galaxy; this is 
one of the first images to associate a burst with a 
possible galactic host. To date, the distances to 
hundreds of gamma-ray bursts have been measured 
from their afterglows. All are very large, implying that 
the bursts must be extremely energetic, otherwise they 
wouldn’t be detectable by our equipment.

By the late 1990s, detection techniques had improved to the point that as-
tronomers could locate and study both the rapidly fading afterglows and the faint 
host galaxies of many gamma-ray bursts. They were then able to measure the 
distances to these violent events. Distances to several hundred gamma-ray bursts 
are currently known. As suggested by the bursts’ distribution on the sky, all of the 
measured distances are very large—typically billions of parsecs. The two bursts 
shown in Figure 13.11 lie, respectively, 3.6 and 2.3 billion parsecs away.

These large distances imply that the bursts must be very energetic, since 
otherwise we wouldn’t be able to detect them. But when astronomers tried to 
estimate the total energy emitted using the inverse-square law, they ran into a 

ConCept CheCk

What is the connection between X-ray sources 
and millisecond pulsars?

(a) (b)
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 Figure 13.11 gamma-ray Burst counterpart  (a) Optical  
image of the gamma-ray burst GRB 971214 taken by the  
Keck telescope, shows the bright visible afterglow of the 
gamma-ray source (arrow). (b) By the time this Hubble image 
was taken 2 months later, the afterglow had faded, but a  
faint image of a host galaxy remains. (c and d) Another  
long-duration gamma-ray burst, GRB 080319B, was one of the 
brightest yet observed. Its light was emitted 7.5 billion years 
ago, yet for a few seconds the flash would have been visible 
to the unaided eye—if anyone had been looking in just the 
right spot! Only moments after detonation, it was observed in 
X-rays (c) and in visible light (d). (Keck; NASA; ESO)
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problem.  (Sec. 10.2) If they assumed that the gamma rays were emitted 
equally in all directions, they found that each burst would generate more energy—
in some cases hundreds of times more energy—than a typical supernova explosion, 
all in a matter of seconds! Such an immense amount of power seemed to defy the 
laws of physics. However, if the energy is emitted as a jet, as most experts now 
think, then the overall luminosity of the burst is reduced to much more manageable 
levels, as the energy we see is representative of only a small fraction of the sky, 
making the energetics of the brightest bursts easier to understand.

As an analogy, consider a handheld laser pointer of the sort commonly used 
in talks and lectures. It radiates only a few milliwatts of power, much less than a 
household lightbulb, but it appears enormously bright if you happen to look di-
rectly into the beam. (Don’t do this, by the way!) The laser beam is bright because 
all of its energy is concentrated in almost a single direction instead of being radi-
ated in all directions into space.

What causes the Bursts?
Not only are gamma-ray burst sources extremely energetic, they are also very 
small. The millisecond flickering in the bursting gamma rays detected by [CGRO] 
implies that whatever their origin, all of their energy must come from a volume 
no larger than a few hundred kilometers across. The reasoning is as follows: If 
the emitting region were, say, 300,000 km—1 light-second—across, even an in-
stantaneous change in intensity at the source would be smeared out over a time 
interval of 1 s as seen from Earth, because light from the far side of the object 
would take 1 s longer to reach us than light from the near side. For the gamma-
ray variation not to be blurred by the light-travel time, the source cannot be 
more than 1 light-millisecond, or 300 km, in diameter.

Theoretical models of 
gamma-ray bursts describe 
the burst as a relativistic fire-
ball—an expanding jet of su-
perhot gas radiating furiously 
in the gamma-ray part of the 
spectrum. (The term “relativ-
istic” here means that the gas 
particles are moving at speeds 
comparable to the speed of 
light, and Einstein’s theory of 
relativity is needed to describe 
them—see Section 13.6.) The 
complex burst structure and 
afterglows we see are pro-
duced as the fireball expands, 
cools, and interacts with its 
surroundings.

Two leading models for 
the energy source have 
emerged. The first (Figure 
13.12a) is the “true” end point 
of a binary star system. Sup-
pose that both members of the 
binary become neutron stars. 
As the system continues to 
evolve, gravitational radiation 
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 Figure 13.12 gamma-ray Burst Models  Two models 
have been proposed to explain gamma-ray bursts. Part (a) 
depicts the merger of two neutron stars; part (b) shows the 
collapse of a single star. Both models predict (at right) a 
relativistic fireball, perhaps releasing energy in the form of 
jets, as shown.
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Electromagnetic waves are common everyday phenomena. They 
involve periodic changes in the strengths of electric and magnetic 
fields.  (Fig. 2.6) They move through space and transport en-
ergy. Any accelerating charged particle, such as an electron in a 
broadcasting antenna or on the surface of a star, generates elec-
tromagnetic waves.

The modern theory of gravity—Einstein’s theory of 
relativity—also predicts waves that move through space. A gravity 
wave is the gravitational counterpart of an electromagnetic wave. 
Gravitational radiation results from changes in the strength of a 
gravitational field. In theory, any time an object having any mass 
accelerates, a gravity wave is emitted at the speed of light. The 
passage of a gravity wave should produce small distortions in the 
space through which it passes. Gravity is an exceedingly weak 
force compared with electromagnetism, so these distortions are 
expected to be very small—in fact, much smaller than the 
diameter of an atomic nucleus for waves that might be produced 
by any known astrophysical source. Yet many researchers think 
that these tiny distortions should be measurable. No experiment 
has yet succeeded in detecting gravity waves, but their detection 
would provide such strong support for the theory of relativity 
that scientists are eager to find them.

The leading candidates for systems likely to produce gravity 
waves detectable on Earth include (1) close binary systems 
containing black holes, neutron stars, or white dwarfs and (2) the 
collapse of a star into a black hole. Each of these possibilities 
involves the acceleration of huge masses, resulting in rapidly 
changing gravitational fields. The first probably presents the best 
chance to detect gravity waves. Binary star systems should emit 
gravitational radiation as the component stars orbit one another. 
As energy escapes in the form of gravity waves, the two stars 
spiral toward one another, orbiting more rapidly and emitting 
even more gravitational radiation. For sufficiently close systems, 
the stars merge in a few tens or hundreds of millions of years 
(although most of the radiation is emitted during the last few 
seconds). As we saw in Section 13.4, neutron star mergers may 
well also be the origin of some gamma-ray bursts, so gravitational 
radiation might provide an alternative means of studying these 
violent and mysterious phenomena.

Such a slow but steady decay in the orbit of a binary system 
has in fact been detected. In 1974, radio astronomer Joseph 
Taylor and graduate student Russell Hulse at the University of 
Massachusetts discovered a very unusual binary system. Both 
components are neutron stars, and one is observable from Earth 
as a pulsar. This system has become known as the binary pulsar. 
Measurements of the periodic Doppler shift of the pulsar’s 
radiation show that its orbit is slowly shrinking at exactly the rate 
predicted by relativity theory if the energy were being carried off 

by gravity waves. Even though the gravity waves themselves have 
not been detected, the binary pulsar is regarded by most 
astronomers as very strong evidence supporting general relativity. 
Taylor and Hulse received the 1993 Nobel Prize in Physics for 
their discovery.

In 2004, radio astronomers announced the discovery of a 
double-pulsar binary system with an even shorter period than the 
binary pulsar, implying stronger relativistic effects and a shorter 
merger time—less than 100 million years. Because both compo-
nents are pulsars and the system, by pure luck, also happens to 
be seen almost exactly edge on by observers on Earth, leading to 
eclipses, this system has provided a wealth of information on 
both neutron stars and gravitational physics.

The figure below shows part of an ambitious gravity-wave 
observatory called LIGO—short for Laser Interferometric Gravity-
Wave Observatory—which became operational in 2003. Twin 
detectors, one (shown here) in Hanford, Washington, the other in 
Livingston, Louisiana, use laser beams to measure the extremely 
small (less than one-thousandth the diameter of an atomic 
nucleus) distortions of space produced in the lengths of the 4-km-
long arms should a gravity wave pass by. The instruments are in 
theory capable of detecting waves from many Galactic and 
extragalactic sources, although, so far, no gravity waves have 
actually been detected, despite upgrades in 2010 and 2015 that 
boosted the detector’s sensitivity by more than a factor of 20.

If these experiments are successful, the discovery of gravity 
waves could herald a new age in astronomy, in much the same 
way that invisible electromagnetic waves, virtually unexplored a 
century ago, revolutionized classical astronomy and led to the 
field of modern astrophysics.

gravity Waves—A New Window on the universe

13.1 D i s C o v e r y

4 km
Laser tube Laser tube
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The blue curve shows the detected
light; the dashed and dotted

curves outline the theoretical
model that explains it.
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(see Discovery 13-1) is released, and the two ultradense stars spi-
ral in toward each other. Once they are within a few kilometers 

of one another, coalescence is inevitable. Such a merger will likely produce a vio-
lent explosion comparable in energy to a supernova, and energetic enough to 
explain the flashes of gamma rays we observe. The overall rotation of the binary 
system may channel the energy into a high-speed, high-temperature jet.

The second model (Figure 13.12b), sometimes called a hypernova, is a 
“failed” supernova—but what a failure! In this picture a very massive star under-
goes core collapse just as described earlier for a Type II supernova, but instead of 
forming a neutron star, the core collapses in on itself, forming a black hole (see 
Section 13.5).  (Sec. 12.4) Instead of being blown to pieces, the star implodes 
onto the black hole, forming an accretion disk and again generating a relativistic 
jet. The jet punches its way out of the star, producing a gamma-ray burst as it 
slams into the surrounding shells of gas expelled from the star during the final 
stages of its nuclear-burning lifetime. At the same time, intense radiation from 
the accretion disk may restart the stalled supernova, blasting what remains of 
the star into space.

The idea of a relativistic fireball has become widely accepted among workers 
in this branch of astrophysics. Most researchers regard it as likely that the en-
ergy is released as a jet and that the most intense gamma-ray bursts occur when 
the jet is directed toward us (“looking into the laser”). Which of the two models 
just described is correct? Experts in the field would say that the answer is prob-
ably both. The hypernova model predicts bursts of relatively long duration and is 
the leading explanation of the “long” gamma-ray bursts lasting more than about 
2 s. Detailed calculations indicate that the neutron star merger model can natu-
rally account for the shorter bursts. Thus, both of the scenarios depicted in Fig-
ure 13.12 contribute to the total.

Thanks to the “rapid response network” provided by Swift and other in-
struments, astronomers now have detailed observations of many afterglows 
of both types of burst. Figures 13.13(a) and (b) show the afterglow of the 
long burst GRB 030329, as seen by the 8.2-m VLT in Chile.  (Sec. 3.2) 
Both the spectrum and the light curve were consistent with what astrono-
mers expected from the supernova of a very massive (roughly 25-solar mass) 
star.  (Sec. 12.4) Figure 13.13(c) shows a simplified light curve of another 
burst, illustrating how the “burst” and “hypernova” components can be 
distinguished.

The rapidly fading X-ray afterglows from the short bursts are consistent with 
the predictions of the neutron star merger scenario. Very recent observations also 
reveal that a few of these bursts may actually involve the theoretically predicted, 
but rare, merger between a neutron star and a black hole, which should have its 
own characteristic light signature.

 Figure 13.13 Hypernova?  The gamma-ray burst GRB 030329 
may prove crucial to theorists’ understanding of the physical 
processes underlying these violent phenomena. First detected by the 
High Energy Transient Explorer 2 satellite and subsequently observed 
at radio, optical, and X-ray wavelengths, the burst counterpart has 
all the hallmarks of a high-mass supernova, lending strong support 
to the hypernova model. Here, the counterpart is shown (a) near 
the moment of the burst and (b) fading a month later. (c) This graph 
shows details of the emitted radiation from another, but similar, 
gamma-ray burst. (ESO)

ConCept CheCk

What are gamma-ray bursts, and why did they 
pose such a challenge to theory?
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13.5 Black Holes
Neutron stars are supported by the resistance of tightly packed neutrons to fur-
ther compression. Squeezed together, these elementary particles form a hard ball 
of ultradense matter that not even gravity can compress further. Or do they? Is it 
possible that, given enough matter packed into a small enough volume, the col-
lective pull of gravity can eventually crush even a neutron star? Can gravity con-
tinue to compress a massive star into an object the size of a planet, a city, a 
pinhead—even smaller? The answer, apparently, is yes.

The Final Stage of Stellar evolution
Although the precise figure is uncertain, mainly because the behavior of matter at 
very high densities is not well understood, most researchers concur that the mass 
of a neutron star cannot exceed about three times the mass of the Sun. This is the 
neutron star equivalent of the white dwarf mass limit discussed in the previous 
chapter.  (Sec. 12.5) Above this mass, not even tightly packed neutrons can 
withstand the star’s gravitational pull. In fact, we know of no force that can 
counteract gravity beyond this point. Thus, if enough material is left behind after 
a supernova or hypernova explosion that the central core exceeds this limit, or if 
enough matter falls back onto the neutron star after the supernova has occurred, 
gravity wins the battle with pressure once and for all, and the central core 
collapses forever. Stellar evolution theory indicates that this is the fate of any star 
whose main-sequence mass exceeds about 25 times the mass of the Sun.

As the core shrinks, the gravitational pull in its vicinity eventually becomes so 
great that nothing—not even light—can escape. The resultant object therefore 
emits no light, no other form of radiation, no information whatsoever. Astrono-
mers call this bizarre end point of stellar evolution, in which the core of a very-
high-mass star collapses in on itself and vanishes forever, a black hole.

Black holes are much rarer than neutron stars, simply because very few stars 
have enough mass to form black holes. Nevertheless, astronomers think they have 
evidence for at least one relatively recent hypernova in our Galaxy that produced a 
black hole. Figure 13.14 shows W49B, a Galactic supernova remnant whose asym-
metric shape and anomalous heavy element composition are consistent with the 
predictions of hypernova models of massive stars, and careful observations reveal 
no evidence of a neutron star. If these observations hold up, then W49B may con-
tain the youngest known black hole in our Galaxy, formed just 1000 years ago.

escape Speed
Newtonian mechanics—until now our indispensable guide to the universe—
cannot adequately describe conditions in or near black holes.  (Sec. 1.4) To 
comprehend these collapsed objects, we must turn instead to the modern theory 
of gravity, Einstein’s general theory of relativity, discussed in Section 13.6. Still, 
we can usefully describe some aspects of these strange bodies in more or less 
Newtonian terms. Let’s reconsider the familiar Newtonian concept of escape 
speed—the speed needed for one object to escape the gravitational pull of 
another—supplemented by two key facts from relativity: (1) nothing can travel 
faster than light and (2) all things, including light, are attracted by gravity.

A body’s escape speed is proportional to the square root of the body’s mass 
divided by the square root of its radius (see More Precisely  5-1). Earth’s radius is 
6400 km and the escape speed from Earth’s surface is just over 11 km/s. Now con-
sider a hypothetical experiment in which Earth is squeezed on all sides by a gigan-
tic vise. As our planet shrinks under the pressure, the escape speed increases 
because the radius is decreasing. Suppose Earth were compressed to one-fourth 

This possible hypernova remnant
may contain the youngest known
black hole in our Galaxy.

5 pc

 Figure 13.14 Hypernova remnant?  This is a 
composite X-ray, infrared, and optical image of W49B, a 
supernova remnant lying some 8000 pc away. Its distorted, 
asymmetric shape and unusual composition suggest to 
many astronomers that this is actually the remnant of a 
hypernova—a gamma-ray burst in our own Galaxy—perhaps 
1000 years old and containing a black hole. (NASA)
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its present size. The escape speed would double (because 1>21�4 = 2). To escape 
from this compressed Earth, an object would need a speed of at least 22 km/s.

Imagine compressing Earth by an additional factor of 1000, making its radius 
hardly more than a kilometer. Now a speed of about 700 km/s—more than the escape 
speed of the Sun—would be needed to escape. Compress Earth still further, and the 
escape speed continues to rise. If our hypothetical vise were to squeeze Earth hard 
enough to crush its radius to about a centimeter, the speed needed to escape its sur-
face would reach 300,000 km/s. But this is no ordinary speed. It is the speed of light, 
c, the fastest speed allowed by the laws of physics as we currently know them.

Thus, if by some fantastic means the entire planet Earth could be compressed 
to less than the size of a grape, the escape speed would exceed the speed of light. 
And because nothing can exceed that speed, the compelling conclusion is that 
nothing—absolutely nothing—could escape from the surface of such a compressed 
body. Even radiation—radio waves, visible light, X-rays, photons of all wavelengths—
would be unable to escape its intense gravity. Our planet would be invisible and 
uncommunicative—no signal of any sort could be sent to the universe outside. The 
origin of the term black hole becomes clear. For all practical purposes, Earth could 
be said to have disappeared from the universe. Only its gravitational field would 
remain behind, betraying the presence of its mass, now shrunk to a point.

The event Horizon
Astronomers have a special name for the critical radius at which the escape speed 
from an object would equal the speed of light and within which the object could 
no longer be seen. It is the Schwarzschild radius, after Karl Schwarzschild, the 
German scientist who first studied its properties. The Schwarzschild radius of 
any object is proportional to its mass. For Earth, it is 1 cm. For Jupiter, at about 
300 Earth masses, it is about 3 m. For the Sun, at 300,000 Earth masses, it is  
3 km. For a 3-solar-mass stellar core, the Schwarzschild radius is about 9 km. As 
a convenient rule of thumb, the Schwarzschild radius of an object is simply 3 km 
multiplied by the object’s mass measured in solar masses.

Every object has a Schwarzschild radius—it is the radius to which the object 
would have to be compressed for it to become a black hole. Put another way, a 
black hole is an object that happens to lie within its own Schwarzschild radius. 
The surface of an imaginary sphere having a radius equal to the Schwarzschild 
radius and centered on a collapsing star is called the event horizon. No event oc-
curring within this region can ever be seen, heard, or known by anyone outside. 
Even though there is no matter of any sort associated with it, we can think of the 
event horizon as the “surface” of a black hole.

Theory indicates that, if more than 3 solar masses of material remain behind 
after a supernova explosion, the remnant core will collapse catastrophically, diving 
below the event horizon in much less than a second. The event horizon is not a 
physical boundary of any kind—just a communications barrier. The core would 
shrink right past the Schwarzschild radius to ever-diminishing size on its way to 
being crushed to a point. It simply “winks out,” disappearing and becoming a small 
dark region from which nothing can escape—a literal black hole in space. This is 
the predicted fate of stars having more than about 20–25 times the mass of the Sun.

13.6 einstein’s Theories of relativity
By the latter part of the 19th century, physicists were well aware of the special 
status of the speed of light, c. It was, they knew, the speed at which all electro-
magnetic waves traveled, and, as best they could tell, it represented an upper limit 
on the speeds of all known particles. Scientists struggled without success to con-
struct a theory of mechanics and radiation in which c was a natural speed limit.

SeLF-guided TuTOriAL

escape Speed and Black Hole event Horizons

ConCept CheCk

What happens if you compress an object within its 
own Schwarzschild radius?

M16_CHAI7702_08_SE_C13.indd   374 14/11/15   10:10 AM



 SecTiON 13.6   einstein’s theories of relativity 375

Special relativity
In 1887, a fundamental experiment carried out by American physicists A. A. 
Michelson and E. W. Morley compounded theorists’ problems further by demon-
strating another important aspect of light: The measured speed of a beam of 
light is independent of the motion of either the observer or the source.

Michelson and Morley attempted to determine Earth’s motion relative to 
the “absolute” space in which light supposedly moved by measuring the speed 
of light at different times of the day (so that the orientation of their equipment 
would change as Earth rotated) and on different days of the year (so that 
Earth’s velocity would vary as our planet orbited the Sun). As illustrated in Fig-
ure 13.15, they expected to measure a faster-moving beam of light when it was 
traveling opposite to Earth’s motion (to the left in the figure) and a slower beam 
when Earth was “catching up” on it (to the right). But in fact they measured pre-
cisely the same velocity for any orientation of their apparatus. Far from establish-
ing the properties of absolute space, the Michelson–Morley experiment ultimately 
demolished the entire concept—and with it, the 19th-century view of the universe.

All subsequent experiments confirm that no matter what our motion may be 
relative to the source of the radiation, we always measure precisely the same value 
for c: 299,792.458 km/s. A moment’s thought tells us that this is a decidedly nonin-
tuitive statement. For example, if we were traveling in a car moving at 100 km/h and 
we fired a bullet forward with a speed of 1000 km/h relative to the car, an observer 
standing at the side of the road would see the bullet pass by at 100 + 1000 5 1100 
km/h, as illustrated in Figure 13.16(a). However, the Michelson–Morley experiment 
tells us that if we were traveling in a rocket ship at one-tenth the speed of light, 0.1c, 
and we shone a searchlight beam ahead of us (Figure 13.16b), an outside observer 
would measure the speed of the beam not as 1.1c, as the 
example of the bullet would suggest, but as c. The rules 
that apply to particles moving at or near the speed of light 
are different from those we are used to in everyday life.

The special theory of relativity, or just special relativ-
ity, was proposed by Einstein in 1905 to deal with the 
preferred status of the speed of light. The theory is the 
mathematical framework that allows us to extend the fa-
miliar laws of physics from low speeds (i.e., speeds much 
less than c, which are often referred to as nonrelativistic) 
to very high (or relativistic) speeds, comparable to c.

The essential features of special relativity are:

 1. The speed of light, c, is the maximum possible speed 
in the universe, and all observers measure the same 
value for c, regardless of their motion. Einstein 
broadened this statement into the principle of relativity: 
The basic laws of physics are the same to all observers.

 3. There is no absolute frame of reference in the uni-
verse; that is, there is no “preferred” observer rela-
tive to whom all other velocities can be measured. 
Instead, only relative velocities between observers 
matter (hence the term “relativity”).

 3. Neither space nor time can be considered indepen-
dently of one another. Rather, they are each compo-
nents of a single entity: spacetime. There is no absolute, universal 
time—observers’ clocks tick at different rates, depending on the observers’ 
motions relative to one another.

Special relativity is equivalent to Newtonian mechanics in describing objects 
that move much more slowly than the speed of light, but it differs greatly in its 
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 Figure 13.15 Michelson–Morley experiment  If 
light propagates at a fixed speed through space, then 
common sense suggests that the speed of a beam of light 
should depend on Earth’s velocity. The Michelson–Morley 
experiment tried but failed to measure this dependence and 
in the process ushered in the era of modern physics.

The bullet has a velocity
equal to that of the 
bullet plus the car.

The bullet has a velocity
equal to that of the 
bullet plus the car.

The light beam does not have
a velocity equal to that of the
spaceship plus the beam.

The light beam does not have
a velocity equal to that of the
spaceship plus the beam.

(a)

(b)

 Figure 13.16 Speed of Light  (a) A bullet fired from a 
speeding car is measured by an outside observer to have a 
speed equal to the sum of the speeds of the car and of the 
bullet. (b) A beam of light shining forward from a high-speed 
spacecraft is still observed to have speed c, regardless of the 
speed of the spacecraft. The speed of light is thus independent 
of the speed of the source or of the observer.
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Special relativity

13.1 M o r e  p r e C i s e ly

Einstein’s theory of special relativity was constructed in large 
part to solve the puzzle of the 1887 Michelson–Morley experi-
ment (see Section 13.6), which demonstrated that the observed 
speed of light is independent of the observer’s motion through 
space. Einstein elevated the speed of light to the status of a con-
stant of nature, rewrote the laws of mechanics to reflect that 
new fact, and opened the door to a flood of new physics and a 
much deeper understanding of the universe. But many common-
sense ideas had to be abandoned in the process and replaced 
with some decidedly less-intuitive concepts. We describe here 
some of those odd consequences of Einstein’s theory.

Imagine that you are an observer watching a rocket ship fly 
past at relative velocity v and that the craft is close enough for 
you to make detailed observations of the inside of its cabin. If v is 
much less than the speed of light, c, you would see nothing out of 
the ordinary—special relativity is consistent with familiar Newto-
nian mechanics at low velocities. However, if v is comparable to 
c, unexpected things start to happen.

As the ship’s velocity increases, you begin to notice that the ship 
appears to contract in the direction in which it is moving. A meter-
stick on board, identical at launch to the one you keep in your labora-
tory, is now shorter than its twin. This is called Lorentz contraction (or 
sometimes Lorentz–Fitzgerald contraction). The first figure shows 
the stick’s measured length aboard the moving ship: At low velocities 
(bottom) the meterstick measures 1 m, but at high velocities (top), 
the stick is shortened considerably. Because of Lorentz contraction, a 
meterstick moving at 90 percent of the velocity of light would shrink 
to a little less than half a meter. (This is not an optical illusion.)

At the same time, the ship’s clock, synchronized prior to 
launch with your own, now ticks more slowly (second figure). 
This phenomenon, known as time dilation, has been observed 
many times in laboratory experiments in which fast-moving 
radioactive particles are observed to decay more slowly than if 
they were at rest in the lab. Their internal clocks are slowed by 

their rapid motion. Although no material particle can actually 
reach the speed of light, Einstein’s theory implies that, as v 
approaches c, the measured length of the meterstick will shrink 
to nearly zero and the clock will slow to a virtual stop.

Of course, from the point of view of an astronaut on board the 
spaceship, you are the one moving rapidly. Hence, as seen from the 
ship, you appear to be compressed in the direction of motion, and 
your clock runs slowly! How can both observations be correct? After 
all, you both know that nothing has happened to your metersticks or 
clocks. You feel no force squeezing your bodies. What is going on?

When measuring the length of the moving meterstick, you do 
so by noting the positions of the two ends at the same time, ac-
cording to your clock. But those two events—the two measure-
ments you make—do not occur at the same time as seen by the 
astronaut on the spaceship. In relativity, time is relative, and sim-
ultaneity (the idea that two events happen “at the same time”) is 
no longer a well-defined concept. From the astronaut’s viewpoint, 
your measurement of the leading end of the meterstick occurs 
before your measurement of the trailing end. This time discrep-
ancy ultimately results in the Lorentz contraction you observe. A 
similar argument applies to measurements of time, such as the 
period between two clock ticks. Time dilation occurs because the 
measurements occur at the same location and different times in 
one frame, but at different places and times in the other.

Einstein’s ideas were revolutionary at the time, requiring 
physicists to abandon some long-held, cherished, and “obvious” 
facts about the universe. Reading the above discussion, you can 
perhaps begin to understand why special relativity initially en-
countered such resistance among some scientists (and why it still 
confuses nonscientists today!). Nevertheless, the gain in scientific 
understanding ultimately overcame the price in unfamiliarity. 
Within just a few years, special relativity had become almost uni-
versally accepted (and Einstein was well on his way to becoming 
the best-known scientist on the planet).

If the relative velocity of a spaceship actually
reached light speed, time would appear to halt
completely. From our point of view, its occupants
would seem to stop aging.
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predictions at relativistic velocities (see More Precisely 13-1). Yet, despite their 
often nonintuitive nature, all of the theory’s predictions have been repeatedly 
verified to a high degree of accuracy. Today, special relativity lies at the heart of 
modern science. No scientist seriously doubts its validity.

general relativity
In constructing his special theory of relativity, Einstein rewrote the laws of mo-
tion expounded by Newton more than two centuries previously.  (Sec. 1.4) 
Fitting Newton’s other great legacy—the theory of gravitation—into the frame-
work of relativity was a much more complex mathematical problem, which took 
Einstein another decade to complete. The result once again overturned scien-
tists’ conception of the universe.

In 1915, Einstein illustrated the connection between special relativity and 
gravity with the following famous “thought experiment.” Imagine that you are 
enclosed in an elevator with no windows, so that you cannot directly observe the 
outside world, and the elevator is floating in space. You are weightless. Now sup-
pose that you begin to feel the floor press up against your feet. Weight has appar-
ently returned. There are two possible explanations for this, as shown in Figure 
13.17. A large mass could have come nearby, and you are feeling its downward 
gravitational attraction (Figure 13.17a), or the elevator has begun to accelerate 
upward, and the force you feel is that exerted by the elevator as it accelerates you 
at the same rate (Figure 13.17b). The crux of Einstein’s argument is this: There is 
no experiment that you can perform within the elevator (without looking outside) 
that will let you distinguish between these two possibilities.

Thus, Einstein reasoned, there is no way to tell the difference between a grav-
itational field and an accelerated frame of reference (such as the rising elevator in 
the thought experiment). This statement is known more formally as the equiva-
lence principle. Using it, Einstein succeeded in incorporating gravity into special 
relativity as a general acceleration of all particles. The resulting theory is called 
general relativity. However, Einstein found that another huge conceptual leap was 
needed. To include the effects of gravity, the mathematics forced Einstein to the 
unavoidable conclusion that spacetime—the single entity combining space and 
time, central to special relativity—has to be curved.

The central concept of general relativity is this: Matter—all matter—tends 
to “warp” or curve space in its vicinity. Objects such as planets and stars react to 
this warping by changing their paths. In the Newtonian view of gravity, particles 
move on curved trajectories because they are acted upon by a gravitational 
force.  (Sec. 1.4) In Einsteinian relativity, those particles move on curved 
trajectories because they are falling freely through space, following the 
curvature of spacetime produced by some nearby massive object. The more the 
mass, the greater the warping. In general relativity, there is no such thing as a 
“gravitational force” in the Newtonian sense. Objects move as they do because 
they follow the curvature of spacetime, which is determined by the amount of 
matter present. Stated more loosely, in the words of renowned relativist John 
Archibald Wheeler, “Spacetime tells matter how to move, and matter tells 
spacetime how to curve.”

Some props may help you visualize these ideas. Bear in mind, however, that 
these props are not real, but only tools to help you grasp some exceedingly strange 
concepts. Imagine a pool table with the tabletop made of a thin rubber sheet 
rather than the usual hard felt. As Figure 13.18 suggests, such a rubber sheet be-
comes distorted when a heavy weight (such as a rock) is placed on it. The heavier 
the rock (Figure 13.18b), the larger is the distortion.

Trying to play pool on this table, you would quickly find that balls passing 
near the rock are deflected by the curvature of the tabletop (Figure 13.18b). The 

A person inside a windowless
elevator could not distinguish
between these two cases.

(a) (b)

 Figure 13.17 einstein’s elevator Einstein reasoned that 
no experiment conducted entirely within an elevator floating 
in space can tell a passenger whether the force he feels is (a) 
due to the gravity of a nearby massive object or (b) caused by 
the acceleration of the elevator itself.

Special relativity

More than 35 percent of students had difficulty 
describing how special relativity affects the 
measured properties of fast-moving objects. Some 
points to remember:

 As you observe a fast-moving spacecraft, it will 
appear to shrink in the direction of motion, its 
clock will tick more slowly, and its mass will 
increase.

 An observer on board the spacecraft will say ex-
actly the same about your size, clock, and mass!

 The resolution of this paradox is that simultane-
ous measurements in one frame are not simul-
taneous in another, so that two observers can 
each see the other’s clock apparently running 
slow without contradiction.

Data points
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pool balls are not attracted to the rock in any way; rather, they respond to the cur-
vature of the sheet produced by the rock’s presence. In much the same way, any-
thing that moves through space—matter or radiation—is deflected by the curvature 
of spacetime near a star. (See More Precisely 13-2 for a solar system measurement, 
and Sections 14.6 and 16.3 for examples on much larger scales.) Earth’s orbital 
path is the trajectory that results as our planet falls freely in the relatively gentle 
curvature of space created by our Sun. When the curvature is small (i.e., gravity is 
weak), both Einstein and Newton predict the same orbit—the one we observe. 
However, as the gravitating mass increases, the two theories begin to diverge.

curved Space and Black Holes
Modern notions about black holes rest squarely on the general theory of relativity. Al-
though white dwarfs and (to a lesser extent) neutron stars can be adequately described 
by the classical Newtonian theory of gravity, only the modern Einsteinian theory of 
relativity can properly account for the bizarre physical properties of black holes.

Let’s consider another analogy. Imagine a large extended family of people liv-
ing on a huge rubber sheet—a sort of gigantic trampoline. Deciding to hold a re-
union, they converge on a given place at a given time. As shown in Figure 13.19, 
one person remains behind, not wishing to attend. She keeps in touch with her 
relatives by means of “message balls” rolled out to her (and back from her) along 
the surface of the sheet. These message balls are the analog of radiation carrying 
information through space.

As the people converge, the rubber sheet sags more and more. Their accumu-
lating mass creates an increasing amount of space curvature. The message balls 
can still reach the lone person far away in nearly flat space, but they arrive less 
frequently as the sheet becomes more and more warped and stretched—as shown 
in Figures 13.19(b) and (c)—and the balls have to climb out of a deeper and 
deeper well. Finally, when enough people have arrived at the appointed spot, the 
mass becomes too great for the rubber to support them. As illustrated in Figure 
13.19(d), the sheet pinches off into a “bubble,” compressing the people into obliv-
ion and severing their communications with the lone survivor outside. This final 
stage represents the formation of an event horizon around the reunion party.

Right up to the end—the pinching off of the bubble—two-way communication 
is possible. Message balls can reach the outside from within (but at a slower and 
slower rate as the rubber stretches), and messages from outside can get in without 
difficulty. However, once the event horizon (the bubble) forms, balls from the outside 
can still fall in, but they can no longer be sent back out to the person left behind, no 

(b)

(a)

Deflection of
pool ball

The amount of mass determines
the amount of curvature and
hence the amount of deflection.

 Figure 13.18 curved Space interactive  (a) A pool table made of a thin rubber sheet 
sags when a weight is placed on it. Likewise, space is bent, or warped, in the vicinity of any 
massive object. (b) A ball shown rolling across the table is deflected by the curvature of the 
surface, in much the same way that a planet’s curved orbit is determined by the curvature of 
spacetime produced by the Sun.

This analogy again shows
how more mass c

ccauses more curvature.

X 

(a)

X 

(b) (c) (d)

 Figure 13.19 Space Warping  Mass causes a rubber 
sheet (or space) to be curved. As people assemble at a fixed 
spot on the sheet (marked by an “×”), the curvature grows 
larger, as shown in (a)–(c). The blue arrows represent some 
directions in which information can be sent from place to 
place. (d) The people are eventually sealed inside the bubble, 
forever trapped and cut off from the outside world.
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Tests of general relativity

13.2  M o r e  p r e C i s e ly

Special relativity is the most thoroughly tested and most accu-
rately verified theory in the history of science. General relativity, 
however, is on somewhat less firm experimental ground. The 
problem with verifying general relativity is that its effects on 
Earth and in the solar system—the places where we can most 
easily perform tests—are very small. Just as special relativity pro-
duces major departures from Newtonian mechanics only when 
speeds approach the speed of light, general relativity predicts 
large departures from Newtonian gravity only when extremely 
strong gravitational fields are involved.

Here we consider just two “classical” tests of the theory—
solar system experiments that helped ensure acceptance of Ein-
stein’s theory. Bear in mind, however, that there are no known 
tests of general relativity in the “strong-field” regime—that part 
of the theory that predicts black holes, for example—so the full 
theory has never been experimentally tested.

At the heart of general relativity is the premise that 
everything, including light, is affected by gravity because of the 
curvature of spacetime. Shortly after he published his theory in 
1915, Einstein noted that light from a star should be deflected by 
a measurable amount as it passes the Sun. The closer to the Sun 
the light comes, the more it is deflected. Thus, the maximum 
deflection should occur for a ray that just grazes the solar surface. 
Einstein calculated that the deflection angle should be 1.75, a 
small but detectable amount.

Of course, it is normally impossible to see stars so close to 
the Sun. During a solar eclipse, however, when the Moon blocks 
the Sun’s light, the observation does become possible, as illus-
trated in the figure at lower left. In 1919 a team of observers led 
by British astronomer Sir Arthur Eddington succeeded in meas-

uring the deflection of starlight during an eclipse. 
The results were in excellent agreement with the 
prediction of general relativity.

Another prediction of general relativity is that 
planetary orbits should deviate slightly from the 
perfect ellipses of Kepler’s laws. Again, the effect is 
greatest where gravity is strongest—that is, closest 
to the Sun. Thus, the largest relativistic effects are 
found in the orbit of Mercury. Relativity predicts 
that Mercury’s orbit is not exactly a closed ellipse. 
Instead, its orbit should rotate slowly, as shown in 
the second (highly exaggerated) diagram above. 
The amount of rotation is very small—only per 
century—but Mercury’s orbit is so well charted 
that even this tiny effect is measurable.

430/century

Sun

Mercury

Earth

Sun

Apparent
position
of star

Actual
position
of star

1.750

matter how fast they are rolled. They cannot make it past the “lip” of the bubble in 
Figure 13.19(d). This analogy (very) roughly depicts how a black hole warps space 
completely around on itself, isolating its interior from the rest of the universe.

The essential ideas—the slowing down and eventual cessation of outward-going 
signals and the one-way nature of the event horizon once it forms—all have paral-
lels in the case of stellar black holes. In Einsteinian terms, a black hole is a region of 
space where the gravitational field becomes overwhelming and the curvature of 
space extreme. At the event horizon itself, the curvature is so great that space “folds 
over” on itself, causing objects within to become trapped and disappear.

proCess of sCienCe CheCk

How do newton’s and einstein’s theories differ in 
their descriptions of gravity? Why were scientists 
initially resistant to einstein’s theories of relativity?
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13.7 Space Travel Near Black Holes
Black holes are not cosmic vacuum cleaners. They don’t cruise around interstellar 
space, sucking up everything in sight. The orbit of an object near a black hole is es-
sentially the same as its orbit near a “normal” star of the same mass as the black 
hole. Only if the object happened to pass within a few Schwarzschild radii (perhaps 
50–100 km for a typical 5- to 10-solar-mass black hole formed in a supernova explo-
sion) of the event horizon would there be any significant difference between its ac-
tual orbit and the one predicted by Newtonian gravity and described by Kepler’s 
laws. Of course, if some matter did fall into the black hole—that is, if its orbit hap-
pened to take it too close to the event horizon—it would be unable to get out. Black 
holes are like turnstiles, permitting matter to flow in only one direction—inward.

Tidal Forces
Matter flowing into a black hole is subject to enormous gravitational stress. An 
unfortunate explorer falling feet first into a solar mass black hole would find that 
the pull of gravity is much stronger at her feet (which are closer to the hole) than 
at her head. This force difference is a tidal force—precisely the same basic 
phenomenon that is responsible for ocean tides on Earth and the spectacular 
volcanoes on Io—except that the tidal forces at work in and near a black hole are 
far more powerful than any we are ever likely to find in the solar system.  

 (Secs. 5.2, 8.1) The tidal force due to the black hole is so great that our 
explorer would be stretched enormously in height and squeezed unmercifully 
laterally. She would be torn apart long before she reached the event horizon.

The net result of all this stretching and squeezing is numerous and violent 
collisions among the resulting debris, causing a great deal of frictional heating of 
any infalling matter. As illustrated (with some artistic license) in Figure 13.20, 
material is simultaneously torn apart and heated to high temperatures as it 
plunges into the hole. So efficient is this heating that prior to reaching the hole’s 
event horizon, matter falling into the hole emits radiation of its own accord. For a 
black hole of roughly solar mass, the energy is expected to be emitted in the form 
of X-rays. Thus, contrary to what we might expect from an object whose defining 
property is that nothing can escape from it, the region surrounding a black hole is 
expected to be a source of energy. Of course, once the hot matter falls below the 
event horizon, its radiation is no longer detectable—it can never leave the hole.

Approaching the event Horizon
One safe way to study a black hole would be to go into orbit around it, safely be-
yond the disruptive influence of the hole’s strong tidal forces. After all, Earth and 
the other planets of our solar system all orbit the Sun without falling into it and 
being torn apart. The gravity field around a black hole is basically no different. Let’s 
imagine sending a less fragile (and more expendable) observer—a robot probe— 
toward the center of the hole, as illustrated in Figure 13.21. If our robot is small 
enough (to minimize the tidal force) and of sufficiently strong construction, it 
might conceivably survive to reach the event horizon, even if a human could not. 
Watching from a safe distance in our orbiting spacecraft, we can then examine the 
nature of space and time, at least down to the event horizon. After that boundary is 
crossed, there is no way for the probe to return any information about its findings.

Suppose our robot has an accurate clock and a light source of known frequency 
mounted on it. From our safe vantage point far outside the event horizon, we could 
use telescopes to read the clock and measure the frequency of the light we receive. 
What might we discover? We would find that the light from the robot would be-
come more and more redshifted—shifted toward longer wavelengths—as the robot 
neared the event horizon (Figure 13.22). Even if the robot used rocket engines to 

ANiMATiON/VideO

energy released from a Black Hole?

 Figure 13.20 Black Hole Heating  Any matter falling 
into the clutches of a black hole will become severely 
distorted and heated. This sketch shows an imaginary planet 
being pulled apart by a black hole’s gravitational tides.
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remain motionless, the redshift would still be detected. The redshift is not caused 
by motion of the light source—it is not the result of the Doppler effect.  

 (Sec. 2.7) Rather, it is a result of the black hole’s gravitational field, clearly pre-
dicted by Einstein’s general theory of relativity and known as gravitational redshift.

We can explain the gravitational redshift as follows. Photons are attracted by 
gravity. As a result, in order to escape from a source of gravity, photons must expend 
some energy—they have to work to get out of the gravitational field. They don’t slow 
down (photons always move at the speed of light); they just lose energy. Because a 
photon’s energy is proportional to the frequency of its radiation, light that loses 
energy must have its frequency reduced (or, conversely, its wavelength increased).

As photons traveled from the robot’s light source to our orbiting spacecraft, 
they would become gravitationally redshifted. From our standpoint, a yellow 
light would appear orange, then red as the robot astronaut approached the black 
hole. As the robot neared the event horizon, the light would become undetectable 
with an optical telescope. First infrared and then radio telescopes would be 
needed to detect it. Theoretically, light emitted from the event horizon itself would 
be gravitationally redshifted to infinitely long wavelengths.

What about the robot’s clock? What time does it tell? Is there any observable 
change in the rate at which the clock ticks while moving deeper into the hole’s 
gravitational field? We would find, from our orbiting spacecraft, that any clock 
close to the hole would appear to tick more slowly than an equivalent clock on 
board our ship. The closer the clock came to the hole, the slower it would appear to 
run. Upon reaching the event horizon, the clock would seem to stop altogether. All 
action would become frozen in time. Consequently, we would never actually wit-
ness the robot cross the event horizon. The process would appear to take forever.

This apparent slowing down of the robot’s clock is known as time dilation 
and is closely related to gravitational redshift. To see why this is so, think of the 
robot’s light source as a clock, with the passage of a wave crest (say) constituting 
a “tick,” so the clock ticks at the frequency of the radiation. As the wave is red-
shifted, the frequency drops, and fewer wave crests pass us each second—the 
clock appears to slow down. This thought experiment demonstrates that the red-
shift of the radiation and the slowing of the clock are one and the same thing.

From the point of view of the robot, relativity theory predicts no strange ef-
fects at all. The light source hasn’t reddened and the clock keeps perfect time. In 
the robot’s frame of reference, everything is normal. Nothing prohibits it from 
approaching within the Schwarzschild radius of the hole (so long as the probe is 
strong enough to avoid being torn apart by tidal forces)—no law of physics con-
strains an object from passing through an event horizon. There is no barrier at 
the event horizon and no sudden lurch as it is crossed. It is just a boundary in 
space, but one that can be crossed in only one direction.

Perhaps counterintuitively, the tidal force at the event horizon is smaller for 
more massive black holes (see problems 8 and 9 at the end of this chapter). Al-
though, as we saw, an intrepid explorer would be shredded long before reaching 
the event horizon of a 1-solar-mass black hole, travelers passing through the event 
horizon of a multimillion solar mass hole (such as might lurk in the heart of our 
own Galaxy, as we will see in the next chapter) might not feel any particular dis-
comfort. They would remain able to contemplate their surroundings—and the all-
important fact that they couldn’t reverse course—for a few more seconds before 
the rapidly rising tidal forces in the black hole’s interior finally finished them off.

Attempt this experiment only
if you are in a perfectly
circular orbit!

 Figure 13.21 robot Astronaut  A hypothetical 
spacecraft launches a robotic probe that travels toward a 
black hole to perform experiments that humans, farther away 
in the craft, could monitor to learn about the nature of space 
near the event horizon.

iNTerAcTiVe

gravitational time Dilation and redshift

Radiation shifts to longer wavelengths
while moving farther from a
black hole.
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 Figure 13.22 gravitational redshift  Photons escaping from the strong gravitational 
field close to a black hole must expend energy to overcome the hole’s gravity. As a result, 
the photons change wavelength; their color changes, and their frequency lessens. This 
figure shows the effect on two beams of radiation, one of visible light and one of X-rays, 
emitted from a space probe as it nears the event horizon of a 1-solar-mass black hole.
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deep down inside
No doubt, you are wondering what lies within the event horizon of a black hole. 
The answer is simple: No one knows. However, the question raises some very fun-
damental issues that lie at the forefront of modern physics.

General relativity predicts that without some agent to compete with gravity, 
the core remnant of a high-mass star will collapse all the way to a point at which 
both its density and its gravitational field become infinite—a so-called singular-
ity. The same applies to any infalling matter. However, we should not take this 
prediction of infinite density too literally. Singularities always signal the break-
down of the theory producing them. The present laws of physics are simply inad-
equate to describe the final moments of a star’s collapse.

As it stands today, the theory of gravity is incomplete because it does not incor-
porate a proper description of matter on very small scales. As our collapsing stellar 
core shrinks to smaller and smaller radii, we eventually lose our ability even to de-
scribe, let alone predict, its behavior. Perhaps matter trapped in a black hole never 
actually reaches a singularity. Perhaps it just approaches this bizarre state in a man-
ner that we will someday understand as the subject of quantum gravity—the merger 
of general relativity (the theory of the universe on the largest scales) with quantum 
mechanics (the theory of matter on atomic and subatomic scales)—develops.

Having said that, we can at least estimate how small the core can get before 
current theory fails. It turns out that by the time that stage is reached, the core is 
already much smaller than any elementary particle. Thus, although a complete 
description of the end point of stellar collapse may well require a major overhaul 
of the laws of physics, for all practical purposes the prediction of collapse to a 
point is valid. Even if a new theory somehow succeeds in doing away with the 
central singularity, it is very unlikely that the external appearance of the hole, or 
the existence of its event horizon, will change. Any modifications to general rela-
tivity are expected to occur only on submicroscopic scales, not on the macro-
scopic (kilometer-sized) scale of the Schwarzschild radius.

Singularities are places where the rules break down, and some very strange 
things may occur near them. Many possibilities have been suggested—gateways 
to other universes, time travel, or the creation of new states of matter, for in-
stance—but none has been proved, and certainly none has been observed. Be-
cause these regions are places where science fails, their presence causes serious 
problems for many of our cherished laws of physics, including causality (the idea 
that cause should precede effect, which runs into immediate problems if time 
travel is possible) and energy conservation (which is violated if material can hop 
from one universe to another through a black hole). It is unclear whether the re-
moval of the singularity by some future, all-encompassing theory would necessar-
ily also eliminate all of these problematic side effects.

13.8  Observational evidence for  
Black Holes

Theoretical ideas aside, is there any observational evidence for black holes? What 
proof do we have that these strange invisible objects really do exist?

Black Holes in Binary Systems
Perhaps the most promising way to find black holes is to look for their effects on 
other astronomical objects. Our Galaxy harbors many binary star systems in 
which only one object can be seen, but we need observe the motion of only one 
star to infer the existence of an unseen companion and measure some of its 

ConCept CheCk

Why would you never actually witness an infalling 
object crossing the event horizon of a black hole?

ANiMATiON/VideO

X-ray Binary Star
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properties.  (Sec. 10.7) In the majority of 
cases, the invisible companion is simply small 
and dim, nothing more than an M-type star 
hidden in the glare of an O- or B-type partner, 
or perhaps shrouded by dust or other debris, 
making it invisible to even the best available 
equipment. In either case, the invisible object 
is not a black hole.

A few close binary systems, however, have 
peculiarities suggesting that one of their 
members may be a black hole. Figure 13.23(a) 
shows the area of the sky in the constellation 
Cygnus, where the evidence is particularly 
strong. The system of interest lies some 2000 
pc from Earth. The black hole candidate is an 
X-ray source called Cygnus X-1, discovered in 
the early 1970s. Its visible companion is a blue 
B-type giant. Assuming that it lies on the main 
sequence, its mass must be around 25 times the mass of the Sun. Spectroscopic 
observations indicate that the binary system has an orbital period of 5.6 days. 
Combining this information with spectroscopic measurements of the visible 
component’s orbital speed, astronomers estimate the total mass of the binary 
system to be around 35 solar masses, implying that Cygnus X-1 has a mass of 
about 10 times that of the Sun.

X-ray radiation emitted from the immediate neighborhood of Cygnus X-1 
indicates the presence of high-temperature gas, perhaps as hot as several million 
kelvins. Furthermore, the X-ray emission has been observed to vary in intensity on 
time scales as short as a millisecond. As discussed earlier in the context of gamma-
ray bursts, for this variation not to be blurred by the travel time of light across the 
source, Cygnus X-1 cannot be more than 1 light-millisecond, or 300 km, in diameter.

These properties suggest that Cygnus X-1 could be a black hole. Figure 13.24 
is an artist’s conception of this intriguing object. The X-ray-emitting region is 
likely an accretion disk formed as matter drawn from the visible star spirals 
down onto the unseen component. The rapid variability of the X-ray emission 
indicates that the unseen component must be very compact—a neutron star or a 
black hole. Its large mass, well above the neutron star mass limit discussed ear-
lier, implies the latter.

A few other black hole candidates are known. For example, LMC X-3—the 
third X-ray source ever discovered in the Large Magellanic Cloud, a small 
galaxy orbiting our own (see Section 15.2)—is an invisible object that, like 
Cygnus X-1, orbits a bright companion star. LMC X-3’s visible companion 
seems to be distorted into the shape of an egg by the unseen object’s in-
tense gravitational pull. Reasoning similar to that applied to Cygnus X-1 
leads to the conclusion that LMC X-3 has a mass nearly 10 times that of 
the Sun, making it too massive to be anything but a black hole. The X-ray 
binary system A0620-00 has been found to contain an invisible compact 
object of mass 3.8 times the mass of the Sun. In total, about 20 known ob-
jects may turn out to be black holes; Cygnus X-1, LMC X-3, and A0620-00 
probably have the strongest claims.

The X-ray source is
coincident with the
visible star

This is a
background
star

1 pc

1.5 arc minutes

R I V U X G

R I V U X G

(a)

(b)

B-star
HDE226868

 Figure 13.23 cygnus X-1  (a) The brightest star in this 
photograph (called HDE226868) is a member of a binary 
system whose unseen companion, called Cygnus X-1, is a 
leading black hole candidate. The system lies approximately 
2000 pc away. (b) A Chandra X-ray image of the field of view 
outlined by the square in part (a). The X-rays are not coming 
from the star. Rather, they come from the black hole com-
panion, which orbits so close to the star that their roughly 0.1 
AU separation cannot be seen on this (roughly 1 pc) scale. 
Neither the star nor Cygnus X-1 are nearly as large as these 
images suggest. Both are so bright that their light spills over 
into the surrounding image. (Harvard-Smithsonian Center for 
Astrophysics; CXO)

Black hole X-ray source

Accretion disk

Mass transfer stream

B-star companion
HDE226868

 Figure 13.24 Black Hole interactive  Artist’s conception of a binary 
system containing a large, bright, visible star and an invisible, X-ray-emitting 
black hole. (Compare Figure 12.14). This painting is based on data obtained 
from many observations of Cygnus X-1. (L. Chaisson)

ANiMATiON / VideO 

Black Hole and companion Star
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Black Holes in galaxies
Perhaps the strongest evidence for black holes comes not from binary sys-

tems in our own Galaxy but from observations of the centers of many 
galaxies (including our own), where astronomers have found that 

stars and gas are moving extremely rapidly, orbiting some very 
massive, unseen object. Masses inferred from Newton’s laws 

range from millions to billions of times the mass of the 
Sun.  (More Precisely 1-1) The leading (and at pre-
sent, the only) explanation is that these objects are 
black holes. We will return to these observations, and 

the question of how such supermassive black holes might 
have formed, in the next three chapters.

In 2000, X-ray astronomers reported evidence for a 
long-sought but elusive missing link between “stellar-mass” 

black holes in binaries and the supermassive black holes in the 
hearts of galaxies. Figure 13.25 shows an unusual looking galaxy 

called M82, currently the site of an intense and widespread burst of 
star formation (see Chapter 15). The inset shows a Chandra image of 

the innermost few thousand parsecs of M82, revealing a number of bright X-ray 
sources close to—but not at—the center of the galaxy. Their spectra and X-ray 
luminosities suggest that they may be accreting compact objects with masses 
ranging from 100 to almost 1000 times the mass of the Sun. If confirmed, they 
will be the first intermediate-mass black holes ever observed.

Too large to be remnants of normal stars and too small to warrant the “super-
massive” label, these objects present a puzzle to astronomers. One possible origin is 
suggested by an apparent association between some of the X-ray emitters in M82 
and elsewhere and dense, young star clusters. Theorists speculate that collisions be-
tween high-mass stars in the congested cores of these clusters might lead to the run-
away growth of an extremely massive and very unstable star, which then collapses to 
form an intermediate-mass black hole. However, both the observations and this ex-
planation remain controversial. Figure 13.26 shows the current best candidate for a 
“nearby” star cluster harboring an intermediate-mass black hole—the globular clus-
ter G1 in the Andromeda galaxy.  (Sec. 2.1) The peculiar orbits of stars near the 
center of this cluster suggest a black hole of mass 20,000 times that of the Sun, and 
observations of the cluster in both radio and X-rays are consistent with theoretical 
expectations of the emission from such a massive object in the cluster’s core.

 Figure 13.25 intermediate-Mass Black Holes?  X-ray observations (inset) of the center of the 
starburst galaxy M82 reveal a collection of bright sources that may be the result of matter accreting 
onto intermediate-mass black holes. The black holes are probably young, have masses between 100 
and 1000 times the mass of the Sun, and lie relatively far from the center of M82. (Subaru; NASA)

5000 pc

R I V U X G

R I V U X G

Suspected
black hole
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Black Hole in galaxy M87
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Supermassive Black Hole

10 pc

 Figure 13.26 Black Hole Host?  The star cluster G1 is 
the most massive globular cluster in the Andromeda galaxy, 
but the stars near its center do not move as expected if the 
cluster’s mass is as smoothly distributed as its light. Instead, 
the observations suggest that an intermediate-mass black 
hole resides at the cluster’s center. (NASA)

THe Big QueSTiON

Are black holes for real? Decades ago, many astronomers regarded black 
holes as a kind of cosmic cop-out—the last resort of researchers who couldn’t 
decipher the bizarre phenomena they observed. But now, improved 
observations really do point toward stellar remnants that are denser, brighter, 
and much more puzzling than the already peculiar neutron stars. We have to 
conclude that, strange as they are, black holes have been detected in our 
Galaxy and beyond. Perhaps someday future generations of space travelers 
will visit Cygnus X-1 or the center of our Galaxy and (carefully!) test these 
conclusions firsthand. Still, might there be other weird collapsed remnants—
quark stars, perhaps—that stop short of being genuine black holes?

ConCept CheCk

How do astronomers “see” black holes?
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LO1 A core-collapse supernova may leave behind 
an ultracompressed ball of material called a 
neutron star (p. 362). This is the remnant 
of the inner core that rebounded and blew 
the rest of the star apart. Neutron stars are 
extremely dense and, at formation, are 
predicted to be extremely hot, strongly magnetized, and 
rapidly rotating. They cool down, lose much of their 
magnetism, and slow down as they age.

LO2 According to the lighthouse model  
(p. 364), neutron stars, because they are 
magnetized and rotating, send regular 
bursts of electromagnetic energy into 
space. The beams are produced by 
charged particles confined by the strong 
magnetic fields. When we can see the beams from Earth, we 
call the source neutron star a pulsar (p. 362). The pulse 
period is the rotation period of the neutron star.

LO3 A neutron star that is a member of a 
binary system can draw matter from its 
companion, forming an accretion disk, 
which is usually a strong source of 
X-rays. As gas builds up on the star’s 
surface, it eventually becomes hot 
enough to fuse hydrogen. When 
hydrogen burning starts on a neutron 
star, it does so explosively, and an X-ray 
burster (p. 366) results. The rapid 
rotation of the inner part of the accretion disk causes the neutron 
star to spin faster as new gas arrives on its surface. The eventual 
result is a very rapidly rotating neutron star—a millisecond 
pulsar (p. 366). Many millisecond pulsars are found in the 
hearts of old globular clusters. They cannot have formed 
recently, and must have been spun up by interactions with other 
stars. Careful analysis of the radiation received has shown that 
some millisecond pulsars are orbited by planet-sized objects.

LO4 Gamma-ray bursts (p. 368) are very 
energetic flashes of gamma rays that occur 
about once a day and are distributed 
uniformly over the entire sky. In some 
cases, their distances have been measured, 
placing them at very large distances and 
implying that they are extremely luminous. 
The leading theoretical models for these 

explosions involve the violent merger of neutron stars in a 
distant binary system, or the recollapse and subsequent 
violent explosion following a “failed” supernova in a very 
massive star.

LO5 Einstein’s special theory of relativity 
deals with the behavior of particles 
moving at speeds comparable to the 
speed of light. It agrees with Newton’s 
theory at low velocities, but makes 
many very different predictions for 
high-speed motion. All of its predictions 
have been repeatedly verified by experiment. The modern 
replacement for Newtonian gravity is Einstein’s general theory 
of relativity (p. 373), which describes gravity in terms of the 
warping, or bending, of space by the presence of mass. The more 
mass, the greater the warping. All particles—including photons—
respond to that warping by moving along curved paths.

LO6 The upper limit on the mass of a neutron 
star is about three solar masses. Beyond 
that mass, the star can no longer support 
itself against its own gravity, and it 
collapses to form a black hole (p. 373), 
a region of space from which nothing can 
escape. The most massive stars, after 
exploding in a supernova, form black holes rather than 
neutron stars. Conditions in and near black holes can only be 
described by general relativity. The radius at which the escape 
speed from a collapsing star equals the speed of light is called 
the Schwarzschild radius (p. 374). The surface of an 
imaginary sphere centered on the collapsing star and having  
a radius equal to the star’s Schwarzschild radius is called the 
event horizon (p. 374).

LO7 To a distant observer, light leaving a spaceship that is falling 
into a black hole would be subject to 
gravitational redshift (p. 381) as the 
light climbed out of the hole’s intense 
gravitational field. At the same time, a 
clock on the spaceship would show 
time dilation (p. 381)—the clock 
would appear to slow down as the ship 
approached the event horizon. The 
observer would never see the ship reach 
the surface of the hole. Once within the event horizon, no 
known force can prevent a collapsing star from contracting all 

Summary

Ch a p ter  r e v ie w

Magnetic
field lines

Equatorial
plane

Pulsar
wind

Pulsar
wind

Magnetic
axis

Beam of
radiation

Beam of
radiation

Neutron
star

Rotation
axis

“Hot
spots”

R I U X G

R I V U GX

V

Supernova
(case b only)

Gamma ray
beam

Gamma ray
beam

Relativistic
outflow

Black hole

Event
horizon

10 km

3 km
Visible

X ray

Ultraviolet

Visible

Infrared

Radio
100 km

10,000 km

Robot probe

(a)

(b)

M16_CHAI7702_08_SE_C13.indd   385 18/11/15   12:39 PM



The best place to look for a black hole is in a binary system in 
which one component is a compact X-ray source. Cygnus X-1, 
a well-studied X-ray source in the constellation Cygnus, is a 
long-standing black-hole candidate. Studies of orbital motions 
imply that some binaries contain compact objects too massive 
to be neutron stars, leaving black holes as the only alternative. 
There is also substantial evidence for more massive black 
holes residing in or near the centers of many galaxies, 
including our own.

386 cHAPTer 13   neutron Stars and Black Holes

the way to a pointlike singularity (p. 382), at which point 
both the density and the gravitational field of the star become 
infinite. This prediction of relativity theory has yet to be 
proved. Singularities are places where the known laws of 
physics break down.

LO8 Once matter falls into a black hole, it 
can no longer communicate with the 
outside. However, on its way in, it can 
form an accretion disk and emit X-rays. 

Black hole X-ray source

Accretion disk

Mass transfer stream

B-star companion
HDE226868

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW ANd diScuSSiON
 1. LO1 How does the way in which a neutron star forms deter-

mine some of its most basic properties?

 2. What would happen to a person standing on the surface of a 
neutron star?

 3. LO2 Why aren’t all neutron stars seen as pulsars?

 4. What are X-ray bursters?

 5. LO3 What is the favored explanation for the rapid spin rates of 
millisecond pulsars?

 6. Why do you think astronomers were surprised to find a pulsar 
with a planetary system?

 7. Why do astronomers think there are two basically different 
types of gamma-ray burst?

 8. What does it mean to say that the measured speed of a light beam 
is independent of the motion of the observer?

 9. LO6 Use your knowledge of escape speed to explain why black 
holes are said to be “black.”

 10. What is an event horizon?

 11. LO5 POS Why is it so difficult to test the predictions of the the-
ory of general relativity? Describe two tests of the theory.

 12. LO7 What would happen to someone falling into a black hole?

 13. LO8 POS What makes Cygnus X-1 a good black hole 
candidate?

 14. POS Imagine that you had the ability to travel at will through 
the Milky Way Galaxy. Explain why you would discover many 
more neutron stars than those known to observers on Earth. 
Where would you be most likely to find these objects?

 15. POS Do you think that planet-sized objects discovered in orbit 
around a pulsar should be called planets? Why or why not?

cONcePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe cHOice
 1. Newly formed neutron stars have extremely strong magnetic 

fields. (T/F)

 2. All millisecond pulsars are now, or once were, members of bi-
nary star systems. (T/F)

 3. The fact that gamma-ray bursts are so distant means that they 
must be very energetic events. (T/F)

 4. All things, except light, are attracted by gravity. (T/F)

 5. According to general relativity, space is warped, or curved, by 
matter. (T/F)

 6. Although visible light cannot escape from a black hole, high-
energy radiation, like gamma rays, can. (T/F)

 7. Thousands of black holes have now been identified in our 
Galaxy. (T/F)

 8. A neutron star is about the same size as (a) a school bus; (b) a 
U.S. city; (c) the Moon; (d) Earth.

 9. The most rapidly “blinking” pulsars are those that (a) spin 
fastest; (b) are oldest; (c) are most massive; (d) are hottest.

 10. The X-ray emission from a neutron star in a binary system 
comes mainly from (a) the hot surface of the neutron star 

itself; (b) heated material in an accretion disk around the neu-
tron star; (c) the neutron star’s magnetic field; (d) the surface 
of the companion star.

 11. Gamma-ray bursts are observed to occur (a) mainly near the 
Sun; (b) throughout the Milky Way Galaxy; (c) approximately 
uniformly over the entire sky; (d) near pulsars.

 12. If the Sun were magically to turn into a black hole of the same 
mass, (a) Earth would start to spiral inward; (b) Earth’s orbit 
would remain unchanged; (c)Earth would fly off into space;  
(d) Earth would be torn apart by the black hole’s gravity.

 13. The best place to search for black holes is in a region of space 
that(a) is dark and empty; (b) has recently lost some stars; (c) has 
strong X-ray emission; (d) is cooler than its surroundings.

 14. ViS According to Figure 13.3 (Pulsar Model), the beam of a pulsar 
is emitted (a) along the rotation axis; (b) in the equatorial plane; 
(c) from the magnetic poles; (d) in a single direction in space.

 15. ViS Figure 13.10 (Gamma-Ray Bursts) shows that gamma-ray 
bursts (a) are all very similar; (b) sometimes last for less than a 
second; (c) are confined to the Galactic plane; (d) come from 
great distances.
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PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  The angular momentum of a spherical body is proportional 
to the body’s angular speed times the square of its radius. 

  (More Precisely 4-1) Using the law of conservation of 
angular momentum, estimate how fast a collapsed stellar core 
would spin if its initial spin rate was one revolution per day 
and its radius decreased from 10,000 km to 10 km.

 2.  What would your mass be if you were composed entirely of 
neutron star material of density 3 × 1010 (Assume that your av-
erage density is 1000 kg/m2.) Compare this with the mass of (a) 
the Moon; (b) a typical 1-km diameter asteroid.

 3.  Calculate the surface gravity (relative to Earth’s gravity of) 
and the escape speed of a 1.4-solar-mass neutron star with a 
radius of 10 km. What would be the escape speed of a 1-solar-
mass object with a radius of 3 km?  (More Precisely 5-1)

 4.  Use the radius–luminosity–temperature relation to calcu-
late the luminosity of a 10-km-radius neutron star for temper-
atures of 105 K, 107 K and 109 K. What do you conclude about 
the visibility of neutron stars? Could the coolest of them be 
plotted on our H–R diagram?

 5.  A gamma-ray detector of area 0.5 m2 observing a gamma-
ray burst records photons having total energy 10-8 joules. If 
the burst occurred 1000 Mpc away, calculate the total amount 
of energy it released (assuming that the energy was emitted 
equally in all directions). How would this figure change if the 
burst occurred 10,000 pc away instead, in the halo of our Gal-
axy? What if it occurred within the Oort cloud of our own 
solar system, at a distance of 50,000 AU?

 6.  An unstable elementary particle is known to decay into other 
particles in 2 µs, as measured in a laboratory where the particle 
is at rest. A beam of such particles is accelerated to a speed of 
99.99 percent of the speed of light. How long do the particles in 
the beam take to decay, in the laboratory frame of reference?

 7.  Supermassive black holes are thought to exist in the centers 
of some galaxies. What would be the Schwarzschild radii of 
black holes of 1 million and 1 billion solar masses? How does 
the first black hole compare in size with the Sun? How does 
the second compare in size with the solar system?

 8.  Calculate the tidal acceleration on a 2-m-tall human falling 
feet first into a 1-solar-mass black hole—that is, compute the 
difference in the accelerations (forces per unit mass) on his 
head and his feet just before his feet cross the event horizon. 
Repeat the calculation for a 1-million-solar-mass black hole 
and for a 1-billion-solar-mass black hole (see the previous 
question). Compare these accelerations with the acceleration 
due to gravity on Earth.

 9.  Endurance tests suggest that the human body cannot with-
stand stress greater than about 10 times the acceleration due to 
gravity on Earth’s surface. At what distance from a 1-solar-mass 
black hole would the human in the previous question be torn 
apart? Calculate the minimum mass of a black hole for which 
an infalling human could just reach the event horizon intact.

 10.  Using the data given in the text (assume the upper limit on the 
stated range for the black hole mass), calculate the orbital separa-
tion of Cygnus X-1 and its B-type stellar companion.  (Sec. 1.4)

AcTiViTieS
collaborative
 1. We can’t easily observe a black hole, or make one to study, but 

theorists have lots to say about their properties! The text focuses 
on the simplest possible type of black hole—the uncharged, non-
rotating Schwarzchild black hole—but there is a large body of lit-
erature on charged and spinning black holes, too. Charged black 
holes don’t figure much in astronomy—the universe is electrically 
neutral on macroscopic scales—but rotating Kerr black holes are 
in fact very important. Divide your group in two and research on-
line the properties of Schwarzchild and Kerr black holes. You’ll 
probably find more information on the simpler Schwarzchild 
case, but some persistence will yield a lot on the rotating Kerr 
case, too. Combine your research to make a joint presentation on 
the similarities and differences between the two types. Focus on 
properties such as the event horizon, the singularity, and the or-
bits of light and matter near the hole. How fast can a black hole 
rotate? Which kind of black hole is thought to be most common in 
nature? 

individual
 1. Find the ninth-magnitude companion to Cygnus X-1, the sky’s 

most famous black hole candidate. Because none of us can see 
X-rays, no sign of anything unusual can be seen. Still, it’s fun to 
gaze toward this region of the heavens and contemplate Cygnus 
X-1’s powerful energy emission and strange properties. Even 
without a telescope, it is easy to locate the region of the heavens 
where Cygnus X-1 resides. The constellation Cygnus contains a 
recognizable star pattern called the Northern Cross. The star in 
the center of the crossbar is called Sadr. The star at the bottom 
of the cross is called Albireo. Approximately midway between 
Sadr and Albireo lies the star Eta Cygni. Cygnus X-1 is located 
slightly less than 0.5° from this star. Whether or not you are 
using a telescope, sketch what you see. 
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P a r t  4
Galaxies and the Universe

patterns that top the hierarchy of material 
structures in the cosmos. On these huge scales, we 
enter the realm of fundamental inquiry that has 
preoccupied philosophers since the dawn of 
recorded time: How did our universe begin? And 
how will it end?

The images here illustrate cosmic objects in Part 4, 
all of them at least a million million million times 
beyond any familiar terrestrial scale.

ur home Galaxy—the Milky Way—is a 
thousand times bigger than anything we 

have considered thus far in this book. Yet this vast 
system, more than 100,000 light-years across and 
home to 100 billion stars, is but one of billions of 
galaxies strewn across the vast expanse of deep space.

Part 4 explores the properties of galaxies, the 
glorious “building blocks” of the universe. 
Collectively they, trace out truly gargantuan 

O
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A single galaxy has more stars in it than the 
number of people who have ever lived on Earth.
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The Milky Way 
Galaxy
A Spiral in Space

14
Studying this chapter will 
enable you to:

LO1 Describe the overall structure 
of the Milky Way Galaxy, and 
say how the various regions 
differ from one another.

LO2 Explain the importance of 
variable stars in determining 
the size and shape of our 
Galaxy.

LO3 Compare and contrast the 
orbital motions of stars in 
different regions of the 
Galaxy.

LO4 Interpret the differences 
between disk and halo stars 
in terms of our current 
understanding of how our 
Galaxy formed.

LO5 Present some possible 
explanations for the spiral 
arms observed in our own 
and many other galaxies.

LO6 Explain what studies of 
Galactic rotation reveal about 
the size and mass of our 
Galaxy, and discuss the 
possible nature of dark 
matter.

LO7 Describe the evidence for a 
supermassive black hole at 
the center of our Galaxy.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Our Milky Way Galaxy is just one among nearly a hundred billion other galaxies in the 
observable universe—a hundred billion galaxies! For astronomers, the Milky Way plays 
much the role for galaxies as the Sun does for stars. Our understanding of galaxies 
throughout the cosmos rests squarely on our knowledge of the size, scale, structure, 
composition, and dynamics of our own Galactic home.

The BiG PicTure

 Stars cluster into gigantic assemblages called 
galaxies, of which our Milky Way Galaxy is just one 
among roughly a hundred billion others. Galaxies such 
as this one, known as M74 and shown here in true 
color, in turn contain roughly a hundred billion stars. 
As we now enter the realm of very big dimensions, the 
graceful winding arms of this majestic spiral galaxy 

resemble a curving staircase sweeping across some 
100,000 light-years of space. Its size, shape, and mass 
approximate those of our Galaxy, which has never 
been photographed in its full grandeur because we 
live inside it. If this were our Galaxy, the Sun would 
reside in one of its spiral arms, about two-thirds of the 
way out from the center. (NASA)

L e A r n i n g 
O u tcO m e S

Looking up on a dark, clear night, we are struck by two aspects of the night sky. The first 

is that the individual stars we see are roughly uniformly distributed in all directions. 

They all lie relatively close to us, mapping out the local galactic neighborhood within a 

few hundred parsecs of the Sun. But this is only a local impression. Ours is a rather 

provincial view. Beyond those nearby stars, the second thing we notice is a fuzzy band of 

light—the Milky Way—stretching across the heavens. From the Northern Hemisphere, 

this band is most easily visible in the summertime, arcing high above the horizon. Its full 

extent forms a great circle that encompasses the entire celestial sphere. This is the 

insider’s view of the galaxy in which we live, the blended light of countless distant stars. 

As we consider much larger volumes of space, on scales far, far greater than the distances 

between neighboring stars, a new level of organization becomes apparent as the large-

scale structure of the Milky Way Galaxy is revealed.
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14.1 Our Parent Galaxy
A galaxy is a gargantuan collection of stellar and interstellar matter—stars, gas, 
dust, neutron stars, black holes—isolated in space and held together by its own 
gravity. Astronomers are aware of literally billions of galaxies beyond our own. 
The particular galaxy we happen to inhabit is known as the Milky Way Galaxy, 
or just “the Galaxy,” with a capital “G.”

Our Sun lies in a part of the Galaxy known as the Galactic disk, an immense, 
circular, flattened region containing most of our Galaxy’s luminous stars and in-
terstellar matter (and almost everything we have studied so far in this book). 
Figure 14.1 illustrates how, viewed from within, the Galactic disk appears as a 
band of light—the Milky Way—stretching across our nighttime sky. Seen from 
Earth, the center of the disk (indeed, of the entire Galaxy) lies in the direction of 
the constellation Sagittarius. As indicated in the figure, if we look in a direction 
away from the Galactic disk (red arrows), relatively few stars lie in our field of 
view. However, if our line of sight happens to lie within the disk (white and blue 
arrows), we see so many stars that their light merges into a continuous blur.

Paradoxically, although we can study individual stars and interstellar clouds 
near the Sun in great detail, our location within the Galactic disk makes deci-
phering our Galaxy’s large-scale structure from Earth a very difficult task—a little 
like trying to unravel the layout of paths, bushes, and trees in a city park without 
being able to leave one particular park bench. In many directions, the interpreta-
tion of what we see is inconclusive, with foreground objects obscuring our view 
of what lies beyond. As a result, astronomers who study the Milky Way Galaxy are 
often guided in their efforts by comparisons with more distant, but much more 
easily observable, galaxies. There is every reason to suppose that all the features 
of our Galaxy described in this chapter are shared by billions of other galaxies 
across the universe.

Figure 14.2 shows three galaxies thought to resemble our own in overall 
structure. Figure 14.2(a) is the Andromeda Galaxy, the nearest major galaxy to the 

Milky Way Galaxy, lying about 800 kpc (about 2.5 
million light-years) away. Andromeda’s apparent 
elongated shape is a result of the angle at which 
we happen to view it. In fact, this galaxy, like our 
own, consists of a thin circular galactic disk of 
matter that fattens to a galactic bulge at the 
center. The disk and bulge are embedded in a 
roughly spherical ball of faint old stars known as 
the galactic halo. These three basic galactic re-
gions are indicated on the figure (the halo stars 
are too faint to see here; see Figure 14.9 for a 
clearer view). Figures 14.2(b) and (c) show images 
of two other galaxies—one seen face-on, the other 
edge-on—that illustrate these points more clearly.

This is an artist’s conception of
our Milky Way from afar c

cand this is a real image of the 
Milky Way seen from inside, looking 
along the white arrow in part (a).

(a)

(b)

Galactic disk

Galactic bulge
Galactic center

Earth

R I V U GX

8 kpc

ConCept CheCk 

Why do we see the milky Way as a band of light 
across the sky?

 FiGure 14.1 Galactic Plane  (a) Gazing from Earth 
toward the Galactic center (white arrow) in this artist’s 
conception, we see myriad stars stacked up within 
the thin band of light known as the Milky Way. In the 
opposite direction (blue arrow), we see little of our 
Galaxy, much as when looking perpendicular to the disk 
(red arrows) where far fewer stars can be seen. (b) A real 
optical view of the sky in the direction of the white arrow 
shows the fuzzy (mostly white and “milky”) band or disk 
of our Milky Way Galaxy (see Fig 11.1). (Axel Mellinger)
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14.2 Measuring the Milky Way
Before the 20th century, astronomers’ conception of the cosmos differed mark-
edly from the modern view. The growth in our knowledge of our Galaxy, as well 
as the realization that there are many other distant galaxies similar to our own, 
has gone hand in hand with the development of the cosmic distance scale.

Star counts
In the late 18th century, long before the distances to any stars were known, English 
astronomer William Herschel tried to estimate the shape of our Galaxy simply by 
counting how many stars he could see in different directions in the sky. Assuming 
that all stars were of about equal brightness, he concluded that the Galaxy was a 
somewhat flattened, roughly disk-shaped collection of stars lying in the plane of 
the Milky Way, with the Sun at its center (Figure 14.3). Subsequent refinements to 
this approach led to essentially the same picture. Herschel was unable to estimate 
the size of the Galaxy by this method, but early in the 20th century, with improved 
knowledge of the properties of stars, some researchers estimated the dimensions 
of this “Galaxy” as about 10 kpc in diameter by 2 kpc thick.

In fact, the Milky Way Galaxy is several tens of kiloparsecs across, and the 
Sun lies far from the center. The flaw in the above reasoning is that the obser-
vations were made in the visible part of the electromagnetic spectrum, and 
astronomers failed to take into account the absorption of visible light by the 
then unknown interstellar gas and dust.  (Sec. 11.1) Only in the 1930s did 

The nearby Andromeda galaxy
has a structure somewhat
similar to our own.

Another nearby galaxy,
seen face on c

cand another,
seen edge on.

c

(a)

Galactic bulge

Galactic disk

Galactic halo

R I V U X G

(b)

(c)

10,000 pc

 FiGure 14.2 Disk Galaxies  (a) The Andromeda galaxy closely resembles the 
overall layout of our Milky Way Galaxy. Its disk and bulge are clearly visible in this 
image, which is about 30,000 pc across. (b) This galaxy, named M101 and seen 
nearly face-on, is similar in its overall structure to our own Milky Way Galaxy and 
Andromeda. (c) The galaxy NGC 4565 is oriented edge-on, allowing us to see clearly 
its disk and central bulge. (R. Gendler; NASA)
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astronomers begin to realize the true extent and importance of the interstellar 
medium.

The apparent falloff in the density of stars with distance in the plane of the 
Milky Way is not a real thinning of their numbers in space, but simply a conse-
quence of the murky environment in the Galactic disk. Objects in the disk lying 
more than a few kiloparsecs away are hidden from our view by the effects of in-
terstellar absorption. The long “fingers” in Herschel’s map are directions where 
the obscuration happens to be a little less severe than in others.

The falloff in density perpendicular to the disk is real. Radiation coming to us 
from above or below the plane of the Galaxy, where there is less gas and dust 
along the line of sight, arrives on Earth relatively unscathed. There is still some 
patchy obscuration, but the Sun happens to lie in a location where the view out of 
the disk is largely unimpeded by nearby interstellar clouds.

Observations of Variable Stars
An important by-product of the laborious effort to catalog stars around the turn 
of the 20th century was the systematic study of variable stars. These are stars 
whose luminosities change significantly over relatively short periods of time—
some quite erratically, others more regularly. Only a small fraction of stars fall 
into this category, but those that do are of great astronomical significance.

We have encountered several examples of variable stars in earlier chapters. 
Often, the variability is the result of membership in a binary system. Eclipsing 
binaries and novae are cases in point.  Secs 10.7 and 12.3 However, some-
times the variability is an intrinsic property of the star itself. Particularly im-
portant to Galactic astronomy are the pulsating variable stars, which vary 
cyclically in luminosity in very characteristic ways. Note that these stars have 
nothing whatsoever to do with pulsars, which represent an entirely different 
stage of stellar evolution.  Sec. 13.2 Two types of pulsating variable stars 
that have played central roles in revealing both the true extent of our Galaxy 
and the distances to our galactic neighbors are the RR Lyrae and Cepheid 
variables. (Following long-standing astronomical practice, the names come 
from the first star of each class discovered—in this case the variable star la-
beled RR in the constellation Lyra and the variable star Delta Cephei, the fourth 
brightest star in the constellation Cepheus.)

RR Lyrae and Cepheid variable stars are recognizable by the characteristic 
shapes of their light curves. RR Lyrae stars all pulsate in essentially similar ways 
(Figure 14.4a), with only small differences in period (the time from peak to peak) 
from one to another. Observed periods range from about 0.5 to 1 day. Cepheid 
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 FiGure 14.4 Variable Stars  Light curves of (a) the 
pulsating variable star RR Lyrae, which has a period of less than 
a day, and (b) of the Cepheid variable star WW Cygni, having 
a period of several days. (c) This same Cepheid is shown here 
(boxed) on successive nights, near its maximum and minimum 
brightness; two photos, one from each night, were superposed 
and then slightly displaced. (Harvard College Observatory)

Early models of the Galaxy placed
the Sun near the center of a
relatively small system.

3 kpc

Sun

 FiGure 14.3 herschel’s Galaxy 
Model  Eighteenth-century English 
astronomer William Herschel 
constructed this “map” of the 
Galaxy by counting the number of 
stars he saw in different directions 
in the sky. Our Sun (marked by 
the yellow dot) appears to lie near 
the center of the distribution. The 
long axis of the diagram roughly 
parallels the plane of the disk.
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variables also pulsate in distinctive ways (the regular “sawtooth” pattern in Figure 
14.4b), but different Cepheids can have very different pulsation periods, ranging 
from about 1 to 100 days. In either case, the stars can be recognized and identi-
fied just by observing the variations in the light they emit. 

Pulsating variable stars are normal stars experiencing a brief (perhaps a 
few million years) period of instability as a natural part of stellar evolution. 
The conditions necessary to cause pulsations are not found in main-sequence 
stars. However, they do occur in post-main-sequence stars as they expand and 
cool on their way to becoming red giants. On the H–R diagram, these unstable 
stars are found in a region called the instability strip (Figure 14.5). When a 
star’s temperature and luminosity place it in this strip, the star becomes inter-
nally unstable, and both its temperature and its radius vary in a regular way, 
causing the pulsations we observe. Cepheid variables are high-mass, high-
luminosity stars evolving across the upper part of the H–R diagram.  (Sec. 
12.4) The less-luminous RR Lyrae variables are lower-mass horizontal-branch 
(core helium fusion) stars that happen to lie within the lower portion of the in-
stability strip.  (Sec. 12.2)

A new Yardstick
Pulsating variable stars are important to Galactic astronomy because once we 
recognize a star as being of the RR Lyrae or Cepheid type, we can infer its lumi-
nosity, and that in turn allows us to measure its distance. Comparing the star’s 
(known) luminosity with its (observed) apparent brightness yields an estimate of 
its distance, by the inverse-square law.  (Sec. 10.2) In this way, astronomers 
can use pulsating variables as a means of determining distances, both within our 
own Galaxy and far beyond.

How do we infer a variable star’s luminosity? For RR Lyrae variables, this 
is simple. All such stars have basically the same luminosity (averaged over a 
complete pulsation cycle)—about 100 times that of the Sun. For Cepheids, 
we use a correlation between average luminosity and pulsation period, 
known as the period–luminosity relationship. In 1908, Henrietta Leavitt of 
Harvard College Observatory (see Discovery 14-1) discovered that Cepheids 
that vary slowly—that is, have long periods—have high luminosities, while 
short-period Cepheids have low luminosities. Figure 14.6 illustrates the 
period–luminosity relationship for Cepheids found within a thousand parsecs 
or so of Earth. Astronomers can plot such a diagram for nearby Cepheid 
variables because they can measure their distances, and hence their 
luminosities, using stellar or spectroscopic parallax.  Secs. 10.1 and 10.6 
Thus, a simple measurement of a Cepheid variable’s pulsation period 
immediately tells us its luminosity—we just read it off the graph in Figure 
14.6. (The roughly constant luminosities of the RR Lyrae variables are also 
indicated in the figure.)

This distance-measurement technique works well provided the variable star can 
be clearly identified and its pulsation period measured. With Cepheids, this method 
allows astronomers to estimate distances out to about 25 million parsecs, more than 
enough to take us to the nearest galaxies. Indeed, the existence of galaxies beyond 
our own was first established in the late 1920s, when American astronomer Edwin 
Hubble observed Cepheids in the Andromeda galaxy and thereby succeeded in 
measuring its distance. The less luminous RR Lyrae stars are not as easily detectable 
as Cepheids, so their usable range is not as great. However, they are much more 
common, so within this limited range, they are actually more useful than Cepheids.

We began our cosmic distance ladder in Chapter 1 with radar ranging in the 
solar system.  (Sec. 1.3) In Chapter 10, we extended it to include stellar and 

Spectral classification

Surface temperature (K)
30,000 10,000 6000 3000

0.0001

0.01

1

100

10,000

Lu
m

in
os

ity
 (s

ol
ar

 u
ni

ts
)

10 R

1 R

100 R

Cepheid
variables

RR Lyrae
   variables

0.1 R

IN
ST

AB
IL

IT
Y

ST
RIP

MAIN SEQUENCE

 FiGure 14.5 Variable Stars on the h–r 
Diagram  Pulsating variable stars are found in the instability 
strip of the H–R diagram. As a high-mass star evolves through 
the strip, it becomes a Cepheid variable. Low-mass horizontal-
branch stars in the instability strip are RR Lyrae variables.
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 FiGure 14.6 Period–Luminosity relationship  A plot 
of pulsation period versus average absolute brightness (that 
is, luminosity) for a group of Cepheid variable stars. The two 
properties are tightly correlated. The pulsation periods of 
some RR Lyrae variables are also shown.
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structure of the galactic disk?
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spectroscopic parallax.  (Secs. 10.1, 10.6) Figure 14.7 expands it further by 
adding variable stars as a fourth method of determining distance.

The Size and Shape of Our Galaxy
Many RR Lyrae variables are found in globular clusters, those tightly bound 
swarms of old, reddish stars we first met in Chapter 11.  (Sec. 11.6) Early in 
the 20th century, the American astronomer Harlow Shapley used observations of 
RR Lyrae stars to make two very important discoveries about the Galactic globu-
lar cluster system. First, he showed that most globular clusters reside at great 
distances—many thousands of parsecs—from the Sun. Second, by measuring the 
direction and distance of each cluster, he determined their three-dimensional dis-
tribution in space (Figures 14.8 and 14.9). In this way, Shapley demonstrated that 
the globular clusters map out a truly gigantic, and roughly spherical, volume of 
space, now known to be about 30 kpc across. However, the center of the distribu-
tion lies nowhere near our Sun. It is located nearly 8 kpc away from us, in the 
constellation Sagittarius.

In a brilliant intellectual leap, Shapley realized that the distribution of globu-
lar clusters maps out the true extent of stars in the Milky Way Galaxy—the region 
that we now call the Galactic halo. The hub of this vast collection of matter, 8 kpc 
from the Sun, is the Galactic center. As illustrated in Figure 14.9, we live in the 
suburbs of this huge ensemble, in the Galactic disk—the thin sheet of young stars, 
gas, and dust that cuts through the center of the halo. Since Shapley’s time, as-
tronomers have identified many individual stars—that is, stars not belonging to 
any globular cluster—within the Galactic halo.

Shapley’s bold interpretation of the globular clusters as defining the overall 
structure of our Galaxy was an enormous step forward in human understanding 
of our place in the universe. Five hundred years ago Earth was considered the 
center of all things. Copernicus argued otherwise, demoting our planet to an un-
distinguished place far from the center of the solar system. In Shapley’s time the 
prevailing view was that our Sun was the center not only of the Galaxy but also of 
the universe. Shapley showed otherwise. With his observations of globular clus-
ters, he simultaneously increased the size of our Galaxy by almost a factor of 10 
over earlier estimates and banished our parent Sun to its periphery, virtually 
overnight!

14.3 Galactic Structure
Based on optical, infrared, and radio studies of our Galaxy, Figure 14.9 illustrates 
the very different spatial distributions of the disk, bulge, and halo components of 
the Milky Way Galaxy.

Mapping the Galaxy
The extent of the halo in Figure 14.9 is based largely on optical observations of 
globular clusters and other halo stars. However, as we have seen, optical tech-
niques can cover only a small portion of the dusty Galactic disk. Much of our 
knowledge of the structure of the disk on larger scales is based on radio observa-
tions, particularly of the 21-cm radio emission line produced by atomic hydro-
gen.  (Sec. 11.3) Because long-wavelength radio waves are largely unaffected 
by interstellar dust, and hydrogen is by far the most abundant element in inter-
stellar space, the 21-cm signals are strong enough that virtually the entire disk 
can be observed in this way.
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 FiGure 14.7 Variable Stars on Distance Ladder 
interactive  Application of the period–luminosity 
relationship for Cepheid variable stars allows estimates of 
distances out to about 25 Mpc with reasonable accuracy. 
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 FiGure 14.8 Globular cluster Distribution  Our Sun 
does not coincide with the center of the very large collection 
of globular clusters (indicated by the pink dots). Instead, more 
globular clusters are found in one direction than in any other. 
The Sun resides closer to the edge of the collection, which 
measures roughly 30 kpc across. The globular clusters outline 
the true distribution of stars in the Galactic halo.

proCess of sCienCe CheCk

go to a library or the Web and research the great 
Debate in 1920 between Harlow Shapley and 
Heber curtis on the size of our galaxy and scale 
of the universe. Which viewpoint was ultimately 
proved right, and what were the consequences for 
our understanding of the cosmos?
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According to the radio studies, the center of the gas 
distribution coincides roughly with the center of the 
globular cluster system, lying about 8 kpc from the 
Sun. In fact, this figure is derived most accurately from 
radio observations of Galactic gas. The densities of 
both stars and gas in the disk decline quite rapidly be-
yond about 15 kpc from the Galactic center (although 
some radio-emitting gas has been observed out to at 
least 50 kpc).

Perpendicular to the Galactic plane, the disk in the 
vicinity of the Sun is “only” about 300 pc thick, or 
about 1/100 of the 30-kpc Galactic diameter. Don’t be 
fooled, though. Even if you could travel at the speed of 
light, it would take you 1000 years to traverse the 

A large portion of the early research in observational astronomy 
focused on monitoring stellar luminosities and analyzing stel-
lar spectra. Much of this pioneering work was done using pho-
tographic methods. What is not so well known is that most of 
the labor was accomplished by women. Around the turn of the 
20th century, a few dozen dedicated women—assistants at the 
Harvard College Observatory—created an enormous database 
by observing, sorting, measuring, and cataloging photographic 
information that helped form the foundation of modern astron-
omy. Some of them went far beyond their duties in the lab to 
make many of the basic astronomical discoveries often taken for 
granted today.

This 1910 photograph shows several of those women care-
fully examining star images and measuring variations in luminos-
ity or wavelengths of spectral lines. In the cramped quarters of the 
Harvard Observatory, these women inspected image after image 
to collect a vast body of data on hundreds of thousands of stars. 
Note the plot of stellar luminosity changes pasted on the wall at 
the left. The cyclical pattern is so regular that it likely belongs to a 
Cepheid variable. Known as “computers” (there were no elec-
tronic devices then), these women were paid 25 cents an hour.

(Harvard College Observatory)

early computers

14.1 D i s C o v e r y

In 1880 these workers began a survey of the skies that would 
continue for half a century. Their first major accomplishment was 
a catalog of the brightnesses and spectra of tens of thousands of 
stars, published in 1890 under the direction of Williamina 
Fleming. On the basis of this compilation, several of these women 

made fundamental contributions to astronomy. In 1897 Antonia 
Maury undertook the most detailed study of stellar spectra to that 
time, enabling Hertzsprung and Russell independently to develop 
what is now called the H–R diagram. In 1898 Annie Cannon 
proposed the spectral classification system (described in Chapter 
10) that is now the international standard for categorizing stars. 

 (Sec. 10.5) In 1908 Henrietta Leavitt discovered the period–
luminosity relationship for Cepheid variable stars, which later 
allowed astronomers to recognize our Sun’s true position in our 
Galaxy, as well as our Galaxy’s true place in the universe.
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 FiGure 14.9 Stellar Populations in Our Galaxy 
interactive  Artist’s conception of a (nearly) edge-on view of 
the Milky Way Galaxy, showing schematically the distributions 
of young blue stars, open clusters, old red stars, and globular 
clusters. (The brightness and size of our Sun are greatly 
exaggerated for clarity.) 
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thickness of the Galactic disk. The disk may be thin compared 
with the Galactic diameter, but it is huge by human standards.

Also shown in Figure 14.9 is our Galaxy’s central bulge, 
measuring roughly 6 kpc across in the plane of the Galactic disk 
by 4 kpc perpendicular to that plane. Obscuration by interstellar 
dust makes it difficult to study the bulge at optical wavelengths. 
However, at longer wavelengths, which are less affected by 
interstellar matter, a much clearer picture emerges (compare 
Figure 14.10 with Figures 14.1b and 14.2c). Detailed 
measurements of the motion of gas and stars in and near the 
bulge imply that it is actually football shaped, about half as 
wide as it is long, with the long axis of the football lying in the 
Galactic plane. (In this case, our Galaxy is probably of the 
“barred-spiral” type—see Section 15.1.)

Stellar Populations
Aside from their shapes, the three components of the Galaxy—disk, bulge, and 
halo—have other properties that distinguish them from one another. First, the 
halo contains essentially no gas or dust—just the opposite of the disk and bulge, 
in which interstellar matter is common. Second, there are clear differences in the 
colors of the stars in the disk, bulge, and halo. Stars in the Galactic bulge and halo 
are distinctly redder than those found in the disk. Observations of other spiral 
galaxies also show this trend—the blue-white tint of the disk and the yellowish 
coloration of the bulge are evident in Figures 14.2(a) and (c).

All the bright, blue stars visible in our night sky are part of the Galactic disk, 
as are the young open star clusters and star-forming regions. In contrast, the 
cooler, redder stars—including those found in the old globular clusters—are more 
uniformly distributed throughout the disk, bulge, and halo. Galactic disks appear 
bluish because main-sequence O- and B-type blue supergiants are very much 
brighter than G-, K-, and M-type dwarfs, even though the dwarfs are present in 
far greater numbers.

The explanation for the marked difference in stellar content between disk 
and halo is that, whereas the gas-rich Galactic disk is the site of ongoing star 
formation and thus contains stars of all ages, all the stars in the Galactic halo 
are old. The absence of dust and gas in the halo means that no new stars are 
forming there, and star formation apparently ceased long ago—at least  
10 billion years in the past, judging from the ages of the globular clusters. 

 (Sec. 12.6) The gas density is very high in the inner part of the Galactic 
bulge, making this region the site of vigorous ongoing star formation, and both 
very old and very young stars mingle there. The bulge’s gas-poor outer regions 
have properties more similar to those of the halo. As we will see in Chapter 15, 
All these statements are equally true for other spiral galaxies—young, bright 
stars are always found in the disk and inner bulge because the interstellar 
medium is densest there.

Spectroscopic studies indicate that halo stars are far less abundant in heavy 
elements (that is, elements heavier than helium) than are stars in the disk. Each 
successive cycle of star formation and evolution enriches the interstellar medium 
with the products of stellar evolution, leading to a steady increase in heavy ele-
ments with time.  (Sec. 12.7) Thus, the scarcity of these elements in halo stars 
is consistent with the view that the halo formed long ago.

Astronomers often refer to young disk stars as Population I stars and old halo 
stars as Population II stars. The idea of two stellar “populations” dates back to the 

R I V U X G

InTERACTIvE

Stellar Populations in a Star Cluster 

 FIguRE 14.10 Infrared view of the Milky Way galaxy 
interactive  A wide-angle infrared image of the disk and 
bulge of the Milky Way Galaxy, as observed by the Two 
Micron All Sky Survey. Compare Figure 14.2(c). (Atlas Image) 

galactic Structure

More than one-third of students had difficulty 
describing and distinguishing the different regions 
of our Galaxy. Some points to remember:

 The disk is the youngest part of our Galaxy. It is 
circular and highly flattened, and it is the site of 
ongoing star formation.

 The halo is the oldest part of our Galaxy. It is 
approximately spherical and consists primarily 
of stars formed long ago.

 The bulge contains both young and old stars. It 
is not as flattened as the disk but flatter than 
the halo.

 Stars in the disk move in roughly circular, planar 
orbits around the Galactic center; stars in the 
bulge and halo also orbit the Galactic center 
but move in 3 dimensions in all directions, often 
traveling far above or below the disk.

Data Points
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1930s, when the differences between disk and halo stars first became clear. It rep-
resents an oversimplification, as there is actually a continuous variation in stellar 
ages throughout the Milky Way Galaxy and not a simple division of stars into two 
distinct “young” and “old” categories. Nevertheless, the terminology is still widely 
used.

Orbital Motion
Are the internal motions of our Galaxy’s members chaotic and random, or are 
they part of some gigantic “traffic pattern”? The answer depends on our perspec-
tive. The motion of stars and clouds we see on small scales (within a few tens of 
parsecs of the Sun) seems random, but on larger scales (hundreds or thousands 
of parsecs) the motion is much more orderly.

As we look around the Galactic disk in different directions, a clear pattern 
of motion emerges (see Figure 14.11). Radiation received from stars and inter-
stellar gas clouds in the upper-right and the lower-left quadrants of Figure 14.11 
is generally blueshifted. At the same time, radiation from stars and gas sampled 
in the upper-left and lower-right quadrants tends to be redshifted. In other 
words, some regions of the Galaxy (in the blueshifted directions) are approach-
ing the Sun, while others (the redshifted ones) are receding from us. Careful 
study of the orbits of stars and gas clouds near the Sun leads us to the conclu-
sion that the entire Galactic disk is rotating about the Galactic center. In the vi-
cinity of the Sun, 8 kpc from the center, the orbital speed is about 220 km/s, so 
material takes about 225 million years to complete one circuit. At other dis-
tances from the center, the rotation period is different—shorter closer to the 
center, longer at greater distances—the Galactic disk rotates not as a solid ob-
ject but differentially.

This picture of orderly circular orbital motion about the Galactic center ap-
plies only to the Galactic disk. The old globular clusters in the halo and the faint, 
reddish individual stars in both the halo and the bulge do not share the disk’s 
well-defined rotation. Instead, as shown in Figure 14.12, their orbits are oriented 
randomly. Although they do orbit the Galactic center, these stars move in all di-
rections, their paths filling an entire three-dimensional volume rather than a 
nearly two-dimensional disk.

At any given distance from the Galactic center, bulge or halo stars move in 
their orbits at speeds comparable to the disk’s rotational speed at that radius. 
However, unlike stars in the disk, bulge and halo stars orbit in all directions, 
not just in a roughly circular path confined to a narrowly defined plane. Their 
orbits carry these stars repeatedly through the disk and out the other side. 
(They don’t collide with stars in the disk because interstellar distances are 
huge compared with the diameters of individual stars—a star or even an en-
tire star cluster passes through the disk almost as though it wasn’t there—see 
Discovery 15-1.)

The curved arrows denote the speed of the disk
material, which is greater closer to the center.

Blueshift Redshift

Sun

Redshift

To Galactic center

Blueshift

 FiGure 14.11 Orbital Motion in the Galactic Disk  Stars and interstellar clouds in the 
neighborhood of the Sun show systematic Doppler motions, implying that the disk of the 
Galaxy spins in a well-ordered way. These four Galactic quadrants are drawn to intersect 
not at the Galactic center, but at the Sun, the location from which observations are made. 
Because the Sun orbits faster than stars and gas at larger radii, it moves away from material 
at top left and gains on that at top right, resulting in the Doppler shifts indicated. Likewise, 
stars and gas in the bottom left quadrant are gaining on us, while material at bottom right is 
pulling away.

Halo

DiskBulge

 FiGure 14.12 Stellar Orbits in Our Galaxy  Stars in 
the Galactic disk (blue curves) move in orderly, circular orbits 
about the Galactic center. In contrast, halo stars (orange 
curves) move randomly around the center. The orbit of a 
typical halo star takes it high above the Galactic disk, then 
down through the disk plane, then out the other side and 
far below the disk. Orbital properties of bulge stars are 
intermediate between those of the disk and halo stars.

ConCept CheCk 

Why do astronomers regard the disk and halo as 
distinctly different components of our galaxy?
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14.4 Formation of the Milky Way
Table 14.1 compares some key properties of the three basic components of the 
Galaxy. Is there some evolutionary scenario that can naturally account for the 
structure we see today? The answer is yes, and it takes us all the way back to the 
birth of our Galaxy, more than 10 billion years ago. For simplicity we confine our 
discussion here to the Galactic disk and halo. In many ways the bulge is interme-
diate in its properties between these two extremes.

Figure 14.13 illustrates the current view of our Galaxy’s evolution. Some-
what like the star formation scenario outlined in Chapter 11 discussed earlier, it 
starts from an extended cloud of pregalactic gas.  (Sec. 11.4) When the first 
Galactic stars and globular clusters formed, the gas in our Galaxy had not yet ac-
cumulated into a thin disk. Instead, it was spread out over an irregular region of 
space spanning many tens of kiloparsecs. When the first stars formed, they were 
distributed throughout this volume (Figure 14.13b). Their distribution today (the 
Galactic halo) reflects that fact—it is an imprint of their birth. Most astronomers 
think that the very first stars formed even earlier, in smaller systems that later 
merged to create our Galaxy (Figure 14.13a; see also  Section 16.4). Many 
more stars were likely born during the mergers themselves, as interstellar gas 
clouds collided and collapsed. The present-day halo would look much the same 
in either case.

Since those early times, rotation has flattened the gas in our Galaxy into a 
thin disk (Figure 14.13c). Physically, this process is similar to the flattening of the 
solar nebula during the formation of the solar system, except on a vastly larger 
scale.  (Sec. 4.3) Star formation in the halo ceased billions of years ago when 

the raw materials—interstellar gas and dust—fell to 
the Galactic plane. Ongoing star formation in the 
disk gives it its bluish tint, but the halo’s short-lived 
blue stars died long ago leaving only the long-lived 
red stars that give it its characteristic pinkish glow 
(Figure 14.13d). The Galactic halo is ancient; the 
disk is full of youthful activity.

Studies of the composition of stars in the Galac-
tic disk suggest that the infall of halo gas is still going 
on today. The best available models of star formation 
and stellar evolution predict that the fraction of 
heavy elements in disk stars should be significantly 
greater than is actually observed, unless the gas in the 
disk is steadily being “diluted” by fresh gas arriving 
from the halo at a rate of perhaps 5–10 solar masses 
per year.  (Sec. 12.5) Accumulated over billions 
of years, this amounts to a significant fraction of the 
total mass of the disk (see Section 14.6).

This theory also explains the chaotic orbits of the 
halo stars. When the halo developed, the irregularly 
shaped Galaxy was rotating very slowly, so there was 
no strongly preferred direction in which matter 
tended to move. As a result, halo stars were free to 
travel along nearly any path once they formed (or 
when their parent systems merged). As the Galactic 
disk formed, however, conservation of angular mo-
mentum caused it to spin more rapidly. Stars forming 
from the gas and dust of the disk inherit its rotational 
motion and so move on well-defined circular orbits.

(a)

Halo–disordered
motion

Rotation

(b)

Gas and
dust

(c)

(d)

Young
stars

Disk–ordered
rotation

As the merged mass spun up, 
gas and dust fell to the plane.

Several dwarf galaxies merged
to form the Milky Way.

The result, highly simplified
here, was our Galaxy.

 FiGure 14.13 Milky Way Galaxy Formation  (a) The 
Milky Way Galaxy likely formed by a merger of several smaller 
systems. (b) Early on, our Galaxy was irregularly shaped, with 
gas distributed throughout its volume. When stars formed 
during this stage, their orbits carried them throughout an 
extended three-dimensional volume surrounding the newborn 
Galaxy. (c) In time, the gas and dust fell to the Galactic plane 
and formed a spinning disk. The stars that had already formed 
were left behind in the halo. (d) New stars forming in the disk 
inherit its overall rotation and so orbit the Galactic center on 
ordered, circular orbits.
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In principle, the structure of our Galaxy bears witness to the conditions that 
created it. In practice, however, the sheer complexity of the system we inhabit 
means that the early stages of the Milky Way are still quite poorly understood. We 
will return to the subject of galaxy formation in Chapters 15 and 16.

14.5 Galactic Spiral Arms
Radio studies provide perhaps the best direct evidence that we live in a spiral Gal-
axy. As illustrated in Figure 14.14, radio observations of interstellar gas, repeated 
in all directions in the Galactic plane, allow astronomers to map out its distribu-
tion and paint a detailed picture of the Galactic disk.

The Galaxy’s differential rotation means that gas clouds at different distances 
are moving at different speeds with respect to Earth, so the radiation received 
from them is Doppler shifted by different amounts. Astronomers use all available 
data, coupled with knowledge of Newtonian mechanics, to construct a mathe-
matical model of the rotation of stars and gas throughout the Galactic disk. 

 (Sec. 2.7) The model allows us to turn a measured velocity into a distance 
along the line of sight. As in so 
many areas of astronomy, theory 
and observations complement 
one another—the data refine the 
theoretical model, while the 
model in turn provides the frame-
work needed to understand and 
interpret further observations.

 (Sec. 0.5)
Figure 14.15 is an artist’s con-

ception (based on observational 
data) of the appearance of our 
Galaxy as seen from far above the 
disk. The figure clearly shows our 
Galaxy’s spiral arms, pinwheel-
like structures originating close 
to the Galactic bulge and extend-
ing outward throughout much of 
the Galactic disk. One of these 
arms wraps around a large part of 

table 14.1  Overall Properties of the Galactic Disk, halo, and Bulge

Galactic Disk Galactic halo Galactic Bulge

Highly flattened roughly spherical—mildly flattened somewhat flattened—elongated in the plane of the 
disk (football-shaped)

Contains both young and old stars contains old stars only contains both young and old stars; more old stars at 
greater distances from the center

Contains gas and dust contains no gas and dust contains gas and dust, especially in the inner regions

Site of ongoing star formation no star formation during the last 10 billion years ongoing star formation in the inner regions

Gas and stars move in circular orbits in the 
Galactic plane

stars have random orbits in three dimensions stars have largely random orbits, but with some net 
rotation about the Galactic center

Spiral arms (Sec. 14.5) little discernible substructure; globular clusters, 
tidal streams (Sec. 14.3)

ring of gas and dust near center; central Galactic 
nucleus (Sec. 14.7)

Overall white coloration, with blue spiral arms reddish in color yellow-white

ConCept CheCk 

Why are there no young halo stars?

Typical radio spectrum showing how cloud 2 is 
blueshifted more than cloud 1.
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 FiGure 14.14 Gas in the Galactic Disk  Because the 
disk of our Galaxy is rotating differentially (inside faster than 
the outside), signals from different clumps of hydrogen 
matter along any line of sight are Doppler shifted by different 
amounts. Repeated observations in many different directions 
allow astronomers to map out the distribution of gas in our 
Galaxy.
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the disk and contains our Sun. Notice, incidentally, the scale markers 
on Figures 14.8, 14.9, and 14.15. The Galactic globular-cluster distri-
bution (shown in Figure 14.8), the luminous stellar component of 
the disk (Figure 14.9), and the known spiral structure (Figure 14.15) 
all have roughly the same diameter—about 30 kpc. This diameter is 
fairly typical of spiral galaxies observed elsewhere in the universe.

The spiral arms in our Galaxy are made up of much more than 
just interstellar gas and dust. Studies of the Galactic disk within a 
kiloparsec or so of the Sun indicate that young stellar and prestellar 
objects—emission nebulae, O- and B-type stars, and recently formed 
open clusters—are also distributed in a spiral pattern that closely fol-
lows the distribution of interstellar clouds. The obvious conclusion is 
that the spiral arms are the part of the Galactic disk where star for-
mation takes place. The brightness of the young stellar objects just 
listed is the main reason that the spiral arms of other galaxies are 
easily seen from afar (Figure 14.2b).

A central problem in understanding spiral structure is explain-
ing how that structure persists over long periods of time. The basic 
issue is simple: differential rotation makes it impossible for any 
large-scale structure “tied” to the disk material to survive. Figure 
14.16 shows how a spiral pattern always consisting of the same 
group of stars and gas clouds would necessarily “wind up” and dis-
appear within a few hundred million years. How then do the Gal-

axy’s spiral arms retain their structure over long periods of time despite 
differential rotation? A leading explanation for the existence of spiral arms is that 
they are spiral density waves—coiled waves of gas compression that move 
through the Galactic disk, squeezing clouds of interstellar gas and triggering the 
process of star formation as they go.  (Sec. 11.4) Like traffic slowing as it 
passes an obstacle on the highway (see Discovery 14-2), Galactic gas slows down 
and becomes denser as it passes through the wave. The spiral arms we observe 
are defined by the denser-than-normal clouds of gas thus created and by the new 
stars formed as a result of the spiral waves’ passage.

This explanation of spiral structure avoids the problem of differential rota-
tion because the wave pattern is not tied to any particular piece of the Galactic 
disk. The spirals we see are merely patterns moving through the disk, not matter 
being transported from place to place. The density wave moves through the col-
lection of stars and gas making up the disk just as a sound wave moves through 
air or an ocean wave passes through water, compressing different parts of the 
disk at different times. Even though the rotation rate of the disk material varies 
with distance from the Galactic center, the wave itself remains intact, defining the 
Galaxy’s spiral arms.

Over much of the visible portion of the Galactic disk (within about 15 kpc of 
the center), the spiral wave pattern is predicted to rotate more slowly than the 
stars and gas. Thus, as shown in Figure 14.17, Galactic material catches up with 
the wave, is temporarily slowed down and compressed by the wave’s gravitational 
pull as it passes through, then continues on its way.

As the density wave enters the arm from behind, the gas is compressed and 
forms stars. Dust lanes mark the regions of highest-density gas. The most promi-
nent stars—the bright O- and B-type blue giants—live for only a short time, so 
emission nebulae and young star clusters are found only within the arms, near 
their birth sites, just ahead of the dust lanes. Their brightness emphasizes the spi-
ral structure. Further downstream, ahead of the spiral arms, we see mostly older 
stars and star clusters, which have had enough time since their formation to pull 
ahead of the wave. Over millions of years their random individual motions, su-
perimposed on the overall rotation around the Galactic center, distort and 

30 kpc

Sun

 FiGure 14.15 Milky Way Spiral Structure  An artist’s 
conception of our Milky Way Galaxy seen face-on, based on 
radio and infrared maps of stars, gas, and dust in the Galactic 
disk. The illustration is painted from the perspective of an 
observer 100 kpc above the Galactic plane, showing the spiral 
arms emanating from a bar whose length is twice its width. 
Everything is drawn to scale (except for the oversized yellow 
dot near the top, which represents our Sun). The two small 
blotches to the left are dwarf galaxies, called the Magellanic 
Clouds, which are studied in Chapter 15. (Adapted from JPL)

inTerAcTiVe

Spiral Arms and Star Formations 

ConCept CheCk 

Why can’t spiral arms simply be clouds of gas and 
young stars orbiting the galactic center?
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The red arrows
portray time’s 
passage from
left to right .

This idea of
how spiral
arms change
is probably
wrong.

eventually destroy their original spiral configuration, and they become part of the 
general disk population.

Note, incidentally, that although the spirals shown in Figure 14.17 have two 
arms each, astronomers are not completely certain how many arms make up the 
spiral structure in our Galaxy. The theory makes no strong predictions on this 
point. As illustrated in Figure 14.15, the best available data suggest that our Gal-
axy has two major arms.

An alternative possibility is that the formation of stars drives the waves, 
instead of the other way around. Imagine a row of newly formed massive stars 
somewhere in the disk. The emission nebula created when these stars form, and 
the supernovae when they die, send shock waves through the surrounding gas, 
possibly triggering new star formation.  

 (Sec. 12.7) Thus, as illustrated in Figure 
14.18(a), the formation of one group of stars 
provides the mechanism for the creation of more 
stars. Computer simulations suggest that it is 
possible for the “wave” of star formation thus 
created to take on the form of a partial spiral and 
for this pattern to persist for some time. However, 
this process, known as self-propagating star 
formation, can produce only pieces of spirals, as 
are seen in some galaxies (Figure 14.18b). It 
apparently cannot produce the galaxywide spiral 
arms seen in other galaxies and present in our 
own. It may well be that there is more than one 
process at work in the spectacular spirals we see.

 FiGure 14.16 Differential Galactic rotation interactive   
The disk of our Galaxy rotates differentially, as shown by the 
small white arrows that represent the angular speed of the 
disk. If spiral arms were somehow tied to the material of the 
Galactic disk, such uneven rotation would cause the spiral 
pattern to wind up and disappear in a few hundred million 
years. Spiral arms would be too short-lived to be consistent 
with the numbers of spiral galaxies we observe today. 

This idea of spiral arm construction is probably
correct cbut no one knows for sure.

In this painting, red arrows indicate gas motion
and white arrows the spiral
arm motion.
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 FiGure 14.17 Spiral Density Waves   
Density-wave theory holds that the spiral arms seen 
in our own and many other galaxies are waves of gas 
compression and star formation moving through the 
material of the galactic disk. Gas enters an arm from 
behind, is compressed, and forms stars. The spiral 
pattern is delineated by dust lanes, regions of high gas 
density, and newly formed bright stars. The inset at right 
shows the spiral galaxy NGC 1566, which displays many 
of the features just described. (AURA)
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In the late 1960s, American astrophysicists C. C. Lin and Frank 
Shu proposed a way in which spiral arms in the Galaxy could per-
sist for many Galactic rotations. They argued that the arms them-
selves contain no “permanent” matter. They should not be viewed 
as assemblages of stars, gas, and dust moving intact through the 
disk because such structures would quickly be destroyed by dif-
ferential rotation. Instead, as described in the text, a spiral arm 
should be envisaged as a density wave—a wave of alternating com-
pression and expansion sweeping through the Galaxy.

A wave in water builds up material temporarily in some 
places (crests) and lets it down in others (troughs). Similarly, as 
Galactic matter encounters a spiral density wave, the matter is 
compressed to form a region of higher than normal density. The 
matter enters the wave, is temporarily slowed down (by gravity) 
and compressed as it passes through, then continues on its way. 
This compression triggers the formation of new stars and nebu-
lae. In this way, the spiral arms are formed and reformed repeat-
edly, without wrapping up.

The accompanying figure illustrates the formation of a den-
sity wave in a more familiar context—a traffic jam triggered by 
the presence of a repair crew moving slowly down the road. Cars 
slow down temporarily as they approach the crew, then speed up 
again as they pass the worksite and continue on their way. The 
result observed by a traffic helicopter flying overhead is a region 
of high traffic density concentrated around the work crew and 

moving with it. An observer on the side of the road, however, 
sees that the jam never contains the same cars for very long. 
Cars constantly catch up to the bottleneck, move slowly through 
it, then speed up again, only to be replaced by more cars arriving 
from behind.

The traffic jam is analogous to the region of high stellar den-
sity in a Galactic spiral arm. Just as the traffic density wave is not 
tied to any particular group of cars, the spiral arms are not at-
tached to any particular piece of disk material. Stars and gas 
enter a spiral arm, slow down for a while, then exit the arm and 
continue on their way around the Galactic center. The result is a 
moving region of high stellar and gas density, involving different 
parts of the disk at different times. Notice also that, just as in our 
Galaxy, the traffic jam wave moves more slowly than, and inde-
pendently of, the overall traffic flow.

We can extend our traffic analogy a little further. Most drivers 
are well aware that the effects of such a tie-up can persist long 
after the road crew has stopped work and gone home for the 
night. Similarly, spiral density waves can continue to move 
through the disk even after the disturbance that originally pro-
duced them has long since subsided. According to spiral density 
wave theory, this is precisely what has happened in the Milky Way 
Galaxy. Some disturbance in the past—an encounter with a satel-
lite galaxy, perhaps, or the effect of the central bar—produced a 
wave that has been moving through the Galactic disk ever since.

Density Waves

14.2 D i s C o v e r y

Traffic
density

Density
wave

Location

Traffic speed

An important question, but one not answered by either of the two theories 
just described, is, Where do these spirals come from? What was responsible for 
generating the density wave in the first place or for creating the line of newborn 
stars whose evolution drives the advancing spiral arm? Scientists speculate that 
(1) instabilities in the gas near the galactic bulge, (2) the gravitational effects of 
nearby galaxies, or (3) the elongated shape of the bulge itself may have had a big 
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enough influence on the disk to get the process going. The fact is that we still 
don’t know for sure how galaxies—including our own—acquire such beautiful 
spiral arms.

14.6 The Mass of the Milky Way Galaxy
We can measure our Galaxy’s mass by studying the motions of gas clouds and 
stars in the Galactic disk. Recall from Chapter 1 that Kepler’s third law (as modi-
fied by Newton) connects the orbital period, orbit size, and masses of any two 
objects in orbit around one another:

total mass (solar masses) =
orbit size (astronomical units)3

orbit period (years)2

The distance from the Sun to the Galactic center is about 8 kpc, and the Sun’s or-
bital period is 225 million years. Plugging these numbers into the equation, we 
find a mass of almost 1011 solar masses—100 billion times the mass of our Sun.

But what mass have we just measured? When we performed the analogous 
calculation in the case of a planet orbiting the Sun, there was no ambiguity: 
Neglecting the planet’s mass, the result of our calculation was the mass of the Sun. 

 (Sec. 1.4) However, the Galaxy’s matter is not concentrated at the Galactic 
center (as the Sun’s mass is concentrated at the center of the solar system). 
Instead, Galactic matter is distributed over a large volume of 
space. What portion of the Galaxy’s mass controls the 
Sun’s orbit? Isaac Newton answered this question 
three centuries ago: The Sun’s orbital period is 
determined by the portion of the Galaxy that lies 
within the orbit of the Sun (Figure 14.19). This is 
the mass computed from the above equation.

Again, time unfolds left to right, creating new stars over and over c

(b)
R I V U X G

Expanding
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 FiGure 14.18 Self-Propagating Star Formation  (a) In this theory of the formation of spiral arms, the shock waves produced by 
the formation and later evolution of a group of stars provide the trigger for new rounds of star formation. (b) This process may well be 
responsible for the partial spiral arms seen in some galaxies, such as NGC 4314, shown here in true color. Its distinct blue appearance 
derives from the vast numbers of young stars that pepper its ill-defined spiral arms. (R. Gendler)

Galactic disk

Sun

Galactic
center

 FiGure 14.19 Weighing the Galaxy  The orbital speed 
of a star or gas cloud moving around the Galactic center is 
determined only by the mass of the Galaxy lying inside the 
orbit (within the gray-shaded sphere). Thus, to measure the 
Galaxy’s total mass, we must observe objects orbiting at large 
distances from the center.

M17_CHAI7702_08_SE_C14.indd   405 13/11/15   1:53 PM



406 chAPTer 14   the milky Way galaxy

Dark Matter
To determine the mass of the Galaxy on larger scales, we must measure the or-
bital motion of stars and gas at greater distances from the Galactic center. As-
tronomers have found that the most effective way to do this is to make radio 
observations of gas in the Galactic disk, because radio waves are relatively unaf-
fected by interstellar absorption and allow us to probe to great distances. On the 
basis of these studies, radio astronomers have determined our Galaxy’s rotation 
rate at various distances from the Galactic center. The resultant plot of rotation 
speed versus distance from the center (Figure 14.20) is called the Galactic rota-
tion curve.

Using the Galactic rotation curve, we can now repeat our earlier calculation 
to compute the total mass that lies within any distance from the Galactic center. 
We find, for example, that the mass within about 15 kpc from the center—the 
volume defined by the globular clusters and the known spiral structure—is 
roughly 2 3 1011 solar masses, about twice the mass contained within the Sun’s 
orbit. Does the distribution of matter in the Galaxy end at 15 kpc, where the lumi-
nosity drops off sharply? Surprisingly, the answer is no.

If all of the mass of the Galaxy were contained within the edge of the visible 
structure, Newton’s laws of motion predict that the orbital speed of stars and gas 
beyond 15 kpc would decrease with increasing distance from the Galactic center, 
just as the orbital speeds of the planets diminish as we move outward from the 
Sun. The dashed line in Figure 14.20 indicates how the rotation curve should look 
in that case. However, the actual rotation curve is quite different. Far from declin-
ing at larger distances, it rises slightly out to the limits of our measurement capa-
bilities. This implies that the amount of mass contained within successively larger 
radii continues to grow beyond the orbit of the Sun, apparently out to a distance 
of at least 50 kpc.

According to the equation above, the amount of mass within 50 kpc is ap-
proximately 6 3 1011 solar masses. Since 2 3 1011 solar masses lies within 15 kpc 
of the Galactic center, we have to conclude that at least twice as much mass lies 
outside the luminous part of our Galaxy—the part made up of stars, star clusters, 
and spiral arms—as lies inside!

Based on these observations, astronomers conclude that 
the luminous portion of the Milky Way Galaxy—the region 
outlined by the globular clusters and by the spiral arms—is 
merely the “tip of the Galactic iceberg.” Our Galaxy is in real-
ity very much larger. The luminous region is surrounded by an 
extensive, invisible dark halo, which dwarfs the inner halo of 
stars and globular clusters and extends well beyond the 15-kpc 
radius once thought to represent the limit of our Galaxy. But 
what is this dark halo made of? We do not detect enough stars 
or interstellar matter to account for the mass that our compu-
tations tell us must be there. We are inescapably drawn to the 
conclusion that most of the mass in our Galaxy (and, as we 
will see, of all galaxies) exists in the form of invisible dark 
matter, whose gravitational effects we can measure and quan-
tify, but whose precise nature we do not understand.

The term dark here does not refer just to matter undetectable in visible 
light. The material has (so far) escaped detection at all electromagnetic wave-
lengths, from radio to gamma rays. Only by its gravitational pull do we know 
of its existence. Dark matter is not hydrogen gas (atomic or molecular), nor is 
it made up of ordinary stars. Given the amount of matter that must be ac-
counted for, we would have been able to detect it with present-day equipment 
if it were in either of those forms. Its composition and its consequences for the 

Far from the Galaxy’s center, the data (red)
do not agree with theory (dashed).

Distance from galactic center (kpc)

Keplerian
motion

R
ot

at
io

n 
sp

ee
d

 (k
m

/s
)

Sun

300

200

100

0
0 105 15 20 25 30 35

 FiGure 14.20 Galaxy rotation curve  The rotation 
curve for the Milky Way Galaxy plots rotation speed against 
distance from the Galactic center. The dashed curve is the 
rotation curve expected if the Galaxy “ended” abruptly 
at a radius of 15 kpc, the limit of most of the known spiral 
structure. The fact that the red curve does not follow this 
dashed line, but instead stays well above it, indicates that 
there must be additional unseen matter beyond that radius.
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evolution of galaxies and the universe are among the most important questions 
in astronomy today.

Many candidates have been suggested for this dark matter, although none is 
proven. Among the strongest “stellar” contenders are brown dwarfs and white 
dwarfs.   (Secs. 11.5, 12.3) These objects could in principle exist in great 
numbers throughout the Galaxy, yet would be exceedingly hard to see. Note that 
the ultimate “dark” candidates—black holes—are not thought to contribute much 
to the dark matter total, simply because the massive stars that produce them are 
too rare. Only about 1 star in 10,000 ends up as a black hole.

A radically different alternative is that the dark matter is made up of exotic 
subatomic particles that pervade the entire universe. In order to account for the 
properties of dark matter, these particles must have mass (to produce the ob-
served gravitational effects) but otherwise interact hardly at all with “normal” 
matter (because otherwise we would be able to see them).1 Many astrophysicists 
think that such particles could have been produced in abundance during the very 
earliest moments of our universe. If they survived to the present day, there might 
be enough of them to account for all the dark matter we think must be out there. 
These ideas are hard to test, however, because such particles would be very diffi-
cult to detect. Several detection experiments have been attempted, so far without 
success.

A few astronomers have proposed a very different explanation for the “dark 
matter problem,” suggesting that its resolution may lie not in the nature of dark 
matter, but rather in a modification to Newton’s law of gravity that increases the 
gravitational force on very large (galactic) scales, doing away with the need for 
dark matter in the first place. The vast majority of scientists do not accept this 
view, but the very fact that it has been proposed—and is being seriously discussed 
in (some) scientific circles—underscores our current level of uncertainty. Dark 
matter is one of the great unsolved mysteries in astronomy today.

The Search for Stellar Dark Matter
Researchers have gained insight into the distribution of stellar dark matter  
by using a key element of Albert Einstein’s theory of general relativity—the 
prediction that a beam of light can be deflected by a gravitational field, which has 
already been verified in the case of starlight passing close to the Sun.  

 (More Precisely 13-2) Although this effect is small, it has the potential for 
making otherwise invisible stellar objects observable from Earth. Here’s how.

Imagine looking at a distant star as a faint foreground object (such as a 
brown dwarf or a white dwarf) happens to cross your line of sight. As illustrated 
in Figure 14.21, the intervening object deflects a little more starlight than usual 
toward you, resulting in a temporary, but quite substantial, brightening of the dis-
tant star. Because the effect is in some ways like the focusing of light by a lens, 
this process is known as gravitational lensing. The foreground object is referred 
to as a gravitational lens. The amount of brightening and the duration of the effect 
depend on the mass, distance, and speed of the lensing object. Typically, the ap-
parent brightness of the background star increases by a factor of 2 to 5 for a pe-
riod of several weeks. Thus, even though the foreground object cannot be seen 
directly, its effect on the light of the background star makes it detectable.

Of course, the probability of one star passing almost directly in front of an-
other, as seen from Earth, is extremely small. However, by observing millions of 

proCess of sCienCe CheCk 

the nature of subatomic dark matter particles is 
completely unknown, yet most scientists regard 
these particles as the best solution to the dark 
matter problem. How do you think these 
statements square with the experimental scientific 
method presented in chapter 0?

1One class of candidate particles satisfying these requirements has been dubbed Weakly Interacting Massive 
Particles, or WIMPs. Not to be outdone, astronomers searching for the more mundane stellar dark matter 
have labeled them MAssive Compact Halo Objects, or MACHOs. Who says astronomers don’t have a sense 
of humor?

SeLF-GuiDeD TuTOriAL 

gravitational Lensing 
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stars every few days over a period of years (using automated telescopes and high-
speed computers to reduce the burden of coping with so much data), astrono-
mers have so far seen thousands of events. The observations are consistent with 
lensing by low-mass white dwarfs and suggest that such stars could account for 
at least half—but apparently not all—of the Galactic dark matter inferred from 
dynamical studies.

Bear in mind, though, that the identity of the dark matter is not necessarily 
an “all-or-nothing” proposition. It is quite possible that more than one type of 
dark matter exists. For example, most of the dark matter in the inner (visible) 
parts of galaxies could be in the form of low-mass stars, while the dark matter 
farther out might be primarily in the form of exotic particles. We will return to 
this perplexing problem in later chapters.

14.7 The Galactic center
Theory predicts that the Galactic bulge, and especially the region close to the Ga-
lactic center, should be densely populated with billions of stars. However, we are 
unable to see this region of our Galaxy—the interstellar medium in the Galactic 
disk shrouds what otherwise would be a stunning view. Figure 14.22 shows the 
(optical) view we do have of the region of the Milky Way toward the Galactic 
center, in the general direction of the constellation Sagittarius.
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 FiGure 14.21 Gravitational Lensing  (a) Gravitational 
lensing by a faint foreground object (such as a brown 
dwarf) can temporarily cause a background star to brighten 
significantly, providing a means of detecting otherwise 
invisible stellar dark matter. (b) These two images show the 
brightening of a star during a lensing event, this one implying 
that a massive, but unseen, object passed in front of the 
unnamed star at the center of the two boxes imaged  
6 months apart. (AURA)

ConCept CheCk 

in what sense is dark matter “dark”?
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Galactic Activity
With the help of infrared and radio techniques we can peer more deeply into the 
central regions of our Galaxy than we can by optical means. Infrared observa-
tions (Figure 14.22 inset) show that the innermost parsec of our Galaxy harbors a 
dense cluster containing roughly 1 million stars. That’s a stellar density about 100 
million times greater than in our solar neighborhood, high enough that stars 
must experience frequent close encounters and even collisions.

Figure 14.23(a) is an infrared view of part of Figure 14.22, with the Galactic 
plane now horizontal. On this scale, infrared radiation has been detected from 
what appear to be huge clouds rich in dust. Radio observations indicate a ring of 
molecular gas nearly 400 pc across, containing hundreds of thousands of solar 
masses of material and rotating around the Galactic center at about 100 km/s. Its 
origin is unclear, although researchers think that the gravity of the Galaxy’s cen-
tral rotating bar may deflect gas from farther out into the dense central regions.

Higher-resolution radio studies show much more structure. Figure 14.23(b) 
shows a region called Sagittarius A. (The name just means that it is the brightest 
radio source in Sagittarius.) It lies at the center of the boxed region in Figures 
14.22 and 14.23(a) and, we think, at the center of our Galaxy. On a scale of about 
25 pc, extended filaments can be seen. Their presence suggests to many astrono-
mers that strong magnetic fields operate near the center, creating structures simi-
lar in appearance to (but much larger than) those observed on the active Sun.

On even smaller scales (Figure 14.23c), Chandra observations indicate an ex-
tended region of hot X-ray-emitting gas, apparently associated with a supernova 
remnant, in addition to many other individual bright X-ray sources. Within that 
region lies a rotating ring of star-forming molecular gas only a few parsecs across, 
with streams of matter spiraling inward toward the center (Figure 14.23d).

What could cause all this activity? An important clue comes from the Doppler 
broadening of infrared spectral lines emitted from the central swirling whirlpool 
of gas. The extent of the broadening indicates that the gas is moving very rapidly. 
In order to keep this gas in orbit, whatever is at the center must be extremely mas-
sive—several million solar masses. Given the twin requirements of large mass and 
small size, a leading contender is a supermassive black hole. The strong magnetic 
fields are thought to be generated within the accretion disk around the black hole 
as matter spirals inward and may act as “particle accelerators,” creating the ex-
tremely high-energy particles detected on Earth as cosmic rays.  (Sec. 13.3)

R I V U X G R I V U X G

0.3 pc

M8

 FiGure 14.22 Galactic center interactive  Photograph 
of stellar and interstellar matter in the direction of the Galactic 
center. The field is roughly 20°, top to bottom, and is a 
continuation of the bottom part of Figure 11.5. The overlaid 
box indicates the location of the center of our Galaxy. The 
inset shows an adaptive-optics infrared view of the dense 
stellar cluster surrounding the Galactic center, whose very 
core is indicated by the twin arrows. (AURA; ESO) 

inTerAcTiVe

Spiral galaxy m81 
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The central Black hole
At the very center of our Galaxy, at the heart of Sagittarius A, lies a remarkable 
object with the odd-sounding name Sgr A* (pronounced “saj A star”). By the 
standards of the active galaxies to be studied in Chapter 15, this compact Ga-
lactic nucleus is not particularly energetic. Still, radio observations made 
during the past two decades, along with more recent X- and gamma-ray obser-
vations, suggest that it is nevertheless a pretty violent place. Its total energy 
output (at all wavelengths) is estimated to be W, which is more than a million 
times that of the Sun. Very-long-baseline interferometry (VLBI) observations 
using radio telescopes arrayed from Hawaii to Massachusetts imply that Sgr 

R I V U X G
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 FiGure 14.23 Galactic center close-up interactive  (a) An infrared image of the region around the center of our Galaxy shows 
many bright stars packed into a relatively small volume. (b) The central portion of our Galaxy, as observed in the radio part of the 
spectrum, shows a region about 100 pc across surrounding the Galactic center (which lies within the orange-yellow region at bottom 
right). The long-wavelength radio emission cuts through the Galaxy’s dust, providing a view of matter in the immediate vicinity of the 
Galaxy’s center. (c) This Chandra X-ray image shows the relation of a hot supernova remnant (red) and Sgr A*, the suspected black hole 
at the very center of our Galaxy. (d) The spiral pattern of radio emission arising from Sagittarius A itself suggests a rotating ring of matter 
only a few parsecs across. All images are false color, since they lie outside the visible spectrum. (SST; NRAO; NASA) 
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A* cannot be much larger than 10 AU, and it is probably a good deal smaller 
than that.  (Sec. 3.4) This size is consistent with the view that the energy 
source is a massive black hole. Figure 14.24 is perhaps the strongest evidence 
to date supporting the black hole picture. It shows a high-resolution infrared 
image of an 0.04-pc (8000 AU) field near the Galactic center, centered on Sgr 
A*. Using advanced adaptive-optics techniques on the Keck telescope and the 
VLT, two teams of researchers from the United States and Europe have created 
the first-ever diffraction-limited (0.05 resolution) images of the region. 

 (Sec. 3.3)
Remarkably, the image quality is good enough that the proper motions of 

several of the stars—their orbits around the Galactic center—can clearly be seen. 
The inset shows a series of observations of one of the brightest stars—called 
S2—over a 10-year period. The motion is consistent with an orbit around a mas-
sive object at the location of Sgr A*, in accordance with Newton’s laws of mo-
tion.  (Sec. 1.4) The solid curve on the figure shows the elliptical orbit that 
best fits the observations. It corresponds to a 15-year orbit with a semimajor axis 
of 950 AU, corresponding (from Kepler’s third law, as modified by Newton) to a 
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Sgr A* lies at the 
foci of all these 
elliptical orbits.

 FiGure 14.24 Orbits near the Galactic 
center  (a) This extremely close-up map of the 
Galactic center (left) was obtained by infrared 
adaptive optics, resulting in an ultra-high-resolution 
image of the innermost 0.1 pc of the Milky Way. 
The inset shows the orbit of the innermost star in 
the frame, labeled S2, between 1992 and 2003. The 
solid line shows the best-fitting orbit for S2 around  
a black hole of 4 million solar masses, located at  
Sgr A* (marked with a cross). (b) The orbits of several 
stars near the Galactic center share a common 
focus—Sgr A*. (ESO)
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central mass of 4 million solar masses. The small size of the central object is 
clearly demonstrated by the orbit of another star (S16), whose extremely eccen-
tric orbit brings it within 45 AU of the center. Note that, even with this large 
mass, if Sgr A* is indeed a genuine black hole, the size of its event horizon is still 
only 0.08 AU.  (Sec. 13.5) Such a small region, 8 kpc away, is currently unre-
solvable, although radio astronomers are hopeful that improving VLBI tech-
niques will allow them to “see” the event horion and study the surrounding 
accretion disk within the next decade.

Figure 14.25 places these findings into a simplified perspective—all frames 
are artist’s conceptions, but are based on real data. Each frame is centered on the 
Galaxy’s core, with an increase in resolution of a factor of 10 from one frame to 
the next. Frame (a) renders the Galaxy’s overall shape, as shown in Figure 14.15.   
This frame measures about 50 kpc across. Frame (b) spans a distance of 5 kpc and 
is nearly filled by the Galactic bar and the great circular sweep of the innermost 
spiral arm. Moving in to a 500-pc span, frame (c) depicts the 400-pc ring of gas 
mentioned earlier and some young dense star clusters, evidence of recent star for-
mation near the Galactic center. The dark blobs represent giant molecular clouds, 
the pink patches emission nebulae associated with star formation within them.

In frame (d), at 50 pc, a pinkish (thin, warm) region of ionized gas 
surrounds the reddish (thicker, warmer) heart of the Galaxy. The energy 
responsible for this vast ionized region comes from frequent supernovae and 
other violent activity in the Galactic center. The central star cluster (diluted in 

(a) (b) (c)50 kpc 5 kpc 500 pc

 FiGure 14.25 Galactic center Zoom  This series of artist’s conceptions of the 
Galactic center depicts each frame increasing in resolution by a factor of 10. Frame  
(a) is the same scene as Figure 14.15. Frame (f) is a rendition of a vast whirlpool within 
the innermost 0.5 parsec of our Galaxy. The data imaged in Figure 14.23 do not closely 
match these artistic renderings because the Figure 14.23 view is parallel to the Galactic 
disk—along the line of sight from the Sun to the Galactic center—whereas these six 
paintings portray a simplified view perpendicular to the disk, while progressively zooming 
down onto that disk.

Violent stellar activity in the Galactic
center is driving high-speed flows of
gas out of the Galactic core.

5000 pc

R I V U X G

 FiGure 14.26 Galactic Outflow  Radio observations reveal a huge outflow of gas (blue) 
from the Galactic center, here superimposed on an optical image of the Galactic disk, most 
likely driven by supernovae in the dense Galactic core.
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(d) (e) (f)50 pc 5 pc 0.5 pc

ConCept CheCk 

What is the most likely explanation of the 
energetic events observed at the galactic center?

the painting for clarity) and the surrounding star-forming ring can also be seen. 
Recent multiwavelength observations reveal that this intense stellar activity has 
blasted huge (10 kpc long) magnetized jets of high-energy particles out of the 
Galactic center, roughly perpendicular to the disk (Figure 14.26). The total 
energy in the jets exceeds that of a typical supernova by about a factor of a 
million. Astronomers suspect that similar events are occurring at the centers of 
many other galaxies. Also shown in frame (d) are numerous young dense star 
clusters, further evidence of recent bursts of star formation near the Galactic 
center. Frame (e), spanning 5 pc, depicts the ring in more detail as well as the 
central cluster, along with the tilted, spinning whirlpool of hot (104 K) gas 
surrounding the center of our Galaxy. The innermost part of this gigantic 
whirlpool is shown in frame (f), in which a swiftly spinning, white-hot disk of 
gas with temperatures in the millions of kelvins nearly engulfs the central black 
hole (represented here as a black dot). Two rings of stars, possibly the remains 
of disrupted star clusters, have also been detected, as roughly sketched in frame 
(f). The black hole itself, and the stellar orbits shown in Figure 14.24, are far too 
small to be pictured on this scale.

The last decade has seen an explosion in our knowledge of the innermost 
few parsecs of our Galaxy, and astronomers are working hard to decipher the 
clues hidden within its invisible radiation. Still, we are only now beginning to 
appreciate the full complexity of this strange realm deep in the heart of the 
Milky Way.

The BiG QueSTiOn

How big is the Milky Way? How well do we know the size, shape, and 
mass of our colossal home in the cosmos? In recent years, astronomers 
have reexamined our system of stars, gas, and dark matter: Its total mass 
has been upgraded by nearly a factor of ten, its extended halo might 
reach halfway to the nearest galaxy, and its dark matter outweighs its 
normal matter by at least a factor of five. Even so, have we seriously 
underestimated the scale of this grand system?
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LO1 A galaxy (p. 392) is a huge collection of 
stellar and interstellar matter isolated in 
space and bound together by its own 
gravity. Because we live within it, the 
Galactic disk (p. 392) of our Milky Way 
Galaxy (p. 392) appears as a broad band 
of light across the sky—the Milky Way. Near the center, the 
Galactic disk thickens into the Galactic bulge (p. 392). The 
disk is surrounded by a roughly spherical Galactic halo  
(p. 392) of old stars and star clusters. Our Galaxy, like many 
others visible in the sky, is a spiral galaxy. Disk and halo stars 
differ in their spatial distributions, ages, colors, and orbital 
motion. The luminous portion of our Galaxy has a diameter 
of about 30 kpc. In the vicinity of the Sun, the Galactic disk is 
about 300 pc thick.

LO2 The halo can be studied using variable 
stars (p. 394), whose luminosity 
changes with time. Two types of 
pulsating variable stars of particular 
importance to astronomers are RR 
Lyrae variables (p. 394) and Cepheid 
variables (p. 394). All RR Lyrae stars 
have roughly the same luminosity. For Cepheids, the 
luminosity can be determined using the period–luminosity 
relationship (p. 395). Knowing the luminosity, astronomers 
apply the inverse-square law to find the distance. The brightest 
Cepheids can be seen at distances of millions of parsecs, 
extending the cosmic distance ladder well beyond our own 
Galaxy. In the early 20th century, Harlow Shapley used RR 
Lyrae stars to determine the distances to many of the Galaxy’s 
globular clusters and found that they have a roughly spherical 
distribution in space, but the center of the sphere lies far from 
the Sun—it is close to the Galactic center (p. 396), about 8 
kpc away.

LO3 Stars and gas within the Galactic disk 
move on roughly circular orbits around 
the Galactic center. Stars in the halo and 
bulge move on largely random three-
dimensional orbits that pass repeatedly 
through the disk plane but have no 
preferred orientation.

LO4 The halo lacks gas and dust, so no 
stars are forming there. All halo stars 
are old. The gas-rich disk is the site of 
current star formation and contains 
many young stars. Halo stars 
appeared early on, before the Galactic 
disk took shape, when there was still 
no preferred orientation for their 
orbits. As the gas and dust formed a rotating disk, stars that 
formed in the disk inherited its overall spin and so moved on 
circular orbits in the Galactic plane, as they do today.

LO5 Radio observations clearly reveal the 
extent of our Galaxy’s spiral arms  
(p. 401), regions of the densest 
interstellar gas where star formation  
is taking place. The spirals cannot be 
“tied” to the disk material, as 
differential rotation would have 
wound them up long ago. Instead, 
they may be spiral density waves (p. 402) that move 
through the disk, triggering star formation as they pass by. 
Alternatively, the spirals may arise from self-propagating 
star formation (p. 403), when shock waves produced by the 
formation and evolution of one generation of stars trigger the 
formation of the next.

LO6 The Galactic rotation curve  
(p. 406) plots the orbital speed of 
matter in the disk against distance 
from the Galactic center. By 
applying Newton’s laws of motion, 
astronomers can determine the mass of the Galaxy. The 
Galactic mass continues to increase beyond the radius 
defined by the globular clusters and the spiral structure we 
observe, indicating that our Galaxy has an invisible dark 
halo (p. 406). The dark matter (p. 406) making up this 
dark halo is of unknown composition. Candidates include 
low-mass stars and exotic subatomic particles. Recent 
attempts to detect stellar dark matter have used the fact that 
a faint foreground object can occasionally pass in front of a 
more distant star, deflecting the star’s light and causing its 
apparent brightness to increase temporarily. This deflection 
is called gravitational lensing (p. 407).
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than the Sun resides there. The hole lies at the center of a 
dense star cluster containing millions of stars, which is in 
turn surrounded by a star-forming disk of molecular gas. The 
observed activity is thought to be powered by accretion onto 
the black hole, as well as by supernova explosions in the 
cluster surrounding it.

LO7 Astronomers working at infrared and 
radio wavelengths have uncovered 
evidence for energetic activity within a 
few parsecs of the Galactic center. The 
leading explanation is that a black hole 
roughly 4 million times more massive 

Sgr A*

5 pc

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW AnD DiScuSSiOn
 1. LO1 POS What do globular clusters tell us about our Galaxy 

and our place within it?

 2. How are Cepheid variables used in determining distances?

 3. How far away can we use Cepheids to measure distance?

 4. LO2 What important discoveries were made early in this cen-
tury using RR Lyrae variables?

 5. Why can’t optical astronomers easily study the center of our 
Galaxy?

 6. Why are radio studies often more useful in the study of Galac-
tic structure than observations made in visible light?

 7. LO3 Contrast the motions of disk and halo stars.

 8. LO5 POS Explain why Galactic spiral arms are thought to be 
regions of recent and ongoing star formation.

 9. Describe what happens to interstellar gas as it passes through a 
spiral density wave.

 10. What is self-propagating star formation?

 11. LO4 What do halo stars tell us about the history of our 
Galaxy?

 12. What does a galaxy’s rotation curve tell us about its total mass?

 13. LO6 POS What evidence is there for dark matter in the Galaxy?

 14. Describe some candidates for Galactic dark matter.

 15. LO7 POS Why do astronomers think that a supermassive black 
hole lies at the center of the Milky Way Galaxy?

cOncePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. Herschel’s attempt to map the Milky Way by counting stars led 

to an inaccurate estimate of the Galaxy’s size because he was 
unaware of absorption by interstellar dust. (T/F)

 2. Cepheid variables can be used to determine the distances to the 
nearest galaxies. (T/F)

 3. Globular clusters trace out the structure of the Galactic disk. (T/F)

 4. The Galactic halo contains as much gas and dust as the disk. 
(T/F)

 5. The Galactic disk contains only old stars. (T/F)

 6. Stars and gas in the Galactic disk move in roughly circular or-
bits around the Galactic center. (T/F)

 7. We can use 21-cm radiation to study molecular clouds. (T/F)

 8. The most likely explanation of the high-speed motion of stars 
and gas near the Galactic center is that they are orbiting a su-
permassive black hole. (T/F)

 9. In the Milky Way Galaxy, our Sun is located (a) near the Galac-
tic center; (b) about halfway out from the center; (c) at the 
outer edge; (d) in the halo.

 10. A telescope searching for newly formed stars would make the 
most discoveries if it were pointed (a) directly away from the 
Galactic center; (b) perpendicular to the Galactic disk; (c) 
within a spiral arm; (d) between spiral arms.

 11. The first stars that formed in the Milky Way now (a) have cha-
otic orbits; (b) orbit in the Galactic plane; (c) orbit near the 
Galactic center; (d) orbit in the same direction as the Milky 
Way spins.

 12. Stars in the outermost regions of the Milky Way Galaxy (a) are 
youngest; (b) orbit faster than astronomers would expect based 
on the Galactic mass we can see; (c) are more likely to explode 
as supernovae; (d) are more luminous than other stars.

 chapter review 415
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416 chAPTer 14   the milky Way galaxy

 13. Most of the mass of the Milky Way exists in the form of (a) 
stars; (b) gas; (c) dust; (d) dark matter.

 14. ViS In Figure 14.6 (Period–Luminosity Relationship), a Cepheid 
variable star with luminosity 1000 times that of the Sun has a 
pulsation period of roughly (a) 1 day; (b) 3 days; (c) 10 days; 
(d) 50 days.

 15. ViS Figure 14.20 (Galaxy Rotation Curve) tells us that (a) the 
Galaxy rotates like a solid body; (b) far from the center, the Gal-
axy rotates more slowly than we would expect based on the light 
we see; (c) far from the center, the Galaxy rotates more rapidly 
than we would expect based on the light we see; (d) there is no 
matter beyond about 15 kpc from the Galactic center.

PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  At one time some astronomers claimed that the Andromeda 
“nebula” (Figure 14.2a) was a star-forming region lying within 
our Galaxy. Calculate the angular diameter of a prestellar neb-
ula of radius 100 AU, lying 100 pc from Earth. How close to 
Earth would the nebula have to lie for it to have the same angu-
lar diameter (roughly 6°) as Andromeda?

 2.  What is the greatest distance at which an RR Lyrae star of 
absolute magnitude 0 could be seen by a telescope capable of 
detecting objects as faint as 20th magnitude?  (Sec. 10.2)

 3.  A typical Cepheid variable is 100 times brighter than a typical 
RR Lyrae star. On average, how much farther away than RR 
Lyrae stars can Cepheids be used as distance-measuring tools?

 4.  An astronomer using HST can just see a star with solar lu-
minosity at a distance of 100,000 pc. The brightest Cepheids 
are 30,000 times more luminous than the Sun. If the Sun’s ab-
solute magnitude is 5, calculate the absolute magnitudes of 
these bright Cepheids. Neglecting interstellar absorption, how 
far away can HST see them?

 5.  Calculate the proper motion (in arc seconds per year) of a 
globular cluster with a transverse velocity (relative to the Sun) 
of 200 km/s and a distance of 3 kpc. Might this motion be 
measurable?  (Sec. 10.1)

 6.  Calculate the total mass of the Galaxy lying within 20 kpc of 
the Galactic center if the rotation speed at that radius is 240 
km/s.

 7.  Using the data presented in Figure 14.20, calculate how 
long it takes the Sun to “lap” stars orbiting 15 kpc from the Ga-
lactic center.

 8.  A two-arm spiral density wave is moving through the Galactic 
disk. At the 8-kpc radius of the Sun’s orbit around the Galactic 
center, the wave’s speed is 120 km/s, and the Galactic rotation 
speed is 220 km/s. How many times has the Sun passed through 
a spiral arm since the Sun formed 4.6 billion years ago?

 9.  Given the data in the previous question and the fact that O-
type stars live at most 10 million years before exploding as su-
pernovae, calculate the maximum distance at which an O-type 
star (orbiting at the Sun’s distance from the Galactic center) 
can be found from the density wave in which it formed.

10.  Material at an angular distance of 0.2 from the Galactic 
center is observed to have an orbital speed of 1200 km/s. If the 
Sun’s distance to the Galactic center is 8 kpc and the material’s 
orbit is circular and is seen edge-on, calculate the radius of the 
orbit and the mass of the object around which the material is 
orbiting.

AcTiViTieS
collaborative
 1. Construct your own electronic version of the Messier catalog, 

listing the names, types, and coordinates of all 110 Messier ob-
jects. (You should be able to find all the needed information 
on the Web, although you may end up combining information 
from more than one source.) Use a spreadsheet to plot the ce-
lestial coordinates—right ascension and declination—of all 
objects. (Sec. 0.1) Color-code the objects to distinguish among 
emission nebulae, young star clusters, older open star clusters, 

globular clusters, and galaxies. What do you notice about the 
distributions of these objects on the sky? It might help to 
sketch the approximate location of the Milky Way (more re-
search!) on the plot. Why are the young objects mainly found 
in the plane of the Milky Way. What about the globular clus-
ters? Why do you think the galaxies apparently avoid the Ga-
lactic plane? If you have time, add deep-sky objects from other 
catalogs to your plot.
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individual
 1. If you are far from city lights, look for a hazy band of light 

arching across the sky. This is our edgewise view of the Milky 
Way Galaxy. The Galactic center is located in the direction of 
the constellation Sagittarius, highest in the sky in summer, 
but visible from spring through fall. Look at the band making 
up the Milky Way and sketch what you see. Look for dark re-
gions and faint fuzzy spots in the Milky Way; note their posi-
tions on your sketch. Add the major constellations for 
reference. Compare your sketch with a map of the Milky Way 
in a star atlas. Can you identify the dark regions and faint 
fuzzy spots?

 1. Observe the Andromeda galaxy, M31. It’s the most distant ob-
ject visible to the naked eye, but don’t expect to see anything 
like Figure 14.2(a)! To the unaided eye, from all but the darkest 
sites, only its nucleus will be visible, looking like a slightly fuzzy 
star. To locate M31, find Polaris, the pole star, and the constel-
lations Cassiopeia and Andromeda. Follow a line from Polaris 
through the second “V” in the “W” of Cassiopeia, and continue 
south. That line will pass through M31 before you reach the 
northern arc of stars in Andromeda. Use binoculars or a wide-
angle eyepiece to view the galaxy and its disk. Switch to higher 
magnification to view the nucleus and the small satellite galax-
ies M32, just to its south, and M110, to the northwest.
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Normal and Active 
Galaxies
Building Blocks of the Universe

15
Studying this chapter will 
enable you to:

LO1 List the basic properties and 
main types of normal 
galaxies.

LO2 Explain the distance-
measurement techniques that 
enable astronomers to map 
the universe beyond the 
Milky Way.

LO3 Describe how galaxies are 
observed to clump into 
clusters.

LO4 State Hubble’s law, and 
explain how it is used to 
determine distances to the 
most remote objects in the 
observable universe.

LO5 Specify how active galaxies 
differ from normal galaxies, 
and describe some of their 
basic features.

LO6 Describe some types of active 
galaxies.

LO7 Explain what drives the 
central engine thought to 
power all active galaxies.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Light collected tonight from the most distant galaxies was emitted by those objects long 
before Earth even formed. Racing for billions of years across the darkened realms of the 
cosmos, a minute fraction of their radiation is now intercepted by our telescopes and 
spacecraft. Captured in the many images of this book, that radiation tells us not only 
about the properties of faraway galaxies, but also about the history of our Galaxy and 
the universe in which we live.

The BiG PicTure

 The giant elliptical galaxy M87 lies some 17 
megaparsecs from Earth, at the center of the Virgo 
galaxy cluster. Its full diameter is about 30 kpc—not 
much different from the Milky Way—although only 
the innermost 5 kpc is shown here. However, with 
several trillion stars, more than 10,000 globular 
clusters, and a 4 billion-solar-mass black hole at its 

center, M87 dwarfs our Galaxy in all other respects. 
Accretion of stars onto the central supermassive black 
hole has created a high-speed jet of matter leaving 
the galaxy’s central nucleus at nearly the speed of 
light. The jet, nucleus, and surrounding galaxy can all 
be seen in this visible-light Hubble Space Telescope 
image. (NASA/ESA)

L e a r n i n g 
O U tcO m e s

As our field of view expands to truly cosmic scales, the focus of our studies shifts 

dramatically. Planets become inconsequential, stars themselves mere points of hydrogen 

consumption. Now entire galaxies become the “atoms” from which the universe is built—

distant realms completely unknown to scientists just a century ago. We know of literally 

millions of galaxies beyond our own. Most are smaller than the Milky Way, some 

comparable in size, a few much larger. Many are sites of explosive events far more 

energetic than anything ever witnessed in our own Galaxy. All are vast, gravitationally 

bound assemblages of stars, gas, dust, dark matter, and radiation separated from us by 

almost incomprehensibly large distances. The light we receive tonight from the most 

distant galaxies was emitted long before Earth existed. By studying the properties of 

galaxies and the violence that ensues when they collide, we gain insight into the history 

of our Galaxy and the universe in which we live.
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15.1 hubble’s Galaxy classification
Figure 15.1 shows a vast expanse of space lying about 150 million parsecs from 
Earth. Almost every patch or point of light in this figure is a galaxy—several hun-
dred can be seen in just this one photograph. Images of galaxies look distinctly 
nonstellar. They have fuzzy edges, and many are quite elongated—not at all like 
the sharp, point-like images normally associated with stars. Some of the blobs of 
light in Figure 15.1 are spiral galaxies like the Milky Way Galaxy and Andromeda. 
Others, however, are definitely not spirals—no disks or spiral arms can be seen. 
Even when we take into account their different orientations in space, galaxies do 
not all look the same.

American astronomer Edwin Hubble was the first to categorize galaxies in a 
comprehensive way. Working with the then recently completed 2.5-m optical tel-
escope on Mount Wilson in California in 1924, he classified the galaxies he saw 
into four basic types—spirals, barred spirals, ellipticals, and irregulars—solely on 
the basis of their visual appearance. Many modifications and refinements have 
been incorporated over the years, but the basic Hubble classification scheme is 
still widely used today.

 FiGure 15.1 Galaxy cluster  This is Abell S0740, a 
collection of many galaxies, each consisting of hundreds of 
billions of stars. Although dominated by the large elliptical 
galaxy at the upper right, the system contains galaxies 
of many different types. The spiral galaxy at lower left is 
comparable in size to the Milky Way. (NASA)

M18_CHAI7702_08_SE_C15.indd   420 14/11/15   10:15 AM



 SecTiON 15.1   Hubble’s galaxy classification 421

Spirals
We saw several examples of spiral galaxies in Chapter 14 previously—for exam-
ple, our own Milky Way Galaxy and our neighbor Andromeda. All galaxies of this 
type contain a flattened galactic disk in which spiral arms are found, a central 
galactic bulge with a dense nucleus, and an extended halo of faint, old stars.  
(Sec. 14.3) The stellar density (that is, the number of stars per unit volume) is 
greatest in the galactic nucleus, at the center of the bulge.  (Sec. 14.7)

In Hubble’s scheme, a spiral galaxy is denoted by the letter S and classified as 
type a, b, or c according to the size of its central bulge: Type Sa galaxies have the 
largest bulges, type Sc the smallest (Figure 15.2). The tightness of the spiral pat-
tern is quite well correlated with the size of the bulge (although the correspond-
ence is not perfect). Type Sa spiral galaxies tend to have tightly wrapped, almost 
circular, spiral arms. Type Sb galaxies typically have more open spiral arms, while 
type Sc spirals often have loose, poorly defined spiral structure. The arms also 
tend to become more “knotty,” or clumped, in appearance as the spiral pattern 
becomes more open. Based on all available evidence, the Milky Way is a barred 
spiral galaxy, most likely of type SBb.  (Sec. 14.5)

The bulges and halos of spiral galaxies contain large numbers of reddish old 
stars and globular clusters, similar to those observed in our own Galaxy and in 
Andromeda.  (Sec. 14.1) Most of the light from spirals, however, comes from 
younger A- through G-type stars in the disk, giving these galaxies an overall whit-
ish glow. As in the Milky Way, the disks of typical spiral galaxies are rich in gas 
and dust. The 21-cm radio radiation emitted by spirals betrays the presence of 
interstellar gas, and obscuring dust lanes are clearly visible in many systems (see 
Figures 15.2b and c). Stars are forming within the spiral arms, which contain nu-
merous emission nebulae and newly formed O- and B-type stars.  (Sec. 14.5) 
The arms appear bluish because of the bright blue O- and B-type stars there. Type 
Sc galaxies contain the most interstellar gas and dust, Sa galaxies the least.

Most spirals are not seen face-on as in Figure 15.2. Many are tilted with respect 
to our line of sight, making their spiral structure hard to discern. However, we do not 

(a) M81 Type Sa (b) (c)M51 Type Sb M101 Type Sc

R I V U X G

 FiGure 15.2 Spiral Galaxy Shapes  Variation in shape 
among spiral galaxies. As we progress from type Sa to Sb to 
Sc, the bulges become smaller, while the spiral arms tend to 
become less tightly wound. (R. Gendler; NASA)
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need to see spiral arms to classify a galaxy 
as a spiral. The presence of the disk, with its 
gas, dust, and newborn stars, is sufficient. 
For example, the galaxy shown in Figure 
15.3 is classified as a spiral because of the 
clear line of obscuring dust seen along its 
midplane. That dust is evident most clearly 
in the inset infrared image, which was ac-
quired by the Spitzer Space Telescope.

A variation of the spiral category in 
Hubble’s classification scheme is the 
barred-spiral galaxy. Barred spirals dif-
fer from ordinary spirals mainly by the 

presence of an elongated “bar” of stellar and interstellar matter 
passing through the center and extending beyond the bulge, into 
the disk. The spiral arms project from near the ends of the bar 
rather than from the bulge (as they do in normal spirals). Barred 
spirals are designated by the letters SB and are subdivided, like 
the ordinary spirals, into categories SBa, SBb, and SBc, depend-
ing on the size of the bulge. Again like ordinary spirals, the tight-
ness of the spiral pattern is correlated with bulge size. Figure 15.4 
shows the variation among barred-spiral galaxies. In the case of 
the SBc category, it is often hard to tell where the bar ends and the 
spiral arms begin.

ellipticals
Unlike the spirals, elliptical galaxies have no spiral arms and, in most cases, no 
obvious galactic disk—in fact, other than a dense central nucleus, they often ex-
hibit little internal structure of any kind. As with spirals, the stellar density in-
creases sharply in the nucleus. Denoted by the letter E, these systems are 
subdivided according to how elliptical they appear on the sky. The most circular 
are designated E0, slightly flattened systems are labeled E1, and so on, all the way 
to the most elongated ellipticals, of type E7 (Figure 15.5).

Note that an elliptical galaxy’s Hubble type depends both on its intrinsic 
three-dimensional shape and on its orientation relative to the line of sight. A 
spherical galaxy, a cigar-shaped galaxy seen end-on, and a disk-shaped galaxy seen 
face-on, would all appear to be circular on the sky and be classified as E0. It can 
be difficult to decipher a galaxy’s true shape solely from its visual appearance.

R I V U X G

R I V U X G

 FiGure 15.3 Sombrero Galaxy  The Sombrero Galaxy 
(M104), a spiral system seen edge-on, has a dark band 
composed of interstellar gas and dust. The large size of 
this galaxy’s central bulge marks it as type Sa, even though 
its spiral arms cannot be seen from our perspective. The 
inset shows this galaxy in the infrared part of the spectrum, 
highlighting its dust content in false-colored pink. (NASA)

(a) NGC 1300 Type SBa (b) NGC 1365 Type SBb

Bar

(c) NGC 6872 Type SBc

R I V U X G

 FiGure 15.4 Barred-Spiral Galaxy Shapes  Variation in 
shape among barred-spiral galaxies from SBa to SBc is similar 
to that for the spirals in Figure 15.2, except that here the spiral 
arms begin at either end of a bar through the galactic center. 
In frame (c), the bright star is a foreground object in our own 
Galaxy. (NASA; ESO; Gemini)

M18_CHAI7702_08_SE_C15.indd   422 14/11/15   10:15 AM



 SecTiON 15.1   Hubble’s galaxy classification 423

There is a large range in both the size and the number of stars contained in 
elliptical galaxies. The largest elliptical galaxies are much larger than our Milky 
Way Galaxy. These giant ellipticals can range up to hundreds of thousands of mega-
parsecs across and contain tens of trillions of stars (see the chapter-opening image 
on p. 418 of the E0 giant elliptical M87). At the other extreme, dwarf ellipticals may 
be as small as 1 kpc in diameter and contain fewer than a million stars. Their 
many differences suggest to astronomers that giant and dwarf ellipticals represent 
distinct galaxy classes, with quite dissimilar formation histories and stellar con-
tent. The dwarfs are by far the most common type of ellipticals, outnumbering 
their brighter counterparts by about 10 to 1. However, most of the mass that exists 
in the form of elliptical galaxies is contained in the larger systems.

Lack of spiral arms is not the only difference between spirals and ellipticals. 
Most ellipticals also contain little or no cool gas and dust and display no evidence 
of young stars or ongoing star formation. Like the halo of our Galaxy, ellipticals 
are composed mostly of old, reddish, low-mass stars. Again like the halo of our 
Galaxy, the orbits of stars in ellipticals are disordered, exhibiting little or no over-
all rotation; objects move in all directions, not in regular, circular paths as in our 
Galaxy’s disk. Ellipticals differ from our Galaxy’s halo in at least one important 
respect, however: X-ray observations reveal large amounts of very hot (several 
million kelvin) interstellar gas distributed throughout their interiors, often ex-
tending well beyond the visible portions of the galaxies.

Some giant ellipticals are exceptions to many of these general statements, as 
they contain disks of gas and dust in which stars are forming. Astronomers think 
that these systems may be the results of mergers between gas-rich galaxies (see 
Chapter 16). Indeed, galactic collisions may have played an important role in de-
termining the appearance of many of the systems we observe today.

Intermediate between the E7 ellipticals and the Sa spirals in the Hubble clas-
sification is a class of galaxies that show evidence of a thin disk and a flattened 
bulge yet contain neither loose gas nor spiral arms. Two such objects are shown in 
Figure 15.6. These galaxies are called S0 galaxies (S-zero) if no bar is evident and 
SB0 galaxies if a bar is present. They are also known as lenticular galaxies, be-
cause of their lens-shaped appearance. They look a little like spirals whose dust 
and gas have been stripped away, leaving behind just a stellar disk. Observations in 
recent years have shown that many normal elliptical galaxies have faint disks 
within them, like the S0 galaxies. As with the S0s, the origin of these disks is uncer-
tain, but some researchers suspect that S0s and ellipticals may be closely related.

IC 2006 Type E1

Type E4

Type E5

(b) NGC 1132

(a)

M110(c)

 FiGure 15.5 elliptical Galaxy Shapes  (a) The E1 elliptical galaxy IC 2006 is nearly 
circular in appearance. (b) NGC 1132 is slightly more elongated and classified as E4. Both 
galaxies lack spiral structure, and neither shows evidence of interstellar dust or gas, although 
each has an extensive X-ray halo of hot gas that extends far beyond the visible portion of 
the galaxy. (c) M110 is a dwarf elliptical companion to the much larger Andromeda galaxy. 
(NASA/ESA; NOAO)
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(a) (b) NGC 4435 Type SB0Type S0IC 335

 FiGure 15.6 S0 Galaxies  (a) S0 (or lenticular) galaxies 
contain a disk and a bulge, but no interstellar gas and no 
spiral arms. Their properties are intermediate between E7 
ellipticals and Sa spirals. (b) SB0 galaxies are similar to S0 
galaxies, except for a bar of stellar material extending beyond 
the central bulge. (Palomar/Caltech)
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irregulars
The final galaxy class identified 
by Hubble is a catch-all cate-
gory—irregular galaxies—so 
named because their visual ap-
pearance excludes them from 
the other categories just dis-
cussed. Irregulars tend to be 
rich in interstellar matter and 
young, blue stars, but they 
lack any regular structure, 
such as well-defined spiral 

arms or central bulges. Irregu-
lar galaxies tend to be smaller 

than spirals but somewhat larger than dwarf ellipticals. They 
typically contain between 108 and 1010 stars. The smallest are 

called dwarf irregulars. As with elliptical galaxies, the dwarf type 
is the most common. Dwarf ellipticals and dwarf irregulars occur 

in approximately equal numbers and together make up the vast ma-
jority of galaxies in the universe. They are often found close to a larger 

“parent” galaxy.
Irregular galaxies are divided into two subclasses—Irr I and Irr II. The Irr I 

galaxies often look like misshapen spirals. Figure 15.7 shows the Magellanic 
Clouds, a famous pair of Irr I galaxies that orbit the Milky Way Galaxy. They are 
shown to proper scale in Figure 14.15. Studies of Cepheid variables within the 
Clouds show them to be approximately 50 kpc from the center of our Galaxy. 

 (Sec. 14.2) The Large Cloud contains about 6 billion solar masses of material 
and is a few kiloparsecs across. Both Magellanic Clouds contain lots of gas, dust, 
and blue stars (as well as the well-documented supernova discussed in Discovery 
12-1), indicating ongoing star formation. Both also contain many old stars and 
several old globular clusters, so we know that star formation has been taking 
place there for a very long time.

The much rarer Irr II galaxies (Figure 15.8), in addition to their irregular 
shapes, have other peculiarities, often exhibiting a distinctly explosive or filamen-
tary appearance. Their appearance once led astronomers to suspect that violent 
events had occurred within them. However, it now seems more likely that in some 
(but probably not all) cases, we are seeing the result of a close encounter or colli-
sion between two previously “normal” systems.

The hubble Sequence
Table 15.1 summarizes the basic characteristics of the various galaxy types. When 
he first developed his classification scheme, Hubble arranged the galaxy types 
into the “tuning fork” diagram shown in Figure 15.9. The variation in galaxy types 
across the diagram, from ellipticals to spirals to irregulars, is often referred to as 
the Hubble sequence.

Hubble’s primary aim in creating this diagram was to indicate similarities in 
appearance among galaxies, but he also regarded the tuning fork as an evolution-
ary sequence from left to right, with E0 ellipticals evolving into flatter ellipticals 
and S0 systems that ultimately formed disks and spiral arms. Indeed, Hubble’s 
terminology referring to ellipticals as “early-type” galaxies and spirals as “late-
type” is still widely used today. But as far as modern astronomers can tell, there is 
no evolutionary connection of this sort along the Hubble sequence. Isolated 

(a)

(b) (c)

Small Magellanic Cloud

Large Magellanic Cloud

R I V U X G

 FiGure 15.7 Magellanic clouds  The Magellanic Clouds 
are prominent features of the night sky in the Southern 
Hemisphere. Named for the 16th-century Portuguese explorer 
Ferdinand Magellan, whose around-the-world expedition first 
brought word of these fuzzy patches of light to Europe, these 
dwarf irregular galaxies orbit our Galaxy and accompany it on 
its trek through the cosmos. (a) The Clouds’ relationship to 
one another in the southern sky reveals both the Small  
(b) and the Large (c) Clouds to have distorted, irregular 
shapes. (Mount Stromlo & Siding Spring Observatories)
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normal galaxies do not evolve from one type to another. Spirals are not ellipticals 
with arms, nor are ellipticals spirals that have somehow shed their star-forming 
disks. In short, astronomers know of no simple parent–child relationship among 
Hubble types.

However, the key word here is isolated. As we will see, there is now strong 
observational evidence indicating that collisions and tidal interactions between 
galaxies are commonplace, and these may be the main physical processes driving 
galaxy evolution. We will return to this important subject in Chapter 16.

(a) AM0644-741 (b) NGC 1569
R I V U X GR I V U X G

Sa Sb Sc

SBa SBb

Irr

S0E7E4E0

SBc

 FiGure 15.8 irregular Galaxy Shapes  (a) The strangely shaped galaxy AM0644-741 
is probably plunging headlong into a group of several other galaxies (two of them shown 
here), causing huge rearrangements of its stars, gas, and dust. (b) The galaxy NGC 1569 
seems to show an explosive appearance, probably the result of a recent galaxywide burst of 
star formation. (NASA)

ConCept CheCk 

in what ways are large spirals such as the milky 
Way and andromeda not representative of 
galaxies as a whole?

ANiMATiON/VideO

the evolution of galaxies

 FiGure 15.9 Galactic “Tuning Fork”  The placement of the four basic types of 
galaxies—ellipticals, spirals, barred spirals, and irregulars—in Hubble’s “tuning-fork” 
diagram is suggestive, but this galaxy classification scheme has no known physical meaning.
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15.2  The distribution of Galaxies  
in Space

Now that we have seen some of their basic properties, let us ask how galaxies are 
spread throughout the universe beyond the Milky Way. Galaxies are not distrib-
uted uniformly in space. Rather, they tend to clump into still larger agglomera-
tions of matter. As always in astronomy, our understanding hinges on knowing 
how far away an object lies. We therefore begin by looking more closely at the 
means used by astronomers to measure distances to galaxies.

extending the distance Scale
Astronomers estimate that some 40 billion galaxies brighter than our own exist in 
the observable universe. Some reside close enough for the Cepheid variable tech-
nique to work—astronomers have detected and measured the periods of Cepheids 
in galaxies as far away as 25 Mpc.  (Sec. 14.2) However, some galaxies con-
tain no Cepheid stars (can you think of some reasons why this might be?), and in 
any case most known galaxies lie much farther away than 25 Mpc. Cepheid vari-
ables in very distant galaxies simply cannot be observed well enough, even 
through the world’s most sensitive telescopes, to allow us to measure their appar-
ent brightness and periods. To extend our distance-measurement ladder, we must 
find some new object to study.

One way in which researchers have tackled this problem is by using stand-
ard candles—bright, easily recognizable astronomical objects whose luminosi-
ties are confidently known. The basic idea is very simple. Once an object is 
identified as a standard candle—by its appearance or by the shape of its light 
curve, say—its luminosity can be estimated. Comparison of the luminosity with 
the apparent brightness then gives the object’s distance, and hence the distance, 
to the galaxy in which it resides.  (Sec. 10.2) Note that, apart from the way in 
which the luminosity is determined, the Cepheid variable technique relies on 
identical reasoning—the measured period tells us the luminosity, and the inverse-
square law then tells us the distance.

table 15.1  Basic Galaxy Properties by Type

Spiral/Barred Spiral (S/SB) elliptical (e)1 irregular (irr)

Shape and structural 
properties

Highly flattened disk of stars and gas contain-
ing spiral arms and thickening to central bulge.

SB galaxies have an elongated central “bar” of 
stars and gas.

No disk.

Stars smoothly distributed through an 
ellipsoidal volume.

No obvious substructure other than a 
dense central nucleus.

No obvious structure.

Irr II galaxies often have 
“explosive” appearance.

Stellar content Disks contain both young and old stars; halos 
consist of old stars only.

Contain old stars only. Contain both young and old 
stars.

Gas and dust Disks contain substantial amounts of gas and 
dust; halos contain little of either.

Contain hot X-ray-emitting gas, little or 
no cool gas and dust.

Very abundant in gas and 
dust.

Star formation Ongoing star formation in spiral arms. No significant star formation during the 
last 10 billion years.

Vigorous ongoing star 
formation.

Stellar motion Gas and stars in disk move in circular orbits 
around the galactic center; halo stars have ran-
dom orbits in three dimensions.

Stars have random orbits in three 
dimensions.

Stars and gas have very 
irregular orbits.

1As noted in the text, some giant ellipticals appear to be the result of mergers between gas-rich galaxies and are exceptions to many of the statements listed here.

proCess of sCienCe CheCkproCess of sCienCe CheCk

What are some of the problems in measuring 
accurately the distances to faraway galaxies?
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To be most useful, a standard candle must (1) have a well-defined luminosity 
so that the uncertainty in estimating its brightness is small and (2) be bright 
enough to be seen at great distances. Currently, Cepheid variable stars are usable 
for distance measurement “only” out to about 25 Mpc. In recent years, planetary 
nebulae and Type I supernovae have proved particularly reliable as standard can-
dles.  (Secs. 12.3, 12.5) The latter have remarkably consistent peak luminosi-
ties and are bright enough to be identified and measured out to distances of more 
than a gigaparsec (1000 Mpc).

An important alternative to standard candles was discovered in the 1970s, 
when astronomers found a close correlation between the rotational speeds and 
the luminosities of spiral galaxies within a few tens of megaparsecs of the Milky 
Way Galaxy. Rotation speed is a measure of a spiral galaxy’s total mass, so it is 
perhaps not surprising that this property should be related to luminosity. 

 (Sec. 14.5) What is surprising, though, is how tight the correlation is. The 
Tully–Fisher relation, as it is now known (after its discoverers), allows us to ob-
tain a remarkably accurate estimate of a spiral galaxy’s luminosity simply by ob-
serving how fast it rotates (Figure 15.10). As usual, comparing the galaxy’s (true) 
luminosity with its (observed) apparent brightness yields its distance.

The Tully–Fisher relation can be used to measure distances to spiral galaxies 
out to about 200 Mpc, beyond which the line broadening in Figure 15.10 becomes 
increasingly difficult to measure accurately. A somewhat similar connection, re-
lating line broadening to a galaxy’s diameter, exists for elliptical galaxies. Once the 
galaxy’s diameter and angular diameter are known, its distance can be computed 
from elementary geometry.  (More Precisely 4-1) These methods bypass 
many of the standard candles often used by astronomers and so provide inde-
pendent means of determining distances to faraway objects.

As indicated in Figure 15.11, standard candles and the Tully–Fisher relation 
form the fifth and sixth rungs of our cosmic distance ladder, introduced in Chap-
ter 1 and expanded in Chapters 10 and 14.  (Secs. 1.4, 10.6, 14.2) In fact, they 
stand for perhaps a dozen or so related but separate techniques that astronomers 
have employed in their quest to map out the universe on large scales. Just as with 
the lower rungs, we calibrate the properties of these new techniques using dis-
tances measured by more local means. In this way, the distance-measurement 
process “bootstraps” itself to greater and greater distances. However, at the same 
time, the errors and uncertainties in each step accumulate, so the distances to the 
farthest objects are the least well known.

Frequency

FrequencyFrequency

Frequency

Blueshifted

Approaching

Receding

Unshifted

Redshifted

The observer actually 
sees a combination 
of all wavelengths 
emitted by the galaxy.

 FiGure 15.10 Galaxy rotation  A galaxy’s rotation 
causes some of the radiation it emits to be blueshifted and 
some redshifted. From a distance, when all the radiation 
from the galaxy is combined into a single beam and analyzed 
spectroscopically, the redshifted and blueshifted components 
produce a broadening of the galaxy’s spectral lines. The 
amount of broadening is a direct measure of the rotation 
speed of the galaxy, such as NGC 4603 shown here. (NASA)
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 FiGure 15.11 extragalactic distance Ladder interactive 
An inverted pyramid summarizes the distance techniques 
used to study different realms of the universe. The techniques 
shown in the bottom four layers—radar ranging, stellar 
parallax, spectroscopic parallax, and variable stars—take us 
as far as the nearest galaxies. To go farther, we must use other 
techniques—the Tully–Fisher relation and the use of standard 
candles, among other methods—based on distances 
determined by the four lowest techniques. 
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clusters of Galaxies
Figure 15.12 sketches the locations of all the known major astronomical ob-
jects within about 1 Mpc of the Milky Way. Our Galaxy appears with its dozen 
or so satellite galaxies—including the two Magellanic Clouds discussed earlier 
and a small companion (labeled “Sagittarius” in the figure) lying almost within 
our own Galactic plane. The Andromeda galaxy, lying 800 kpc from us, is also 
shown, surrounded by satellites of its own. Two of Andromeda’s galactic neigh-
bors are shown in the inset to the figure. M33 is a spiral, while M32 is a dwarf 
elliptical, easily seen in Figure 14.2(a) to the bottom right of Andromeda’s cen-
tral bulge.

All told, some 55 galaxies are known to populate our Galaxy’s neighborhood. 
Three of them (the Milky Way, Andromeda, and M33) are spirals; the remainder 
are dwarf irregulars and dwarf ellipticals. Together, these galaxies form the Local 
Group—a new level of structure in the universe above the scale of our Galaxy. As 
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 FiGure 15.12 Local Group  The Local Group is made up of more than 50 galaxies 
within approximately 1 Mpc of our Milky Way Galaxy. Only a few are spirals; most are  
dwarf-elliptical or irregular galaxies, only some of which are shown here. Spirals are  
colored blue, ellipticals pink, and irregulars white, all of them depicted roughly to scale.  
The map inset (top right) shows the Milky Way in relation to some of its satellite galaxies. 
The photographic insets (top left) show two well-known neighbors of the Andromeda galaxy 
(M31): the spiral galaxy M33 and the dwarf elliptical galaxy M32 (also visible in Figure 14.2a, 
a larger-scale view of the Andromeda system). (M. BenDaniel; NASA)
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indicated in Figure 15.12, the Local Group’s diameter is a little over 1 Mpc. The 
Milky Way Galaxy and Andromeda are by far its largest members, and most of 
the smaller galaxies are gravitationally bound to one or other of them. The com-
bined gravity of the galaxies in the Local Group binds them to-
gether, like stars in a star cluster, but on a scale a millionfold 
larger. More generally, a group of galaxies held together by 
their mutual gravitational attraction is called a galaxy cluster.

Moving beyond the Local Group, the next large 
concentration of galaxies we come to is the Virgo Cluster 
(Figure 15.13), named for the constellation in which it is found. 
It lies some 18 Mpc from the Milky Way. The Virgo Cluster 
does not contain a mere 45 galaxies, however. Rather, it houses 
more than 2500 galaxies, bound by gravity into a tightly knit 
group about 3 Mpc across.

Wherever we look in the universe we find galaxies, and 
most galaxies are members of galaxy clusters. Small clusters, 
such as the Local Group, contain only a few galaxies and are 
quite irregular in shape. Large, “rich” clusters such as Virgo 
contain thousands of individual galaxies distributed fairly 
smoothly in space. Abell S0740, shown in Figure 15.1, is an-
other example of a rich cluster. It lies approximately 100 Mpc 
away. Figure 15.14 is a long-exposure photograph of a much 
more distant rich cluster, residing roughly 2 billion parsecs 
from Earth. A sizeable minority of galaxies (possibly as many 
as 40 percent) are not members of any cluster. They are appar-
ently isolated systems, moving alone through intercluster 
space.

M87

M86

 FiGure 15.13 Virgo cluster  In the central region 
of the Virgo Cluster of galaxies, about 17 Mpc from 
Earth, many large spiral and elliptical galaxies can be 
seen. The inset shows several galaxies surrounding the 
giant elliptical M86. An even bigger elliptical galaxy, M87 
noted at bottom, will be discussed later in this chapter. 
(M. BenDaniel; AURA)

R I V U X G

The dynamics of galaxy
clusters resemble a bunch of 

buzzing fireflies trapped within a 
jar moving away from us.        .

 FiGure 15.14 distant Galaxy cluster  The galaxy cluster Abell 1689 
contains huge numbers of galaxies and resides roughly 2 billion parsecs 
from Earth. Virtually every patch of light in this photograph is a separate 
galaxy. With the most powerful telescopes, astronomers can now discern, 
even at this great distance, spiral structure in some of the galaxies, as well 
as many galaxies colliding—some tearing matter from one another, others 
merging into single systems. (NASA)
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15.3 hubble’s Law
Now that we have seen some basic properties of galaxies across the universe, let’s 
turn our attention to the large-scale motions of galaxies and galaxy clusters. 
Within a galaxy cluster, individual galaxies move more or less randomly. You 
might expect that, on even larger scales, the clusters themselves would also have 
random, disordered motion—some clusters moving this way, some that, but this 
is not the case. On the largest scales, galaxies and galaxy clusters alike move in a 
very ordered way.

universal recession
In 1912 American astronomer Vesto M. Slipher, working under the direction of 
Percival Lowell, discovered that virtually every spiral galaxy he observed had a 
redshifted spectrum—they were receding from our Galaxy.  (Sec. 2.7) In fact, 
with the exception of a few nearby systems, every known galaxy is part of a gen-
eral motion away from us in all directions. Individual galaxies that are not part of 
galaxy clusters are steadily receding. Galaxy clusters, too, have an overall reces-
sional motion, although their individual member galaxies move randomly with 

respect to one another. (Consider a jar full of fireflies that has 
been thrown into the air. The fireflies within the jar, like the gal-
axies within the cluster, have random motions due to their indi-
vidual whims, but the jar as a whole, like the galaxy cluster, has 
some directed motion as well.)

Figure 15.15 shows the optical spectra of several galaxies, 
arranged in order of increasing distance from the Milky Way 
Galaxy. These spectra are redshifted, indicating that the galaxies 
are receding, and the extent of the redshift increases from top to 
bottom in the figure. There is a connection between Doppler 
shift and distance: the greater the distance, the greater the red-
shift. This trend holds for nearly all galaxies in the universe. 
(Two galaxies within our Local Group, including Andromeda, 
and a few galaxies in the Virgo Cluster display blueshifts and so 
are moving toward us, but this results from their local motions 
within their parent clusters. Recall the fireflies in the jar.)

Figure 15.16(a) plots recessional velocity against distance 
for the galaxies shown in Figure 15.15. A similar plot for more 
galaxies within about 1 billion parsecs of Earth is shown in Fig-
ure 15.16(b). Plots like these were first made by Edwin Hubble 
in the 1920s and now bear his name—Hubble diagrams. The data 
points fall close to a straight line, indicating that the rate at 
which a galaxy recedes is directly proportional to its distance 
from us. This rule is called Hubble’s law. We could construct 
such a diagram for any group of galaxies, provided we could de-
termine their distances and velocities. The universal recession 
described by the Hubble diagram is called the Hubble flow.

The recessional motions of the galaxies prove that the cos-
mos is not steady and unchanging on the largest scales. The uni-
verse (actually, space itself—see Sec. 17.2) is expanding. But let’s 
be clear on just what is expanding and what is not. Hubble’s law 
does not mean that humans, Earth, the solar system, or even in-
dividual galaxies and galaxy clusters are physically increasing in 
size. These groups of atoms, rocks, planets, stars, and galaxies 
are held together by their own internal forces and are not 
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 FiGure 15.15 Galaxy Spectra  Optical spectra (left) 
of several galaxies shown on the right. Both the extent of 
the redshift (denoted by the horizontal red arrows) and the 
distance from the Milky Way Galaxy to each galaxy (numbers 
in center column) increase from top to bottom. The vertical 
yellow arrows denote a pair of dark absorption lines in the 
observed spectra. The many white vertical lines at the top and 
bottom of each spectrum are laboratory references. (Adapted 
from Palomar/Caltech)

ConCept CheCk 

How does the use of Hubble’s law differ from the 
other extragalactic distance-measurement 
techniques we have seen in this text?
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themselves getting bigger. Only the largest scales in the universe—the distances 
separating the galaxy clusters—are expanding.

To distinguish recessional redshift from redshifts caused by motion within an 
object—for example, galaxy orbits within a cluster or explosive events in a galac-
tic nucleus—astronomers refer to the redshift resulting from the Hubble flow as 
the cosmological redshift. Objects that lie so far away that they exhibit a large 
cosmological redshift are said to be at cosmological distances—distances compa-
rable to the scale of the universe itself.

Hubble’s law has some fairly dramatic implications. If nearly all galaxies show 
recessional velocities according to Hubble’s law, then doesn’t that mean that they 
all started their journey from a single point? If we could run time backward, 
wouldn’t all the galaxies fly back to this one point, perhaps the site of some explo-
sion in the remote past? The answer is yes—but not in the way you might expect! 
In Chapter 17 we will explore the ramifications of the Hubble flow for the past and 
future evolution of our universe. For now, however, we set aside its cosmic impli-
cations and use Hubble’s law simply as a convenient distance-measuring tool.

hubble’s constant
The constant of proportionality between recessional velocity and distance in 
Hubble’s law is known as Hubble’s constant, denoted by the symbol H0. The 
data shown in Figure 15.16 then obey the equation:

recessional velocity 5 H0 3 distance.

The value of Hubble’s constant is the slope of the straight line—recessional veloc-
ity divided by distance—in Figure 15.16(b). Reading the numbers off the graph, 
this comes to roughly 70,000 km/s divided by 1000 Mpc, or 70 km/s/Mpc (kilom-
eters per second per megaparsec, the most commonly used unit for H0). Astrono-
mers continually strive to refine the accuracy of the Hubble diagram and the 
resulting estimate of H0 because Hubble’s constant is one of the most fundamen-
tal quantities of nature—it specifies the rate of expansion of the entire cosmos.

Hubble’s original value for H0 was about 500 km/s/Mpc, far higher than the 
currently accepted value. This overestimate was due almost entirely to errors in 
the cosmic distance scale at the time, particularly the calibrations of Cepheid var-
iables and standard candles. The measured value dropped rapidly as various ob-
servational errors were recognized and resolved and distance measurements 
became more reliable. Published estimates of H0 entered the “modern” range 
(within, say, 20 percent of the current value) in roughly the mid-1960s.

As measurement techniques have continued to improve, the uncertainty in 
the result has steadily decreased to the point that now, early in the 21st century, 
all leading measurements of H0, determined by a variety of different techniques—
Tully–Fisher measurements, studies of Cepheid variables in the Virgo cluster, and 
observations of standard candles, such as Type I supernovae—are all remarkably 
consistent with one another. We will adopt a rounded-off value of H0 5 70 km/s/Mpc 
(a choice roughly in the middle of all recent results and also in line with some 
precise cosmological measurements to be discussed in Chapter 17) as the best 
current estimate of Hubble’s constant for the remainder of the text.

The Top of the distance Ladder
Using Hubble’s law, we can derive the distance to a remote object simply by 
measuring the object’s recessional velocity and dividing by Hubble’s constant. 
Hubble’s law thus tops our inverted pyramid of distance-measurement techniques 
(Figure 15.17). This seventh method simply assumes that Hubble’s law holds. If 
this assumption is correct, then Hubble’s law enables us to measure great 
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 FiGure 15.16 hubble’s Law interactive  Plots of 
recessional velocity against distance (a) for the galaxies shown 
in Figure 15.15 and (b) for numerous other galaxies within 
about 1 billion pc of Earth. 

hubble’s Law

More than half of all students had difficulty 
describing and using Hubble’s Law. Some points 
to remember:

 Hubble’s Law is an observed relation between a 
galaxy’s distance and the speed with which it 
moving away from us—on average, the more 
distant a galaxy, the greater its recession velocity.

 If we plot galaxy distances horizontally and 
velocities vertically, Hubble’s law means that 
galaxies lie approximately on a straight line on the 
graph. The slope of that line is Hubble’s constant, 
a direct measure of the expansion of the universe.

 Hubble’s law allows us to measure the distance 
to a galaxy simply by measuring its recession 
velocity. Dividing the velocity (in km/s) by 
Hubble’s constant (in km/s/Mpc) gives us the 
distance in megaparsecs.

Data points
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distances in the universe—so long as we can obtain an object’s 
spectrum, we can determine how far away it is.

The precise astronomical definition of redshift is the frac-
tional increase in the wavelength of a beam of radiation due to 

the source’s motion away from us. For many nearby objects, 
recession velocities are small compared to the speed of light, and 

the redshifts are correspondingly low—just a few percent.  
 (Sec. 2.7) However, more distant objects can have recessional 

motions that are substantial fractions of the speed of light. The most 
distant objects thus far observed in the universe—some young galaxies 

and quasars—have redshifts of around 8, meaning that their radiation 
has been stretched in wavelength not by a few percent, but ninefold. Their 

ultraviolet spectral lines are shifted all the way into the infrared part of the 
spectrum! Such huge redshifts correspond to recessional velocities of more 

almost 98 percent of the speed of light. Hubble’s law implies that such objects 
lie more than 9000 Mpc away from us, as close to the limits of the observable 

universe as astronomers have yet been able to probe. (See More Precisely 15-1, 
for a fuller discussion of redshifts and recession velocities comparable to the 
speed of light.)

The speed of light is finite. It takes time for light or any kind of radiation to 
travel from one point in space to another. The radiation that we now see from 
these most distant objects originated long ago. Incredibly, the radiation that as-
tronomers now detect was emitted roughly billion years ago, well before our 
planet, our Sun, and perhaps even our Galaxy came into being.

15.4 Active Galactic Nuclei
The galaxies described in Section 15.1—those falling into the various Hubble 
classes—are generally referred to as normal galaxies. As we have seen, their lu-
minosities range from a million or so times that of the Sun for dwarf ellipticals 
and irregulars to more than a trillion solar luminosities for the largest giant ellip-
ticals. For comparison, in round numbers, the luminosity of the Milky Way Gal-
axy is 2 3 1010 solar luminosities, or roughly 1037 W.

In these last two sections we focus our attention on “bright” galaxies, conven-
tionally taken to mean galaxies with luminosities more than about 1010 times the 
solar value. By this measure, our Galaxy is bright, but not abnormally so.

Galactic radiation
A substantial fraction of bright galaxies—perhaps as many as 40 percent—don’t 
fit well into the “normal” category. Their spectra differ significantly from those of 
their normal cousins, and their luminosities can be extremely large. Known 
collectively as active galaxies, they are of great interest to astronomers. The 
brightest among them are the most energetic objects known in the universe, and 
all may represent an important, if intermittent, phase of galactic evolution (see 
Section 16.4). At optical wavelengths, active galaxies often look like normal 
galaxies—familiar components such as disks, bulges, stars, and dark dust lanes 
can be identified. At other wavelengths, however, their unusual properties are 
much more apparent.

As illustrated schematically in Figure 15.18, most of a normal galaxy’s energy 
is emitted in or near the visible portion of the electromagnetic spectrum, much 
like the radiation from stars. Indeed, to a large extent, the light we see from a nor-
mal galaxy is just the accumulated light of its many component stars (once the 
effects of interstellar dust are taken into account), each described approximately 
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 FiGure 15.17 cosmic distance Ladder interactive   
Hubble’s law tops the hierarchy of distance-measurement 
techniques. It is used to find the distances of astronomical 
objects all the way out to the limits of the observable 
universe. 
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 FiGure 15.18 Galaxy energy Spectra  The energy 
emitted by a normal galaxy differs significantly from that 
emitted by an active galaxy. This plot illustrates the general 
spread of radiation intensity for all galaxies of a particular type 
and does not represent any one individual galaxy.
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by a blackbody curve.  (Sec. 2.4) By contrast the radiation from active galax-
ies does not peak in the visible portion of the spectrum. Most active galaxies do 
emit substantial amounts of visible radiation, but far more of their energy is emit-
ted at invisible wavelengths, both longer and shorter than those in the visible 
range. Put another way, the radiation from active galaxies is inconsistent with 
what we would expect if it were the combined radiation of billions of stars. Their 
radiation is said to be nonstellar.

Many luminous galaxies with nonstellar emission are known to be starburst 
galaxies—previously normal systems currently characterized by widespread epi-
sodes of star formation, most likely as a result of interactions with a neighbor. 
The irregular galaxy NGC 1569 shown in Figure 15.8(b) is a prime example. We 
will study these important systems and their role in galaxy evolution in Chapter 
16. For purposes of this text, however, we will use the term “active galaxy” to 
mean a system whose abnormal activity is related to violent events occurring in 
or near the galactic nucleus. The nuclei of such systems are called active galactic 
nuclei.

Astronomers have identified and cataloged a bewildering array of systems 
falling into the “active” category. For example, Figure 15.19 shows an active gal-
axy exhibiting both nuclear activity and widespread star formation, with a blue-
tinted ring of newborn stars surrounding an extended 1-kpc-wide core of intense 
emission. Rather than attempting to describe the entire “zoo” of active galaxies, 
we will confine ourselves to three basic types: the energetic Seyfert galaxies and 
radio galaxies, and the even more luminous quasars. Their properties will allow us 
to identify and discuss features common to active galaxies in general.

The association of galactic activity with the galactic nucleus is reminiscent of 
the discussion of the center of the Milky Way in Chapter 14.  (Sec. 14.7) In 
our Galaxy, it seems that the activity in the nucleus is associated with the central 
supermassive black hole, whose presence is inferred from observations of stellar 
orbits in the innermost fraction of a parsec. As we will see, most astronomers 
think that basically the same thing occurs in the nuclei of active galaxies and that 
“normal” and “active” galaxies may differ principally in the degree to which the 
nonstellar nuclear component of the radiation outshines the light from the rest of 
the galaxy. This is a powerful unifying theme for understanding the evolution of 
galaxies, and we will return to it in Chapter 16. For the remainder of this chapter, 
we concentrate on describing the properties of active galaxies and the black holes 
that power them.

Seyfert Galaxies
In 1943 Carl Seyfert, an American optical astronomer studying spiral galaxies 
from Mount Wilson Observatory, discovered the type of active galaxy that now 
bears his name. Seyfert galaxies are a class of astronomical objects whose prop-
erties lie between normal galaxies and the most energetic active galaxies known.

Superficially, Seyferts resemble normal spiral galaxies (Figure 15.20). Indeed, 
the stars in a Seyfert’s galactic disk and spiral arms produce about the same 
amount of visible radiation as the stars in a normal spiral galaxy. However, most 
of a Seyfert’s energy is emitted from the galactic nucleus the center of the overex-
posed white patch in Figure 15.20. The nucleus of a Seyfert galaxy is some 10,000 
times brighter than the center of our own Galaxy. In fact, the brightest Seyfert 
nuclei are 10 times more energetic than the entire Milky Way.

Some Seyferts produce radiation spanning a broad range in wavelengths, 
from the infrared all the way through ultraviolet and even X-rays. However, the 
majority (about 75 percent) emit most of their energy in the infrared. Scientists 
think that much of the high-energy radiation in these Seyferts is absorbed by dust 
in or near the nucleus, then reemitted as infrared radiation.

R I V U X G

 FiGure 15.19 Active Galaxy  This image of the galaxy NGC 
7742 resembles a fried egg, with a ring of blue star-forming regions 
surrounding a very bright yellow core that spans about 1 kpc. This 
active galaxy combines star formation with intense emission from 
its central nucleus and lies roughly 24 Mpc away. (NASA)

R I V U X G

 FiGure 15.20 Seyfert Galaxy  NGC 1566, a beautiful Sb/c 
spiral, lies about 13 Mpc away in the southern constellation Dorado. 
Its bright, compact nucleus also identifies it as a Seyfert galaxy—in 
fact, one of the brightest known. This infrared/optical/ultraviolet 
composite image was obtained by HST in 2014. (NASA/ESA)

ConCept CheCk 

the energy emission from an active galactic 
nucleus does not resemble a blackbody curve. 
Why is this important?
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Seyfert spectral lines have many similarities to those observed toward the 
center of our own Galaxy.  (Sec. 14.7) The lines are very broad, most likely 
indicating rapid (5000 km/s or more) internal motion within the nuclei.  

 (Sec. 2.8) In addition, the energy emission often varies in time (Figure 15.21). 
A Seyfert’s luminosity can double or halve within a fraction of a year. These rapid 
fluctuations in luminosity lead us to conclude that the source of energy emissions 
must be quite compact—simply put, an object cannot “flicker” in less time than 
radiation takes to cross it.  (Sec. 13.4) The emitting region must therefore be 
less than 1 light-year across—an extraordinarily small region, considering the 
amount of energy emanating from it.

Taken together, the rapid time variability and large radio and infrared lumi-
nosities observed in Seyfert galaxies imply violent nonstellar activity in their nuclei. 
As just mentioned, this activity is probably similar in nature to processes occurring 
at the center of our own Galaxy, but its magnitude is thousands of times greater 
than the comparatively mild events within our own Galaxy’s heart.  (Sec. 14.7)

radio Galaxies
As the name suggests, radio galaxies are active galaxies that emit large amounts 
of energy in the radio portion of the electromagnetic spectrum. They differ from 
Seyferts not only in the wavelengths at which they radiate, but also in both the 
appearance and the extent of their emitting regions.

Figure 15.22(a) shows the radio galaxy Centaurus A, which lies about 4 Mpc 
from Earth. Almost none of this galaxy’s radio emission comes from a compact 
nucleus. Instead, the energy is released from two huge extended regions called 
radio lobes—roundish clouds of gas spanning about half a megaparsec, lying 
well beyond the visible galaxy.1 Undetectable in visible light, the radio lobes of 
radio galaxies are truly enormous. From end to end, they typically span more 
than 10 times the size of the Milky Way Galaxy, comparable in scale to the entire 
Local Group.
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 FiGure 15.21 Seyfert Time Variability  This graph 
illustrates the irregular variations of the luminosity of Seyfert 
galaxy 3C 84 over three decades. These observations were 
made in the radio part of the electromagnetic spectrum; the 
optical and X-ray luminosities vary as well. (NRAO)
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 FiGure 15.22 centaurus A radio Lobes  Radio galaxies, 
such as Centaurus A (a), often have giant radio-emitting lobes 
(b) extending a million light-years or more beyond the central 
galaxy. The lobes cannot be imaged in visible light and must 
be observed with radio telescopes; they are shown here in 
false color, with decreasing intensity from red to yellow to 
green to blue. The inset is a Chandra X-ray image of one of 
the lobes, showing that the jets in the inner parts of the lobes 
also emit higher-energy radiation. (ESO; NRAO; SAO)

1The term visible galaxy is commonly used to refer to those components of an active galaxy that emit visible 
“stellar” radiation, as opposed to the nonstellar and invisible “active” component of the galaxy’s emission.
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Figure 15.22(b) shows the relationship between the galaxy’s visible, radio, 
and X-ray emission. In visible light, Centaurus A is apparently a large E2 galaxy 
some 500 kpc in diameter, bisected by an irregular band of dust. Centaurus A is a 
member of a small cluster of galaxies, and numerical simulations suggest that 
this peculiar galaxy is probably the result of a collision between an elliptical gal-
axy and a smaller spiral galaxy about 500 million years ago (see Chapter 16). The 
radio lobes are roughly symmetrically placed, jutting out from the center of the 
visible galaxy, roughly perpendicular to the dust lane, suggesting that they consist 
of material ejected in opposite directions from the galactic nucleus. This conclu-
sion is strengthened by the presence of a pair of smaller secondary lobes closer to 
the visible galaxy and by the presence of a roughly 1-kpc-long jet of matter in the 
galactic center, all aligned with the main lobes (and marked in the figure).

If the material was ejected from the nucleus at close to the speed of light, 
then Centaurus A’s outer lobes were created a few hundred million years ago, 
quite possibly around the time of the elliptical/spiral merger thought to be re-
sponsible for the galaxy’s odd optical appearance. The secondary lobes were ex-
pelled more recently. Apparently, some violent process at the center of Centaurus 
A—most probably triggered by the collision—started up around that time and has 
been intermittently firing jets of matter out into intergalactic space ever since.

Centaurus A is a relatively low-luminosity source that happens to lie very 
close to us, astronomically speaking, making it particularly easy to study. Figure 
15.23 shows a much more powerful emitter, called Cygnus A, lying roughly 250 
Mpc from Earth. The high-resolution radio map in Figure 15.23(b) clearly shows 
two narrow, high-speed jets joining the radio lobes to the center of the visible 
galaxy (the dot at the center of the radio image). Notice also that, as with 
Centaurus A, Cygnus A is a member of a small group of galaxies, and the optical 
image (Figure 15.23a) appears to show a galaxy collision in progress.

The radio lobes of the brightest radio galaxies (such as Cygnus A) emit roughly 
10 times more energy than the Milky Way Galaxy at all wavelengths, coinciden-
tally about the same as the most luminous Seyfert nuclei. However, despite their 
names, radio galaxies actually radiate far more energy at shorter wavelengths. 
Their total energy output can be 100 times or more greater than their radio emis-
sion. Most of this energy comes from the nucleus of the visible galaxy. Having 
total luminosities up to 1000 times that of the Milky Way Galaxy, bright radio gal-
axies are among the most energetic objects known in the universe. Their radio 
emission is important to astronomers because it lets them study in detail the con-
nection between the small-scale nucleus and the large-scale radio lobes.

Not all radio galaxies have obvious radio lobes. Figure 15.24 shows a core-
dominated radio galaxy, most of whose energy is emitted from a small central nu-
cleus (which radio astronomers refer to as the core) less than 1 pc across. Weaker 
radio emission comes from an extended region surrounding the nucleus. Proba-
bly all radio galaxies have jets and lobes, but what we observe depends on our 
perspective. As illustrated in Figure 15.25, when we view the radio galaxy from 
the side we see the jets and lobes. However, if a weak jet fails to escape from the 
parent galaxy, or if we view the jet almost head-on—in other words, looking 
through the lobe—then we see a core-dominated system.

(a)

(b)
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 FiGure 15.23 cygnus A  (a) A visible-light image of Cygnus A appears to show two 
galaxies in collision. (b) On a much larger scale, it displays radio-emitting lobes (mapped in 
blue) on both sides of the visible image. The galaxy in (a) is about the size of the small dot  
at the center of (b). The distance from one lobe to the other is approximately a million  
light-years. (NOAO; NRAO)

R I V U X G

 FiGure 15.24 core-dominated radio Galaxy  As 
shown by this radio contour map of the galaxy M86, the 
radio emission comes from a bright central nucleus, which is 
surrounded by an extended region of less intense emission. 
The radio map is superimposed on an optical image of the 
galaxy and some of its neighbors, a wider-field version of which 
was shown previously in Figure 15.13. (Harvard-Smithsonian 
Center for Astrophysics)
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relativistic redshifts and Look-Back Time

15.1  M o r e  p r e C i s e ly

When discussing very distant objects, astronomers usually talk 
about their redshifts rather than their distances. Indeed, it is 
very common for researchers to speak of an event occurring “at” 
a certain redshift—meaning that the light received today from 
that event is redshifted by the specified amount. Of course, be-
cause of Hubble’s law, redshift and distance are equivalent to 
one another. However, redshift is the preferred quantity because 
it is a directly observable property of an object, whereas distance 
is derived from redshift using Hubble’s constant, whose value is 
not accurately known.

The redshift of a beam of light is, by definition, the fractional 
increase in its wavelength resulting from the recessional motion 
of the source.  (Sec. 2.7) A redshift of 1 corresponds to a dou-
bling of the wavelength. Using the formula for the Doppler shift 
given previously, the redshift of radiation received from a source 
moving away from us with speed v is

redshift =
observed wavelength - true wavelength

true wavelengh

=
recessional velocity, v

speed of light, c
.

Let’s illustrate this with two examples, rounding the speed of light, c, 
to 300,000 km/s. A galaxy at a distance of 100 Mpc has a recessional 
speed (by Hubble’s law) of 70 km/s/Mpc 3 100 Mpc 5 7000 km/s. Its 
redshift therefore is 7000 km/s 4 300,000 km/s 5 0.023. Conversely, 
an object that has a redshift of 0.05 has a recessional velocity of and 
hence a distance of 0.05 × 300,000 km/s 5 15,000 km/s and hence a 
distance of 15,000 km/s ÷ 70 km/s/Mpc 5 210 Mpc.

Unfortunately, while the foregoing equation is correct for low 
speeds, it does not take into account the effects of relativity. As 
we saw in Chapter 13, the rules of everyday physics have to be 
modified when speeds begin to approach the speed of light, and 
the formula for the Doppler shift is no exception.  (More 
Precisely 13-1) Our formula is valid for speeds much less than 
the speed of light, but when n 5 c, the redshift is not 1, as the 
equation suggests, but is in fact infinite. Radiation received from 
an object moving away from us at nearly the speed of light is 
redshifted to almost infinite wavelength.

Thus, do not be alarmed to find that many galaxies and qua-
sars have redshifts greater than 1. This does not mean that they 
are receding faster than light! It simply means that their reces-
sional speeds are relativistic—comparable to the speed of light—
and the preceding simple formula is not applicable. Table 15.2 
presents a conversion chart relating redshift, recession speed, 
and present distance. The column headed “v/c” gives recession 
velocities based on the Doppler effect, taking relativity properly 
into account (but see Section 17.2 for a more correct interpreta-
tion of the redshift). All values are based on reasonable assump-
tions and are usable even for v < c. We take Hubble’s constant to 
be 70 km/s/Mpc and assume a flat universe (see Section 17.3 for 

details) in which matter (mostly dark) contributes just under 
one-third of the total density. The conversions in the table are 
used consistently throughout this text.

Because the universe is expanding, the “distance” to a galaxy 
is not very well defined—do we mean the distance when the gal-
axy emitted the light we see today or the present distance (as 
listed in the table), even though we do not see the galaxy as it is 
today, or is some other measure more appropriate? Largely be-
cause of this ambiguity, astronomers prefer to work in terms of a 
quantity known as the look-back time (last column of Table 15.2), 
which is simply how long ago an object emitted the radiation we 
see today. While astronomers talk frequently about redshifts and 
sometimes about look-back times, they hardly ever talk of dis-
tances to high-redshift objects.

For nearby sources, the look-back time is numerically equal 
to the distance in light-years—the light we receive tonight from a 
galaxy at a distance of 100 million light-years was emitted 100 
million years ago. However, for more distant objects, the look-
back time and the present distance in light-years differ because 
of the expansion of the universe, and the divergence increases 
dramatically with increasing redshift (see Section 17.2). For ex-
ample, a galaxy now located 15 billion light-years from Earth was 
much closer to us when it emitted the light we now see. Conse-
quently, its light has taken considerably less than 15 billion 
years—in fact, a little less than 10 billion years—to reach us.

table 15.2  redshift, distance, and Look-Back Time

Present distance Look-Back Time

redshift v/c (Mpc) (106 light-years) (millions of years)

0.000 0.000 0 0 0

0.010 0.010 42 137 137

0.025 0.025 105 343 338

0.050 0.049 209 682 665

0.100 0.095 413 1,350 1,290

0.250 0.220 999 3,260 2,920

0.500 0.385 1,880 6,140 5,020

1.000 0.600 3,320 10,800 7,730

2.000 0.800 5,250 17,100 10,300

3.000 0.882 6,460 21,100 11,500

4.000 0.923 7,310 23,800 12,100

5.000 0.946 7,940 25,900 12,500

6.000 0.960 8,420 27,500 12,700

8.000 0.976 9,150 29,800 13,000

10.000 0.984 9,660 31,500 13,200

20.000 0.995 11,000 35,900 13,500

100.000 1.000 12,900 42,200 13,700

∞ 1.000 14,600 47,500 13,700
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Our precise location with respect to the jet can 
also radically affect the type of radiation we see. The 
theory of relativity tells us that radiation emitted by 
particles moving close to the speed of light is strongly 
concentrated, or beamed, in the direction of motion. 

 (More Precisely 13-1) As a result, if the observer 
in Figure 15.25 happens to be directly in line with 
the beam, the radiation received will be both very in-
tense and Doppler shifted toward short wavelengths. 

 (Sec. 2.7) The resulting object is called a blazar. 
Much of the luminosity of the several hundred 
known blazars is received in the form of X-rays or 
gamma rays.

Jets are common in active galaxies of all types. 
Figure 15.26 presents several images of the giant el-
liptical galaxy M87, a prominent member of the Virgo 
Cluster (see the chapter-opening image on p. 418 and 
Figure 15.13). Detailed study of the central regions of 
this fairly normal looking E0 galaxy (Figure 15.26a) 
reveal that its core contains a long (2 kpc) thin jet of 
matter ejected from the galactic center at nearly the 
speed of light. Computer enhancement shows that it 
is made up of a series of distinct “blobs” more or less 
evenly spaced along its length, suggesting that the 
material was ejected during bursts of activity. The jet 
has also been imaged in the radio, infrared (Figure 
15.26b), and X-ray regions of the spectrum.

Radio
lobe

Radio
lobe

Central
energy
source

Jets

Observer here sees a 
core-dominated radio 
galaxy/blazar c

cobserver here sees a 
lobe radio galaxy.

 FiGure 15.25 radio Galaxy  A central energy source 
produces high-speed jets of matter that interact with 
intergalactic gas to form radio lobes. The system may appear 
to us as either radio lobes or a core-dominated radio galaxy, 
depending on our location with respect to the jets and lobes.

(a)
R I V U X G

(b)
R I V U X G

1 kpc

 FiGure 15.26 M87 Jet interactive  (a) This Hubble image of the innermost 5 kpc of 
the giant elliptical M87 shows an intriguing jet of matter emerging from the galactic nucleus. 
(b) An infrared image of M87’s jet, showing more detail. (NASA/ESA) 
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Quasars
In the early days of radio astronomy, many radio sources were detected for which 
no corresponding visible object was known. By 1960 several hundred such 
sources were listed in the Third Cambridge Catalog, and astronomers were scan-
ning the skies in search of visible counterparts to these radio sources. Their job 
was made difficult both by the low resolution of the radio observations (which 
meant that the observers did not know exactly where to look) and by the faintness 
of these objects at visible wavelengths.

In 1960 astronomers detected what appeared to be a faint blue star at the 
location of the radio source 3C 48 (the 48th object on the third Cambridge list) 
and obtained its spectrum. Containing many unknown broad emission lines, the 
unusual spectrum defied interpretation. 3C 48 remained a unique curiosity until 
1962, when another similar-looking, and similarly mysterious, faint blue object 
with “odd” spectral lines was discovered and identified with the radio source 3C 
273 (Figure 15.27).

The following year saw a breakthrough when astronomers realized that the 
strongest unknown lines in 3C 273’s spectrum were simply familiar spectral lines 
of hydrogen redshifted by a very unfamiliar amount—about 16 percent, corre-
sponding to a recession velocity of 48,000 km/s. Figure 15.28 shows the spectrum 
of 3C 273, with prominent emission lines and their redshifts marked. Once the 
nature of the strange spectral lines was known, astronomers quickly found a sim-
ilar explanation for the spectrum of 3C 48. Its 37 percent redshift implied that it 
is receding from Earth at almost one-third the speed of light.

These huge speeds mean that neither of these two objects can possibly be mem-
bers of our Galaxy. In fact, their large redshifts mean that they are very far away in-
deed. Applying Hubble’s law (with our adopted value of the Hubble constant H0 5 
70 km/s/Mpc), we obtain distances of 650 Mpc for 3C 273 and 1400 Mpc for 3C 48. 
(See More Precisely 15-1 and Chapter 17 for an account of how these distances are 
determined and an explanation of what these large redshifts really mean.)

However, this explanation of the unusual spectra created a greater mystery. A 
simple calculation using the inverse-square law reveals that despite their unim-
pressive optical appearance these faint “stars” are in fact the brightest known ob-
jects in the universe!  (Sec. 10.2) 3C 273, for example, has a luminosity of 
about 1040 W, comparable to 20 trillion Suns or 1000 Milky Way Galaxies. More 
generally, quasars range in luminosity from around 1038 W—about the same as 
the brightest Seyferts—up to nearly 1042 W. A value of 1040 W (comparable to the 
luminosity of a bright radio galaxy) is fairly typical.

This is quasar
3C 273 c

cand this is
a relativistic jet
produced by its
central black
hole.

The jet emits
radiation at all
electromagnetic
wavelengths.

(a)

(b)

R I V U X G

R I V U X G

 FiGure 15.27 Quasar 3c 273  (a) The bright quasar 3C 
273 displays a luminous jet of matter, but the main body of 
the quasar is starlike in appearance. The spikes are a camera 
artifact. (b) The jet extends for about 30 kpc and emits 
radiation across the electromagnetic spectrum, here in X-rays, 
as seen by Chandra. (NASA/ESA)

This is the observed
spectrum of 3C 273.

This is a lab
comparison
spectrum.

400 nm500 nm600 nm

Redshift

HdHgHb

HdHgHb

BlueRed

 FiGure 15.28 Quasar Spectrum  Optical spectrum of the 
distant quasar 3C 273. (This is a negative, as the lines are actually 
in emission.) Notice the redshift of the three hydrogen spectral 
lines marked as Hb, Hg, and Hd.  (Sec. 2.6) The widths of 
these lines imply rapid internal motion within the quasar. 
(Adapted from Palomar/Caltech)
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Clearly not stars (with such enormous luminosities), these objects became 
known as quasi-stellar radio sources (quasi-stellar means “starlike”), or quasars. 
Because we now know that not all such highly redshifted, starlike objects are 
strong radio sources, the term quasi-stellar object (or QSO) is more common 
today. However, the name quasar persists, and we will continue to use it here. 
More than 200,000 quasars are now known, and the numbers are increasing 
rapidly as large-scale surveys probe deeper and deeper into space. The distance to 
the closest quasar is 240 Mpc; the farthest lies some 9000 Mpc away. Most quasars 
lie well over 1000 Mpc from Earth. Since light travels at a finite speed, these 
faraway objects represent the universe as it was in the distant past. Most quasars 
date back to much earlier periods of galaxy formation and evolution, rather than 
more recent times. The prevalence of these energetic objects at great distances 
tells us that the universe was once a much more violent place than it is today.

Quasars share many properties with Seyferts and radio galaxies. Their 
radiation is nonstellar and may vary irregularly in brightness over periods of 
months, weeks, days, or (in some cases) even hours. Some show evidence of jets 
and extended emission features. Note the luminous jet in 3C 273 (Figure 15.27), 
reminiscent of the jet in M87 and extending nearly 30 kpc from the center of the 
quasar. Figure 15.29 shows a quasar with radio lobes similar to those in Cygnus 
A (Figure 15.23b). Quasars have been observed in all parts of the electromagnetic 
spectrum, but many emit most of their energy in the infrared. About 10–15 
percent of quasars (called “radio-loud” quasars) also emit substantial amounts 
of energy at radio wavelengths, presumably as a result of unresolved jets.

Astronomers once distinguished between active galaxies and quasars on the 
basis of their appearance, spectra, and distance from us, but today most astrono-
mers think that quasars are in fact just the intensely bright nuclei of distant active 
galaxies lying too far away for the galaxies themselves to be seen. (Figure 16.18 
presents Hubble Space Telescope observations of two relatively nearby quasars in 
which the surrounding galaxies are clearly visible.)

15.5  The central engine of an  
Active Galaxy

The present consensus among astronomers is that, despite their differences in ap-
pearance and luminosity, Seyferts, radio galaxies, and quasars share a common 
energy-generation mechanism. As a class, active galactic nuclei have some or all 
of the following properties:

 1. They have high luminosities, generally greater than the 1037 W characteristic 
of a bright normal galaxy.

 2. Their energy emission is mostly nonstellar—it cannot be explained as the 
combined radiation of even trillions of stars.

 3. Their energy output can be highly variable, implying that it is emitted from a 
small central nucleus much less than a parsec across.

 4. They often exhibit jets and other signs of explosive activity.
 5. Their optical spectra may show broad emission lines, indicating rapid inter-

nal motion within the energy-producing region.
 6. Often the activity appears to be associated with interactions between galaxies.

The principal questions then are: How can such vast quantities of energy 
arise from these relatively small regions of space? Why is the radiation nonstel-
lar? And what is the origin of the jets and extended radio-emitting lobes? We first 
consider how the energy is produced, then turn to the question of how it is actu-
ally emitted into intergalactic space.

R I V U X G

Lobes

Quasar

 FiGure 15.29 Quasar Jets  This radio image of the 
quasar 3C 175, which is some 3000 Mpc away, shows radio 
jets feeding faint radio lobes. The lobes span approximately 
a million light-years—comparable in size to the radio galaxies 
discussed earlier. (NRAO)

proCess of sCienCe CheCk

How did the determination of quasar distances 
change astronomers’ understanding of these 
objects?
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energy Production
As illustrated in Figure 15.30, the leading model for the central 
engines of active galaxies is a scaled-up version of the process 
powering X-ray binaries in our Galaxy and the activity in the 
Galactic center—accretion of gas onto a supermassive black 
hole, releasing huge amounts of energy as the matter sinks onto 
the central object.  (Secs. 13.3, 13.8, 14.7) In order to power 
the brightest active galaxies, theory suggests that the black holes 
involved must be billions of times more massive than the Sun.

As with this model’s smaller-scale counterparts, infalling 
gas forms an accretion disk and spirals down toward the black 
hole. It is heated to high temperatures by friction within the 
disk and emits large amounts of radiation as a result. In this 
case, however, the origin of the accreted gas is not a binary 
companion, as in stellar X-ray sources, but rather entire stars 
and clouds of interstellar gas, most likely diverted into the ga-
lactic center by an encounter with another galaxy, that come 
too close to the hole and are torn apart by its strong gravity.

Accretion is extremely efficient at converting infalling 
mass (in the form of gas) into energy (in the form of electro-
magnetic radiation). As much as 10 or 20 percent of the total 
mass–energy of the infalling matter can be radiated away be-
fore it crosses the hole’s event horizon and is lost forever. 

 (Sec. 13.5) Since the total mass–energy of a star like the 
Sun—the mass times the speed of light squared—is about 2 × 
1047 J, it follows that the 1038 W luminosity of a bright active 
galaxy can be produced by the consumption of “only” 1 solar 
mass of gas per decade by a billion-solar-mass black hole. 
More or less luminous active galaxies would require corre-
spondingly more or less fuel. To power a 1040-W quasar, which 

is 100 times brighter, the black hole consumes 100 times more fuel, or 10 stars 
per year. The central black hole of a 1036-W Seyfert galaxy would devour only 
one Sun’s worth of material every thousand years.

Even a billion-solar-mass black hole has a radius of only 3 × 109 km, or 10−4 pc—
about 20 AU—so the part of the accretion disk responsible for most of the emission 
is much less than 1 pc across.  (Sec. 13.5) Instabilities in the disk cause fluctua-
tions in the energy released, leading to the variability observed in many objects. The 
broadening of the spectral lines observed in the nuclei of many active galaxies results 
from the rapid orbital motion of the gas in the black hole’s intense gravity.

Jets appear to be a common feature of accretion flows, large and small, and 
consist of material (mainly protons and electrons) blasted out into space—and 
completely out of the visible portion of the galaxy—from the inner regions of the 
disk. They are most likely formed by strong magnetic fields produced within the 
accretion disk itself, which accelerate charged particles to nearly the speed of 
light and eject them parallel to the disk’s rotation axis. Figure 15.31 shows a Hub-
ble Space Telescope image of a disk of gas and dust at the core of the radio galaxy 
NGC 4261 in the Virgo Cluster. Consistent with the theory just described, the disk 
is perpendicular to the huge jets emanating from the galaxy’s center.

Figure 15.32 shows further evidence for this model in the form of imaging and 
spectroscopic data from the center of M87, suggesting a rapidly rotating disk of 
matter orbiting the galaxy’s center, again perpendicular to the jet. Measurements of 
the gas velocity on opposite sides of the disk indicate that the mass within a few 
parsecs of the center is approximately 3 × 109 solar masses—we assume that this is 
the mass of the central black hole. 

Jet of high-speed
particles

Magnetic field
lines

Accretion
disk

Black
hole

 FiGure 15.30 Active Galactic Nucleus  The leading 
theory for the energy source in active galactic nuclei holds 
that these objects are powered by material accreting onto a 
supermassive black hole. As matter spirals toward the hole, 
it heats up, producing large amounts of energy. High-speed 
jets of gas may be ejected perpendicular to the accretion 
disk, forming the jets and lobes seen in many active objects. 
Magnetic fields generated in the disk by charged matter in 
motion are carried by the jets out to the radio lobes, where 
they play a crucial role in producing the observed radiation.

ANiMATiON/VideO

cosmic Jets

ConCept CheCk 

How does accretion onto a supermassive black 
hole power the energy emission from the 
extended radio lobes of a radio galaxy?
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(b)
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 FiGure 15.31 Giant elliptical Galaxy  (a) A combined optical/radio image of the giant 
elliptical galaxy NGC 4261, in the Virgo Cluster, shows a white visible galaxy at center, from 
which blue-orange (false color) radio lobes extend for about 60 kpc. (b) A close-up of the 
galaxy’s nucleus reveals a 100-pc-diameter disk surrounding a bright hub thought to harbor 
a black hole. (NRAO; NASA)

Nucleus

R I V U X G

(c)
(a)

(b)

Jet

 FiGure 15.32 M87 disk  Both 
images and spectra of M87 support the 
idea of a rapidly whirling accretion disk 
at this galaxy’s heart. (a) The central 
region of M87, similar to that shown 
in Figure 15.26(c), shows its bright 
nucleus and jet. (b) A magnified view 
of the nucleus implies a spiral swarm 
of stars, gas, and dust. (c) Spectral-line 
features observed on opposite sides 
of the nucleus show contrasting red 
and blue Doppler shifts, implying that 
matter on one side is coming toward 
us while matter on the other side is 
moving away. Apparently, an accretion 
disk spins perpendicular to the jet, 
and at its center is a black hole having 
some three billion times the mass of 
the Sun. (NASA)

energy emission
The radiation emitted by the hot accretion disk surrounding a supermassive black 
hole spans a broad range of wavelengths, from infrared through X-rays, corre-
sponding to the broad range of gas temperatures in the disk. This accounts for 
the spectra of some active galactic nuclei, but as mentioned earlier, it appears 
that in many cases the high-energy radiation emitted from the accretion disk it-
self is “reprocessed”—that is, absorbed and reemitted at infrared wavelengths—
by dust surrounding the nucleus before eventually reaching our detectors.

Many researchers think that the most likely site of this reprocessing is in a 
rather fat, donut-shaped ring of gas and dust surrounding the inner accretion 
disk where the energy is actually produced. As illustrated in Figure 15.33, if our 
line of sight to the black hole does not intersect the dusty donut, we see the “bare” 
energy source, emitting large amounts of high-energy radiation. If the donut 
intervenes, we see instead large amounts of infrared radiation reradiated from 
the dust. The structure of the donut itself is quite uncertain and may in reality 
bear little resemblance to the rather regular-looking ring shown in the figure. 
Some astronomers prefer a different explanation: If quasars, like stars are born 
shrouded in dense gas, then the difference between “reprocessed” and “bare” 
systems may be an evolutionary one, as the radiation from the obscured disk 
disperses its surrounding cocoon and bursts into view.  (Sec. 11.2)

A different reprocessing mechanism operates in many jets and radio lobes. It 
involves the magnetic fields possibly produced within the accretion disk and 
transported by the jets into intergalactic space (Figure 15.30). As sketched in Fig-
ure 15.34(a), whenever a charged particle (here an electron) encounters a mag-
netic field, the particle tends to spiral around the magnetic field lines. We have 
already encountered this idea on smaller scales in Earth’s magnetosphere and at 
the center of our own Galaxy.  (Sec.5.7, 9.4, 13.2, 14.7)

As the particles whirl around, they emit electromagnetic radiation.  (Sec. 2.2) 
The radiation produced in this way—called synchrotron radiation, after the type 
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of particle accelerator in which it was first observed—is nonthermal 
in nature—the emitted radiation is not described, even approxi-
mately, by a blackbody curve. Instead, its intensity decreases with 
increasing frequency, as shown in Figure 15.34(b). This is just what 
is needed to explain the overall spectrum of radiation from many 
active galaxies. Observations of the radiation received from the jets 
and radio lobes of active galaxies are completely consistent with this 
process.

Eventually, the jet is slowed and stopped by the intergalactic 
medium, the flow becomes turbulent, and the magnetic field 
grows tangled. The result is a gigantic radio lobe emitting virtu-
ally all of its energy in the form of synchrotron radiation. Thus, 
even though the radio emission comes from an enormously ex-
tended volume of space that dwarfs the visible galaxy, the source 
of the energy is still the accretion disk—a billion billion times 
smaller in volume than the radio lobe—lying at the galactic center. 
The jets transport energy from the nucleus, where it is generated, 
into the lobes, where it is finally radiated into space.

The existence of the inner lobes of Centaurus A and the blobs 
in M87’s jet imply that the formation of a jet may be an intermit-
tent process (or, as in the case of the Seyferts discussed earlier, 
may not occur at all). Many nearby active galaxies (like Centaurus A) 
appear to have been “caught in the act” of interacting with another 
galaxy, suggesting that the fuel supply can be “turned on” by a 
companion. 

We will explore further the connection between normal and active galaxies in 
Chapter 16, where we turn to the subject of galaxy evolution.

Here, an observer would
see a broad spectrum of
radiation c

chere, the observer
sees mainly infrared
radiation.

Reradiated
infrared
radiation

Broadband
radiation

Supermassive
black hole

Dusty donut

Accretion disk

 FiGure 15.33 dusty donut  The accretion disk surrounding a massive 
black hole, drawn here with some artistic license, consists of hot gas at 
many different temperatures (hottest nearest the center). When viewed from 
above or below, the disk radiates a broad spectrum of electromagnetic 
energy extending into the X-ray band. However, the dusty infalling gas that 
ultimately powers the system is thought to form a fat, donut-shaped region 
outside the accretion disk (shown here in red), which effectively absorbs 
much of the high-energy radiation reaching it, reemitting it mainly in the 
form of cooler, infrared radiation. When the accretion disk is viewed from 
the side, strong infrared emission is observed. (Compare with Figure 15.25).
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 FiGure 15.34 Nonthermal 
radiation  (a) Charged particles, 
especially fast-moving electrons 
(red), emit synchrotron radiation 
(blue) while spiraling in a magnetic 
field (black). Thermal and synchrotron 
(nonthermal) radiation vary differently 
with frequency. Thermal radiation, 
described by a blackbody curve, 
peaks at a frequency that depends 
on the temperature of the source. 
By contrast, nonthermal synchrotron 
radiation (b) is more intense at low 
frequencies and is independent of 
the temperature of the emitting 
object. (Compare with Figure 15.18.)
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The BiG QueSTiON

Galactic research lags stellar research by about 50 years. That’s because 
galaxies were discovered only in the 20th century, and we are still learning 
about them. How did they form, and how do they evolve? Those are the 
biggest questions regarding galaxies, and they will not be answered until 
more and better data accumulate, especially regarding the most distant 
systems. Will the much larger galaxy surveys now on the horizon help 
solve these important issues?

LO1 The Hubble classification scheme  
(p. 420) divides galaxies into several 
classes, depending on their appearance. 
Spiral galaxies (p. 421) have flattened 
disks, central bulges, and spiral arms. Their 
halos consist of old stars, whereas the gas-rich disks are the 
sites of ongoing star formation. Barred-spiral galaxies  
(p. 422) contain an extended “bar” of material projecting 
beyond the central bulge. Elliptical galaxies (p. 422) have 
no disk and contain little or no cool gas or dust, although 
very hot interstellar gas is observed. In most cases, they 
consist entirely of old stars. They range in size from dwarf 
ellipticals, which are much less massive than the Milky Way 
Galaxy, to giant ellipticals, which may contain trillions of 
stars. S0 and SB0 galaxies (p. 423) are intermediate in 
their properties between ellipticals and spirals. Irregular 
galaxies (p. 424) are galaxies that do not fit into either of 
the other categories. Some may be the result of galaxy 
collisions or close encounters. Many irregulars are rich in 
gas and dust and are the sites of vigorous star formation.

LO2 Astronomers often use standard candles 
(p. 426) as distance-measuring tools. 
These are objects that are easily identifiable 
and whose luminosities lie in some 
reasonably well-defined range. Comparing 
luminosity and apparent brightness, 
astronomers determine the distance using 
the inverse-square law. An alternative 
approach is the Tully–Fisher relation (p. 427), an empirical 
correlation between rotational velocity and luminosity in 
spiral galaxies.

LO3 The Milky Way, Andromeda, and 
several other smaller galaxies form 
the Local Group (p. 428), a small 
galaxy cluster (p. 429). Galaxy 
clusters consist of a collection of 
galaxies orbiting one another, bound 
together by their own gravity. The nearest large galaxy cluster 
to the Local Group is the Virgo Cluster.

LO4 Distant galaxies are observed to be 
receding from the Milky Way at speeds 
proportional to their distances from us. 
This relationship is called Hubble’s law  
(p. 430). The constant of proportionality 
in the law is Hubble’s constant (p. 431). 
Its value is approximately 70 km/s/Mpc. 
Astronomers use Hubble’s law to determine distances to the 
most remote objects in the universe simply by measuring 
their redshifts and converting the corresponding speed 
directly to a distance. The redshift associated with the Hubble 
expansion is called the cosmological redshift (p. 431).

LO5 Active galaxies (p. 432) are much more 
luminous than normal galaxies and have 
nonstellar spectra, emitting most of their 
energy outside the visible part of the 
electromagnetic spectrum. Often the 
nonstellar activity suggests rapid internal 
motion and is associated with a bright 
central active galactic nucleus (p. 433). Many active 
galaxies have high-speed, narrow jets of matter shooting out 
from their central nuclei. Often the jets transport energy from 
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the nucleus, where it is generated, to enormous radio lobes 
(p. 434) lying far beyond the visible portion of the galaxy, 
where it is radiated into space. The jets often appear to be 
made up of distinct “blobs” of gas, suggesting that the process 
generating the energy is intermittent.

LO6 A Seyfert galaxy (p. 433) looks like a 
normal spiral, except that the Seyfert has an 
extremely bright central galactic nucleus 
(p. 433). Spectral lines from Seyfert nuclei 
are very broad, indicating rapid internal 
motion, and rapid variability implies that 
the source of the radiation is much less than 
1 light-year across. Radio galaxies (p. 434) 
emit large amounts of energy in the radio part of the spectrum. 
The corresponding visible galaxy is usually elliptical. Quasars 
(p. 439), or quasi-stellar objects (p. 439), are the most 
luminous objects known. In visible light they appear starlike, 
and their spectra are usually substantially redshifted. All 
quasars are very distant, indicating that we see them as they 
were in the distant past.

LO7 The generally accepted explanation for the 
observed properties of all active galaxies is 
that the energy is generated by accretion of 
galactic gas onto a supermassive (million- to 
billion-solar-mass) black hole lying in the 
galactic center. The small size of the 
accretion disk explains the compact extent 
of the emitting region, and the high-speed 
orbit of gas in the black hole’s intense gravity accounts for the 
rapid motion observed. Much of the high-energy radiation 
emitted from the disk is absorbed by a fat, donut-shaped region 
outside the disk and reemitted in the form of infrared radiation. 
Typical active galaxy luminosities require the consumption of 
about 1 solar mass of material every few years. Some of the 
infalling matter is blasted out into space, producing magnetized 
jets that create and feed the radio lobes. Charged particles 
spiraling around the magnetic field lines produce synchrotron 
radiation (p. 441), whose spectrum is consistent with the 
nonstellar radiation observed in radio galaxies and jets.

444 chAPTer 15   normal and active galaxies
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Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reView ANd diScuSSiON
 1. LO1 Distinguish among the various types of spiral galaxies.

 2. Compare an elliptical galaxy with the halo of the Milky Way.

 3. LO2 Describe the four rungs in the distance-measurement 
ladder involved in determining the distance to a galaxy lying  
5 Mpc away.

 4. How does the Tully–Fisher relation allow astronomers to 
measure the distances to galaxies?

 5. LO3 What is the Virgo Cluster?

 6. LO4 What is Hubble’s law, and how is it used by astronomers 
to measure distances to galaxies?

 7. What is the most likely range of values for Hubble’s constant?

 8. Why do astronomers prefer to speak in terms of redshifts 
rather than distances to faraway objects?

 9. LO5 Name two differences between normal and active galaxies.

 10. LO6 POS What is the evidence that the radio lobes of some 
active galaxies consist of material ejected from the galaxy’s 
nucleus?

 11. POS How do we know that the energy-emitting regions of 
many active galaxies must be very small?

 12. LO7 Briefly describe the leading model for the central engine 
of an active galaxy.

 13. POS How do astronomers account for the differences in the 
spectra observed from active galaxies?

 14. POS How is the process of synchrotron emission related to 
observations of active galaxies?

 15. How do we know that quasars are extremely luminous?

cONcePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. Most galaxies are spirals like the Milky Way. (T/F)

 2. Most elliptical galaxies contain only old stars. (T/F)

 3. Irregular galaxies, although small, often have lots of star for-
mation taking place in them. (T/F)

 4. Type I supernovae can be used to determine distances to galax-
ies. (T/F)

 5. Most galaxies are receding from the Milky Way Galaxy. (T/F)

 6. Hubble’s law can be used to determine distances to the farthest 
objects in the universe. (T/F)

 7. Active galaxies can emit thousands of times more energy than 
our own Galaxy. (T/F)

 8. Using the method of standard candles, we could, in principle, 
estimate the distance to a campfire if we knew (a) the number 
of logs used; (b) the fire’s temperature; (c) the length of time 
the fire has been burning; (d) the type of wood used in the fire.

 9. Within 30 Mpc of the Sun, there are about (a) 3 galaxies; (b) 30 
galaxies; (c) a few thousand galaxies; (d) a few million galaxies.

 10. Hubble’s law states that (a) more distant galaxies are younger; 
(b) the greater the distance to a galaxy, the greater is the gal-
axy’s redshift; (c) most galaxies are found in clusters; (d) the 
greater the distance to a galaxy, the fainter the galaxy 
appears.
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 14. ViS If the galaxy in Figure 15.10 (Galaxy Rotation) were smaller 
and spinning more slowly, then the figure should be redrawn 
to show (a) a greater blueshift; (b) a greater redshift; (c) a nar-
rower combined line; (d) a larger combined amplitude.

 15. ViS According to Figure 15.18 (Galaxy Energy Spectra), active 
galaxies (a) emit most of their energy at long wavelengths;  
(b) emit very little energy at high frequencies; (c) emit large 
amounts of energy at all wavelengths; (d) emit most of their 
energy in the visible part of the spectrum.

 11. If the light from a galaxy fluctuates in brightness very rapidly, 
the region producing the radiation must be (a) very large;  
(b) very small; (c) very hot; (d) rotating very rapidly.

 12. Quasar spectra (a) are strongly redshifted; (b) show no spectral 
lines; (c) look like the spectra of stars; (d) contain emission 
lines from unknown elements.

 13. Active galaxies are very luminous because they (a) are hot;  
(b) contain black holes in their cores; (c) are surrounded by hot 
gas; (d) emit jets.

PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  The Andromeda galaxy lies 800 kpc from our Galaxy and is 
approaching it with a radial velocity of 266 km/s. Neglecting 
both the transverse component of the velocity and the effect of 
gravity in accelerating the motion, estimate when the two gal-
axies will collide.

 2.  A Cepheid variable star in the Virgo Cluster has an apparent 
magnitude of 26 and is observed to have a pulsation period of 20 
days. Use these numbers and Figure 14.6 to estimate the distance 
to the Virgo Cluster. The absolute magnitude of the Sun is 14.85.

 3.  A supernova 1 billion times more luminous than the Sun is used 
as a standard candle to measure the distance to a faraway galaxy. 
From Earth, the supernova appears as bright as the Sun would ap-
pear from a distance of 10 kpc. What is the distance to the galaxy?

 4.  According to Hubble’s law, with, with H0 5 70 km/s/Mpc, 
what is the recessional speed of a galaxy at a distance of  
200 Mpc? How far away is a galaxy whose recessional  
speed is 4000 km/s? How would these answers change if  
(a) H0 5 50 km/s/Mpc, (b) H0 5 80 km/s/Mpc?

 5.  If H0 5 70 km/s/Mpc, how long will it take for the distance 
from the Milky Way Galaxy to the Virgo Cluster to double? How 
long for the distance to the Coma Cluster (100 Mpc) to double?

 6.  A quasar is observed to have luminosity fluctuations and 
broadened emission lines indicating a speed of 5000 km/s within 
0.1 light-years of its center. Assuming circular orbits, use Kepler’s 
laws to estimate the mass within this radius.  (Sec. 14.6)

 7.  Assuming a jet speed of 75 percent of the speed of light, 
calculate the time taken for material in Cygnus A’s jet to cover the 
250 kpc between the galaxy’s nucleus and its radio-emitting lobes.

 8.  Assuming the upper end of the efficiency range indicated in 
the text, calculate how much energy an active galaxy would 
generate if it consumed one Earth mass of material every day. 
Compare this value with the luminosity of the Sun.

 9.  Using the data presented in the text, calculate the orbital 
speed of material orbiting at a distance of 0.25 pc from the 
center of M87.

 10.  Calculate the amount of energy received per unit area per 
unit time that would be observed at Earth from a 1037-W Sey-
fert nucleus located at the Galactic center, 8 kpc away, neglect-
ing the effects of absorption by interstellar dust. Using the data 
presented in Appendix 3, Table 3, compare this with the energy 
received from Sirius A, the brightest star in the night sky. From 
what you know about active galaxy energy emission, is it rea-
sonable to ignore interstellar absorption?

AcTiViTieS
collaborative
 1. Observe the Virgo Cluster of galaxies. An 8-inch telescope is 

the optimal size for this project. The constellation Virgo is vis-
ible from the United States during much of fall through spring. 
To locate the cluster, first find the constellation Leo. The east-
ern part of Leo is composed of a distinct triangle of stars, Den-
ebola (b), Chort (u), and Zosma (d). Go from Chort to Denebola 
in a straight line east; continue on the same distance as be-
tween the two stars, and you will be approximately at the 
center of the Virgo Cluster. Look for the following Messier ob-
jects, the brightest galaxies in the cluster: M49, M58, M59, 
M60, M84, M86, M87, M89, and M90. Examine each galaxy 
for unusual features; some have very bright nuclei. Sketch or 
photograph what you see, and construct your own pictorial 
catalog of the brightest galaxies in Virgo.

individual
 1. In the previous exercise, you were given directions for finding 

the Virgo Cluster of galaxies. M87, in the central part of this 
cluster, is the nearest core–halo radio galaxy. M87 has coordi-
nates RA 5 12h 30.8m, dec 5 1128 249. At magnitude 8.6 it 
should not be difficult to find with an 8-inch telescope. Its dis-
tance is roughly 18 Mpc. Describe its nucleus; compare what 
you see with other nearby ellipticals in the Virgo Cluster.

 2. 3C 273 is the nearest and brightest quasar, but that does not 
mean it is easy to find! Its coordinates are RA 5 12h 29.2m,  
dec 5 128 039. It is located in the southern part of the Virgo Clus-
ter, but it is not associated with it. At magnitude 12–13 (again, it 
is variable), it may require a 10- or 12-inch telescope to see, but 
try it first with an 8-inch. It should appear as a very faint star. 
The significance of seeing this object is that it is 640 Mpc distant. 
The light you are seeing left this object over 2 billion years ago! It 
is the most distant object observable with a small telescope.

M18_CHAI7702_08_SE_C15.indd   445 14/11/15   10:15 AM



M19_CHAI7702_08_SE_C16.indd   446 14/11/15   10:20 AM



 447

Galaxies and Dark 
Matter
The Large-Scale Structure of the 
Cosmos

16

colliding over millions of years. Notice the rose-like 
shape of the top galaxy, caused by the gravitational 
pull of the bottom one, and the swath of clusters of 
young blue stars glowing like jewels. Mergers and 
acquisitions are apparently common among galaxies, 
but astronomers still don’t understand well how the 
galaxies originated long ago. (STScI)

 Galaxies are among the grandest, most beautiful 
objects in the universe—each one a colossal collection 
of hundreds of billions of stars held together loosely 
by gravity. Some are bright and splendid, like the two 
big ones in this image. Others are dim and distant, like 
several that appear smaller in the background. This 
pair of galaxies, nearly 300 million light-years away and 
known collectively as Arp 273, is in the process of 

Studying this chapter will 
enable you to:

LO1 Describe some methods used 
to determine the masses of 
galaxies and galaxy clusters.

LO2 Explain why astronomers 
think that most of the matter 
in the universe is dark.

LO3 Describe how galaxies form 
and evolve, and outline the 
role of collisions in the 
process.

LO4 Present the evidence for 
supermassive black holes in 
the centers of galaxies, and 
explain how active galaxies fit 
into current theories of 
galactic evolution.

LO5 Describe how galaxies are 
distributed on large scales in 
the universe.

LO6 Outline some techniques 
used by astronomers to 
probe the universe on very 
large scales.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Galaxies are among the grandest, most beautiful objects in the universe—each one a 
colossal collection of hundreds of billions of stars held together loosely by gravity. 
Galaxies dominate our view of deep space—they seem to be everywhere—yet they 
represent just a tiny fraction of all matter in the cosmos. Vast quantities of unseen cosmic 
material—dark matter—actually account for most of the mass in the universe.

The BiG PicTure

On scales much larger than even the largest galaxy clusters, new levels of structure are 

revealed, and a humbling new reality emerges. We may be star stuff, the product of 

countless cycles of stellar evolution, but we are not the stuff of the cosmos. The universe 

in the large is composed of matter fundamentally different from the familiar atoms and 

molecules that compose our bodies, our planet, our star and galaxy, and all the 

luminous matter we observe in the heavens. Only its gravity announces the presence of 

this strange kind of matter. By comparing and classifying the properties of galaxies near 

and far, astronomers have begun to understand their evolution. By mapping out their 

distribution in space, astronomers trace out the immense realms of the universe. Points 

of light in the uncharted darkness, the galaxies remind us that our position in the 

universe is no more special than that of a boat adrift at sea.

L e a r n i n g 
O u TCO m e S
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16.1 Dark Matter in the universe
In Chapter 14 we saw how measurements of the orbital velocities of stars and gas 
in our Galaxy reveal the presence of an extensive dark-matter halo surrounding 
the galaxy we see.  (Sec. 14.6) Do other galaxies have similar dark halos? And 
what evidence do we have for dark matter on larger scales? To answer these ques-
tions, we need to know the masses of galaxies and galaxy clusters.

How can we measure the masses of such large systems? Surely, we can nei-
ther count all their stars nor estimate their interstellar content very well. Galaxies 
are just too complex to take direct inventory of their material makeup. Instead, 
we must rely on indirect techniques. Despite their enormous sizes, galaxies and 
galaxy clusters obey the same physical laws as do the planets in our own solar 
system. To determine galaxy masses, we turn as usual to Newton’s law of gravity.

Galaxy Masses
Astronomers can determine the masses of some spiral galaxies by measuring 
their rotation curves, which plot rotation speed versus distance from the galactic 
center (Figure 16.1a).  (Sec. 14.6) The mass within any given radius then 
follows directly from Newton’s laws. Rotation curves for a few nearby spirals are 
shown in Figure 16.1(b). They imply masses ranging from about 1011 to 5 * 1011 
solar masses within about 25 kpc of the center—comparable to the results 
obtained for our own Galaxy using the same technique. For galaxies too distant 
for detailed rotation curves to be drawn, the overall rotation speed can still be 
inferred from the broadening of spectral lines, as described in the previous 
chapter.  (Sec. 15.2)

This approach is useful for measuring the mass lying within about 50 kpc of 
a galaxy’s center (the extent of the electromagnetic emission from stellar and in-
terstellar material). To probe farther from the centers of galaxies, astronomers 
turn to binary galaxy systems (Figure 16.2a), whose components may lie hun-
dreds of kiloparsecs apart. The orbital period of such a system is typically billions 
of years, far too long for the orbit to be accurately measured. However, by esti-
mating the period and semimajor axis using the information available—the line-
of-sight velocities and angular separation of the components—an approximate 
total mass can be derived.  (Sec. 1.4)

Galaxy masses obtained in this way are fairly uncertain, but by combining 
many such measurements, astronomers can obtain quite reliable statistical infor-
mation about galaxy masses. Most normal spirals (the Milky Way Galaxy in-
cluded) and large ellipticals contain between 1011 and 1012 solar masses of 
material. Irregular galaxies often contain less mass, about 108 to 1010 times that 
of the Sun. Dwarf ellipticals and dwarf irregulars can contain as little as 106 or 
107 solar masses of material.

We can use another statistical technique to derive the combined mass of all 
the galaxies within a galaxy cluster. As depicted in Figure 16.2(b), each galaxy 
within a cluster moves relative to all other cluster members, and we can estimate 
the cluster’s mass simply by asking how massive it must be in order to bind its 
galaxies gravitationally. Typical cluster masses obtained in this way lie in the 
range of 1013–1014 solar masses. Notice that this calculation gives us no informa-
tion whatsoever about the masses of individual galaxies. It tells us only about the 
total mass of the entire cluster.

inTerAcTive
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The Milky Way’s rotation curve (see Fig. 14.20) 
is marked in red for comparison.
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 FiGure 16.1 Galaxy rotation curves interactive  (a) Orbital velocities can be 

measured at different distances from the center of a disk galaxy, as illustrated here for 
M64, the “Evil Eye” galaxy, some 5 Mpc distant. (b) Rotation curves for some nearby spiral 
galaxies indicate masses of a few hundred billion times the mass of the Sun. (NASA)
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visible Matter and Dark halos
The rotation curves of the spiral galaxies shown in Figure 16.1(b) remain flat 
(that is, do not decline and may even rise slightly) far beyond the visible images of 
the galaxies themselves, implying that these galaxies—and perhaps all spiral gal-
axies—have invisible dark halos similar to that surrounding the Milky Way. 

 (Sec. 14.5) Spiral galaxies seem to contain from 3 to 10 times more mass 
than can be accounted for in the form of visible matter. Studies of elliptical galax-
ies suggest similarly large dark halos surrounding those galaxies, too.

Astronomers find even greater discrepancies between visible light and total 
mass when they study galaxy clusters. Calculated cluster masses range from 10 to 
nearly 100 times the mass suggested by the light emitted by individual cluster 
galaxies. Put another way, a lot more mass is needed to bind galaxy clusters than 
we can see. Thus, the problem of dark matter exists not just in our own Galaxy, 
but also in other galaxies and, to an even greater degree, in galaxy clusters, too. In 
that case, we are compelled to accept the fact that upward of 90 percent of the 
matter in the universe is dark. As noted in Chapter 14, this matter is not just dark 
in the visible portion of the spectrum—it is undetected at any electromagnetic 
wavelength.  (Sec. 14.5)

The dark matter in clusters is not simply the accumulation of dark matter 
within individual galaxies. Even including the galaxies’ dark halos, we still cannot 
account for all the dark matter in galaxy clusters. As we look on larger and larger 
scales, we find that a larger and larger fraction of the matter in the universe is 
dark.

intracluster Gas
In addition to the luminous matter observed within the cluster galaxies them-
selves, astronomers also have evidence for large amounts of intracluster gas—
superhot (more than 10 million K), diffuse intergalactic matter filling the space 
among the galaxies. Satellites orbiting above Earth’s atmosphere have detected 
X-rays from hot gas in many clusters.  (Sec. 3.5) Figure 16.3 shows false-color 
X-ray images of two such systems. In each case, the X-ray–emitting region is cen-
tered on, and comparable in size to, the visible cluster image.

Further evidence for intracluster gas can be found in the appearance of the 
radio lobes of some active galaxies.  (Sec. 15.4) In some systems, known as 
head–tail radio galaxies, the lobes seem to form a “tail” behind the main part of 
the galaxy. For example, the lobes of radio galaxy NGC 1265, shown in Figure 
16.4, appear to be “swept back” by some onrushing wind, and, indeed, this is the 
most likely explanation for the galaxy’s appearance. If NGC 1265 were at rest, it 
would be just another double-lobe source, perhaps quite similar to Centaurus A 
(see Figure 15.22). However, the galaxy is traveling through the intergalactic 
medium of its parent galaxy cluster (known as the Perseus Cluster), and the 
outflowing matter forming the lobes tends to be left behind as NGC 1265 moves.

How much gas do these observations reveal? At least as much matter—and in 
a few cases substantially more—exists within clusters in the form of hot gas as is 
visible in the form of stars. This is a lot of material, but it still doesn’t solve the 
dark-matter problem. To account for the total masses of galaxy clusters implied 
by dynamical studies, we would have to find from 10 to 100 times more mass in 
gas than in stars.

Why is the intracluster gas so hot? Simply because its particles are bound by 
gravity and hence are moving at speeds comparable to those of the galaxies in the 
cluster—1000 km/s or so. Since temperature is just a measure of the speed at which 
the gas particles move, this speed translates (for protons, which make up the bulk 
of the mass) to a temperature of 40 million kelvins.  (More Precisely 5-1)
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 FiGure 16.2 Galaxy Masses  (a) In a binary galaxy 
system, galaxy masses can be estimated by observing the 
orbit of one galaxy about the other. (b) The mass of a galaxy 
cluster can be estimated by observing the motion of many 
galaxies in the cluster and then estimating how much mass is 
needed to prevent the cluster from flying apart.

M19_CHAI7702_08_SE_C16.indd   449 14/11/15   10:20 AM



450 chAPTer 16   galaxies and Dark matter

Where did the gas come from? There is so much of it that it could not have 
been expelled from the galaxies themselves. Instead, astronomers think that it  
is mainly primordial—gas that has been around since the universe began and that 
never became part of a galaxy. However, the intracluster gas does contain some 
heavy elements—carbon, nitrogen, and so on—implying that at least some of it  
is material ejected from galaxies after enrichment by stellar evolution.  

 (Sec. 12.7) Just how this occurred remains a mystery.

R I V U X G

 FiGure 16.3 Galaxy cluster X-ray emission  The galaxy 
cluster Abell 1689 lies some 700 million parsecs from Earth. 
Its X-ray emission, shown here in blue, is superimposed on a 
Hubble image of the galaxies themselves, and shows clearly 
how the entire cluster is filled with hot, X-ray emitting gas. 
(NASA)

ConCept CheCk

What assumptions are we making when we infer 
the mass of a galaxy cluster from observations of 
the spectra of its constituent galaxies?

(a) (b)

R I V U X GR I V U X G

The swept-back lobes
of this radio galaxy

imply that it is moving
through the background

cluster gas, roughly
as indicated.

 FiGure 16.4 head–Tail radio Galaxy  (a) Radiograph, 
in false color, of the head–tail radio galaxy NGC 1265. (b) 
The same radio data, in contour form, superimposed on the 
optical image of the galaxy. (NRAO; Palomar/Caltech)
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16.2 Galaxy collisions
Contemplating the congested confines of a rich galaxy cluster (such as those 
shown in Figures 15.1 and 15.13) with thousands of member galaxies orbiting 
within a few megaparsecs, we might expect that collisions among galaxies would 
be common.  (Sec. 15.2) Gas particles collide in our atmosphere, and hockey 
players collide in the rink. Do galaxies in clusters collide too? The answer is yes.

Figure 16.5 apparently shows the aftermath of a bull’s-eye collision between a 
small galaxy (perhaps one of the two at the right, although that is by no means 
certain) and the larger galaxy at the left. The result is the Cartwheel Galaxy, about 
150 Mpc from Earth, its halo of young stars resembling a vast ripple in a pond. 
The ripple is most likely a density wave created by the passage of the smaller gal-
axy through the disk of the larger one.  (Sec. 14.5) The disturbance is now 
spreading outward from the region of impact, creating new stars as it goes.

Figure 16.6 shows an example of a close encounter that hasn’t (yet) led to an 
actual collision. Two spiral galaxies are apparently passing each other like majes-
tic ships in the night. The larger and more massive galaxy at the bottom is called 
NGC 2207; the smaller one at the top is IC 2163. Analysis of this image suggests 
that IC 2163 is now swinging past NGC 2207 in a counterclockwise direction, hav-
ing made a close approach some 40 million years ago. The two galaxies seem des-
tined to undergo further close encounters, as IC 2163 apparently does not have 
enough energy to escape the gravitational pull of NGC 2207. In roughly a billion 
years, these two galaxies will probably merge into a single, massive galaxy.

These examples illustrate how galaxy interactions—close encounters or ac-
tual collisions—can have dramatic consequences for the galaxies involved, espe-
cially on their interstellar gas. The rapidly varying gravitational forces during the 
interaction compress the gas, often resulting in a galaxy-wide episode of star for-
mation. The result is called a starburst galaxy. Figure 16.7 shows several more 
starburst systems in the (relatively) nearby universe.

No human will ever witness an entire galaxy collision, for it lasts many mil-
lions of years. However, modern computers can follow the event in a matter of 
hours. Large-scale simulations modeling in detail the gravitational interactions 
among stars and gas, and incorporating the best available models of gas dynam-
ics, allow astronomers to better understand the effects of a collision on the galax-
ies involved and even estimate the eventual outcome of the interaction. The 

100 kpc

One of these galaxies may
have “splashed” through

the big one, triggering
star formation.

R I V U X G

 FiGure 16.5 cosmic Splash  The Cartwheel Galaxy (left) 
may have resulted from a collision (possibly with one of the 
smaller galaxies at right) that has led to an expanding ring 
of star formation moving outward through the galactic disk. 
This is a false color composite image combining four spectral 
bands: infrared in red (from Spitzer), optical in green (from 
Hubble), ultraviolet in blue (from Galex), and X-ray in purple 
(from Chandra). (NASA)

10 kpc

R I V U X G

 FiGure 16.6 Galaxy encounter  This encounter 
between two spiral galaxies, NGC 2207 (left) and  
IC 2163 (right), has already led to bursts of star 
formation in each. Eventually the two will merge, but 
not for a billion years or so. (NASA)
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computer simulation shown in Figure 16.8(b) began with two colliding spiral gal-
axies, not so different from those shown in Figure 16.6, but the details of the 
original structure have been largely obliterated by the collision. Notice the simi-
larity to the real image of NGC 4038/4039 (Figure 16.8a), the so-called Antennae 
galaxies, which show extended tails, as well as double galactic centers only a few 
hundred parsecs across. Star formation induced by the collision is clearly traced 
by the blue light from thousands of young, hot stars and star clusters. The simula-
tions indicate that, as with the galaxies in Figure 16.6, ultimately the two galaxies 
will merge into one.

Galaxies in clusters collide because their sizes are comparable to the dis-
tances between them—they simply don’t have much room to roam around with-
out bumping into one another. The large dark-matter halos surrounding many, if 
not all, galaxies are crucial to this process. These halos extend far beyond the vis-
ible galaxies, making them much larger than their optical appearance would sug-
gest, greatly increasing the chances of interactions and mergers. Many researchers 
think that most galaxies in clusters have been strongly influenced by collisions, 
often in the relatively recent past.
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Colliding galaxies
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Such simulations demonstrate the crucial role played
by dark-matter halos during galaxy interactions.

Collisions seen in these real images at left can
be studied in computer simulations like that at right.
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 FiGure 16.7 Starburst Galaxies  (a) This interacting 
galaxy pair (IC 694, at left, and NGC 3690) shows starbursts 
now under way in both galaxies—hence the bluish tint.  
(b) The galaxy NGC 1313 is experiencing a widespread burst 
of star formation, although the origin of that activiity is unclear. 
It currently seems to have no neighbors, but its asymmetric 
appearance and distorted halo outside the frame shown here 
suggest that it may have absorbed a smaller companion in 
the relatively recent past. (c) The peculiar (Irr II) active galaxy 
NGC 1275 contains a system of long filaments that seem to 
be exploding outward into space. The system was most likely 
formed by the collision of two galaxies. (W. Keel; NASA)

 FiGure 16.8 Galaxy 
collision  (a) The long tidal 
“tails” (black-and-white image 
at left) mark the final plunge 
of the “Antennae” galaxies 
a few tens of millions of 
years ago. Strings of young, 
bright “super star clusters” 
(magnified color image at 
center) were caused by violent 
shock waves produced in the 
gas disks of the two colliding 
galaxies. (b) A computer 
simulation of the encounter 
shows many of the same 
features as the real object at 
left. (AURA; NASA; J. Barnes)
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Incidentally, we don’t have to go far afield to find an example of an impend-
ing galaxy collision in a small cluster. Our nearest large neighbor, the Andromeda 
galaxy (see Figure 14.2), is currently approaching us at a velocity of about  
120 km/s. In a few billion years it will collide with the Milky Way, and we will have 
an opportunity to see for ourselves up close what a galaxy collision is really like!

Curiously, although a collision may wreak havoc on the large-scale structure of 
the galaxies involved, it has essentially no effect on the individual stars they con-
tain. The stars within each galaxy just glide past one another. In contrast to galax-
ies in the cluster, the stars in a galaxy are so small compared with the distances 
between them, that when two galaxies collide, the star population merely doubles 
for a time, and the stars continue to have so much space that they do not run into 
each other. Collisions can rearrange the stellar and interstellar contents of each 
galaxy, often producing a spectacular burst of star formation that may be visible to 
enormous distances, but from the point of view of the stars, it’s clear sailing.

16.3 Galaxy Formation and evolution
With Hubble’s law as our guide to distances in the universe, and armed now with 
knowledge of the distribution of dark matter on galactic and larger scales, let’s finally 
turn to the question of how galaxies came to be the way they are. Can we explain the 
different galaxy types we see? Astronomers know of no simple evolutionary connec-
tions among the various categories in the Hubble classification scheme.  (Sec. 15.1) 
To answer the question, then, we must understand how galaxies formed.

Unfortunately, compared with the theories of star formation and stellar evo-
lution, the theory of galaxy formation is still very much in its infancy. Galaxies are 
much more complex than stars, they are harder to observe, and the observations 
are harder to interpret. More important, stars almost never collide with one an-
other (apart from situations where stellar evolution causes binary components to 
merge), so most stars in galaxies evolve in isolation.  (Sec. 12.3) Galaxies, 
however, may suffer numerous collisions during their lives, making it much 
harder to decipher their pasts. Indeed, collisions like those described in the previ-
ous section blur the distinction between formation and evolution, making it hard 
to separate one from the other.

Nevertheless, some general ideas have gained widespread acceptance, and we 
can offer some insights into the processes responsible for the galaxies we see. We 
first describe a general scenario for how large galaxies form from smaller ones, 
then discuss how galaxies change in time due to both internal stellar evolution 
and external influences. Finally, we consider how the galaxy types in Hubble’s 
classification fit in to this broad picture.

Mergers and Acquisitions
The seeds of galaxy formation were sown in the very early universe, when small 
density fluctuations in the primordial matter began to grow (see Section 17.7). 
Our discussion here begins with these “pregalactic” blobs of gas already formed. 
The masses of these fragments were quite small—only a few million solar masses, 
comparable to the masses of the smallest present-day dwarf galaxies, which may 
in fact be remnants of this early time. Most astronomers think that galaxies grew 
by repeated merging of smaller objects, as illustrated in Figure 16.9(a). Contrast 
this with the process of star formation, in which a large cloud fragments into 
smaller pieces that eventually become stars.  (Sec. 11.3)

Theoretical evidence for this picture of hierarchical merging is provided by 
computer simulations of the early universe, which clearly show merging taking 
place. Further strong support comes from observations that indicate that galaxies 

Galaxies started small, then
merged repeatedly to form the
large systems we see today.

R I V U X G

(a)

(b)

(c)

 FiGure 16.9 Galaxy Formation  (a) The best current 
theory of galaxy formation holds that large systems were 
built up from smaller ones through collisions and mergers, 
as shown schematically in the drawing at bottom. (b) This 
photograph, one of the deepest ever taken of the universe, 
provides “fossil evidence” for hundreds of galaxy shards 
and fragments, up to 5000 Mpc distant. (c) Enlargements of 
selected portions of (b) reveal rich (billion-star) “star clusters,” 
all lying within a relatively small volume of space (about 1 Mpc 
across). Such pregalactic fragments might be about to merge 
to form a galaxy. The events pictured took place about 10 
billion years ago. (NASA)
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at large redshifts (meaning that they are very distant and the light we see was 
emitted long ago) appear distinctly smaller and more irregular than those found 
nearby. Figure 16.9(b) (see also Figure 16.10) shows some of these images, which 
include objects up to 5 billion parsecs away. The vague bluish patches are separate 
small galaxies, each containing only a few percent of the mass of the Milky Way 
Galaxy. Their irregular shape is probably the result of galaxy mergers; the bluish 

coloration comes from young stars that formed during the merging 
process.

Figure 16.9(c) shows more detailed views of some of the objects 
in Figure 16.9(b), all lying in the same region of space, about 1 Mpc 
across and almost 5000 Mpc from Earth. Each blob seems to con-
tain several billion stars spread throughout a distorted spheroid 
about a kiloparsec across. Their decidedly bluish tint suggests that 

active star formation is already under way. 
We see them as they were nearly 10 billion 
years ago, a group of young galaxies pos-
sibly poised to merge into one or more 
larger objects.

Hierarchical merging provides the 
conceptual framework for all modern 
studies of galaxy evolution. It describes a 
process that began billions of years ago 
and continues (albeit at a greatly reduced 
rate) to the present day, as galaxies con-
tinue to collide and merge. By studying 
how galaxy properties vary with distance, 
and hence look-back time, astronomers 
try to piece together the merger history of 
the universe.  (More Precisely 15-1)

Figure 16.10 is a remarkable Hubble 
image showing billions of years of galaxy 
evolution in a single tiny patch of the sky. 
The large, bright galaxies with easily dis-
cernible Hubble types are mostly (accord-

ing to their redshifts) relatively nearby objects. They are seen here against a 
backdrop of small, faint, irregular galaxies lying much farther away. The size and 
appearance of these distant galaxies compared with those in the foreground 
strongly support the basic idea that galaxies grew by mergers and were smaller 
and less regular in the past.

evolution and interaction
Left alone, a galaxy will evolve slowly and fairly steadily as interstellar clouds of 
gas and dust are turned into new generations of stars and main sequence stars 
evolve into giants and ultimately into compact remnants—white dwarfs, neutron 
stars, and black holes.  (Secs. 11.3, 13.5) The galaxy’s overall color, composi-
tion, and appearance change in a more or less predictable way as the cycle of stel-
lar evolution recycles and enriches the galaxy’s interstellar matter.  (Sec. 12.7)

If the galaxy is an elliptical, lacking interstellar gas, it will tend to become 
fainter and redder in time as its more massive stars burn out and are not replaced. 

  (Sec. 12.6) For a gas-rich galaxy, such as a spiral or irregular, hot, bright 
stars will lend a bluish coloration to the overall light for as long as gas remains 
available to form them. As in our own Galaxy, the star-forming lifetime of a spiral 
disk may be prolonged by infall of fresh gas from the galaxy’s surroundings. 

 (Sec. 14.4)
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R I V U X G FiGure 16.10 hubble Deep Field  Numerous small, 
irregularly shaped young galaxies can be seen in this very 
deep optical image. Known as the Hubble Deep Field-North, 
this image, made with an exposure of approximately 100 
hours, captured objects as faint as 30th magnitude. Redshift 
measurements (as denoted by the superposed values 
observed at the Keck Observatory in Hawaii) indicate that 
some of these galaxies lie billions of megaparsecs from Earth. 

 (Sec 15.3) The field of view is about 2 arc minutes across, 
or less than 1 percent of the area subtended by the full Moon. 
(NASA; Keck)
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But many galaxies—perhaps most—are not alone. They reside in small 
groups and clusters, and as we have just seen, their orderly “internal” evolution 
can be significantly complicated by external events—close encounters, mergers, 
and the accumulation of smaller satellite galaxies over extended periods of time. 
As described in Section 16.2, these interactions can rearrange a galaxy’s internal 
structure and trigger sudden, intense bursts of star formation. Encounters may 
also divert fuel to a central black hole, powering violent activity in some galactic 
nuclei.  (Sec. 15.5) Thus, starbursts and nuclear activity are key indicators of 
interactions and mergers between galaxies.

Careful studies of starburst galaxies and active galactic nuclei indicate that 
most such encounters probably took place long ago—in galaxies having redshifts 
greater than about 1, meaning that we see them as they were roughly 10 billion 
years ago (see Table 15.2). The galaxy interactions observed in the local universe 
are the extension of this same basic process into the present day. Figure 16.11 
presents a graphical summary of these (mostly) ancient events.

The many different types and masses of galaxies lead to an almost bewilder-
ing variety of possible interactions. Here we highlight just a few. Consider first 
two galaxies orbiting one another—a binary galaxy system. As they orbit, the gal-
axies interact with each other’s dark halos, one galaxy stripping halo material 
from the other by tidal forces. The freed matter is redistributed between the gal-
axies or is entirely lost from the binary system. In either case, the interaction 
changes the orbits of the galaxies, causing them to spiral toward one another and 
eventually to merge.

If one galaxy of the pair happens to have a much lower mass than the other, 
the process is colloquially termed galactic cannibalism. Such cannibalism might 
explain why supermassive galaxies are often found at the cores of rich galaxy 
clusters. Having dined on their companions, they now lie at the center of the clus-
ter, waiting for more food to arrive. Figure 16.12 is a remarkable combination of 
images that has apparently captured this process at work.

We can also find examples of galactic cannibalism closer to home. Figure 
16.13(a) illustrates how the disruption of a dwarf galaxy by the Milky Way leaves 
behind a tidal stream of stripped stars, all with similar orbits and composition, 
still following the orbital path of their parent galaxy. The small Sagittarius dwarf 
galaxy (see Figure 15.12) is well on its way to suffering such a fate, and theory 
suggests that the Magellanic Clouds (Figure 15.7) will eventually meet the same 
end.  (Sec. 15.2) Astronomers have discovered numerous tidal streams in the 
halo of the Milky Way.  (Sec. 14.4) Figure 16.13(b) is a wide-angle Sloan Digi-
tal Sky Survey mosaic (see Discovery 16-1) of roughly half of the northern sky, 
looking in the direction away from the Galactic center. It shows several streams of 
stars crossing the field of view. The most prominent streams (marked) represent 
two orbits of the Sagittarius dwarf over the past 500 million years. Their locations 
in the sky are consistent with the measured orbital properties of the Sagittarius 
galaxy, which currently lies in the opposite direction, as seen from Earth.

Now consider two interacting disk galaxies, one a little smaller than the other 
but each having a mass comparable to the Milky Way Galaxy. As shown in the 
computer-generated frames of Figure 16.14, the smaller galaxy can substantially 
distort the larger one, causing spiral arms to appear where none existed before. 
The entire event requires several hundred million years—a span of evolution that 
a supercomputer can model in minutes. The final frame of Figure 16.14 looks re-
markably similar to the double galaxy shown in Figure 15.2(b), demonstrating 
how the two galaxies might have interacted millions of years ago and how spiral 
arms might have been created or enhanced as a result.

What if the colliding galaxies are comparable in size and mass? Computer 
simulations reveal that such a merger can destroy a spiral galaxy’s disk, creating a 
galaxywide starburst episode.  (Sec. 15.4) The violence of the merger and the 
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 FiGure 16.11 Galaxies Build and Stars Form   
Observations of the luminosities of many different galaxies 
at various distances from us show that the star formation rate 
in the universe peaked a few billion years after the Big Bang. 
That epoch marked the time at which galaxies were growing 
most rapidly, as smaller galaxies merged to form the largest 
systems.
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R I V U X G

 FiGure 16.12 Galactic cannibalism  Most galaxies 
probably developed by means of a “bottom up” scenario 
that formed large systems by merging smaller building 
blocks. This dramatic image captures the process in action 
about 10 billion years ago, just a few billion years after 
the Big Bang. The larger image shows part of a young 
cluster containing hundreds of galaxies, with a radio galaxy 
catalogued MRC 1138-262 and nicknamed the “Spiderweb” 
galaxy at its center. The inset shows more clearly dozens of 
small galaxies about to merge into a single huge object—in 
fact one of the most massive galaxies known. (NASA/ESA)

(a)

This is the path of an
incoming dwarf galaxy  c

cand this is 
the resulting tidal 

debris stream as it 
rounds our Milky Way.

 FiGure 16.13 Tidal Streams in the Milky Way   
(a) Breakup and dispersal of the contents of an incoming galaxy companion captured by our 
Milky Way. Eventually, the smaller galaxy dissolves, much as other dwarf companion galaxies 
were probably consumed by our Galaxy long ago. (b) This view of the outer part of the Milky 
Way shows innumerable stars that have been torn from disrupted satellite galaxies (colors 
indicate distance, with blue being closest). Several tidal streams are evident, the biggest one 
at center showing two orbits of the enormous, arching death spiral of the Sagittarius dwarf 
galaxy. (V. Belokurov; SDSS)

Yellow arrows indicate motions
of stars within the two streams.

(b)

Sagittarius streams
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effects of subsequent supernovae eject much of the remaining gas into intergalac-
tic space, creating the hot intracluster gas noted in Section 16.1. Once the burst 
of star formation has subsided, the resulting object looks very much like an ellip-
tical galaxy. The elliptical’s hot X-ray halo is the last vestige of the original spiral’s 
disk.  (Sec. 15.1) The merging galaxies in Figure 16.8 and the irregular galax-
ies in Figure 16.7 may be examples of this phenomenon in progress. The blue 
blobs in some of these images are young star clusters formed during the star-
burst, and the explosive appearance of especially Figure 16.7(c) suggests that we 
are witnessing gas and dust being ejected.

Making the hubble Sequence
If galaxies form and evolve by repeated mergers, can we account for the Hubble se-
quence and, specifically, differences between spirals and ellipticals?  (Sec. 15.1) 
The details are still far from certain, but remarkably, the answer now seems to be a 
qualified yes. Collisions and close encounters are random events and do not repre-
sent a genuine evolutionary sequence linking all galaxies. However, computer simula-
tions suggest a plausible way in which the observed Hubble types might have arisen, 
starting from a universe populated only by irregular, gas-rich galaxy fragments.

As we have just seen, the simulations reveal that “major” mergers—collisions 
between large galaxies of comparable size—tend to destroy galactic disks, 
effectively turning spirals into ellipticals. On the other hand, “minor” mergers, in 
which a small galaxy interacts with, and ultimately is absorbed by, a larger one, 
generally leave the larger galaxy intact, with more or less the same Hubble type as 
it had before the merger. This is the most likely way for large spirals to grow—in 
particular, our own Galaxy probably formed in such a manner.

Supporting evidence for this general picture comes from observations that spi-
ral galaxies are relatively rare in regions of high galaxy density, such as the central 
regions of rich galaxy clusters. This is consistent with the view that their fragile 
disks are easily destroyed by collisions, which are more common in dense galactic 
environments. Spirals also seem to be more common at larger redshifts (that is, in 
the past), implying that their numbers are decreasing with time, presumably also 
as the result of collisions. However, nothing in this area of astronomy is clear-cut. 
Astronomers know of numerous isolated elliptical galaxies in low-density regions 
of the universe that are hard to explain as the result of mergers.

In principle, the starbursts associated with galaxy mergers leave their imprint 
on the star-formation history of the universe in a way that can be correlated with 
the properties of galaxies. As a result, studies of star formation in distant galaxies 
have become a very important way of testing and quantifying the details of the 
entire hierarchical merger scenario.

Time 

ConCept CheCk

Why would we expect the evolution of galaxies in 
voids to differ from that of galaxies in clusters?

proCess of sCienCe CheCk

in what ways can astronomers test the predictions 
of the hierarchical merger scenario?

 FiGure 16.14 Galaxy interaction  Galaxies can change their shapes long after their formation. In this computer-generated sequence, two galaxies closely 
interact over several hundred million years. The smaller galaxy, in red, has gravitationally disrupted the larger galaxy, in blue, changing it into a spiral galaxy. 
Compare the result of this supercomputer simulation with Figure 15.2(b), a photograph of M51 and its small companion. (J. Barnes & L. Hernquist)

 SecTiOn 16.3   galaxy Formation and evolution 457

M19_CHAI7702_08_SE_C16.indd   457 14/11/15   10:20 AM



458 chAPTer 16   galaxies and Dark matter

16.4 Black holes in Galaxies
Now let’s ask how quasars and active galaxies fit into the framework of galaxy 
evolution just described. The fact that quasars are more common at great dis-
tances from us demonstrates that they were much more prevalent in the past 
than they are today.  (Sec. 15.4) Quasars have been observed with redshifts 
exceeding 7, and some observers have reported galaxy redshifts of more than 10, 
so the process must have started at least 13 billion years ago (see Table 15.2). 
However, most quasars have redshifts between 2 and 3, corresponding to an 
epoch some 2 billion years later. Most astronomers agree that quasars represent 
an early stage of galaxy evolution—an “adolescent” phase of development, prone 
to frequent flare-ups and outbursts before settling into more steady “adulthood.” 
This view is reinforced by the fact that the same black hole energy-generation 
mechanism can account for the luminosities of quasars, active galaxies, and the 
central regions of normal galaxies like our own.

Black hole Masses
In Chapter 15 we saw the standard model of active galactic nuclei accepted by most 
astronomers—accretion of gas onto a supermassive black hole.  (Sec. 15.5)  
We also saw that a large fraction of all “bright” galaxies exhibit activity of some 
sort, even though in many cases it represents only a small fraction of the galaxy’s 
total energy output. This suggests that these galaxies may also harbor central 
black holes with the potential of far greater activity under the right circumstances. 
Our own Galaxy is a case in point.  (Sec. 14.7) The 3- to 4-million-solar-mass 
black hole at the center of the Milky Way is not currently active, but if fresh fuel 
were supplied (say, by a star or molecular cloud coming too close to the hole’s 
intense gravitational field), it might well become a (relatively weak) active 
galactic nucleus.

In recent years, astronomers have found that many bright normal galaxies 
have supermassive black holes at their centers. Figure 16.15 presents perhaps the 
most compelling evidence for a supermassive black hole at the center of a normal 
galaxy. Using the Very Long Baseline Array, a continent-wide interferometer com-
prising 10 radio telescopes, a U.S.–Japanese team has achieved an angular resolu-
tion hundreds of times better than that attainable with the Hubble telescope. 

 (Sec. 3.4) The observations reveal a group of molecular clouds swirling in an 
organized fashion about the galaxy’s center. Doppler measurements indicate a 
slightly warped, spinning disk centered precisely on the galaxy’s heart. The rota-
tion speeds imply the presence of more than 40 million solar masses packed into 
a region less than 0.2 pc across.

Similar evidence exists for supermassive black holes in the nuclei of several 
dozen bright galaxies—some normal, some active—within a few tens of megaparsecs 
of the Milky Way. Some observers would go so far as to say that in every case where 
a galaxy has been surveyed and a black hole could have been detected, given the 
resolution and the sensitivity of the observations, a black hole has in fact been 
found. It is a small step to the remarkable conclusion that every bright galaxy—active 
or not—contains a central supermassive black hole. This unifying principle connects 
our theories of normal and active galaxies in a fundamental way.

Astronomers have also found a correlation between the masses of the central 
black holes and the properties of the galaxy in which they reside. As illustrated in 
Figure 16.16, the largest black holes tend to be found in the most massive galaxies 
(as measured by the mass of the bulge). The reason for this correlation is not fully 
understood, but most astronomers take it to mean that the evolution of normal 
and active galaxies must be very closely connected, as we now discuss.
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 FiGure 16.15 Galactic Black hole  A network of radio 
telescopes has probed the core of the spiral galaxy NGC 
4258, shown here in the light of mostly hydrogen emission. 
Within the innermost region (inset) a disk of Doppler-shifted 
molecular clouds (designated by red, green, and blue dots) 
obey Kepler’s third law perfectly, apparently revealing a huge 
black hole at the center of the disk. (J. Moran)
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The Quasar epoch
Where did the supermassive black holes in galaxies come from? To be honest, the 
processes whereby the first billion-solar-mass black holes formed early in the his-
tory of the universe are not fully understood. The accretion rates needed to form 
the oldest known massive systems challenge current theoretical models. However, 
the accretion responsible for the energy emission also naturally accounts for the 
mass of the black hole—only a few percent of the infalling mass is converted to 
energy; the rest is trapped forever in the black hole once it crosses the event hori-
zon.  (Sec. 13.5). Simple estimates suggest that the accretion rates needed to 
power the quasars are generally consistent with black-hole masses inferred by 
other means.

Since the brightest known quasars devour about a thousand solar masses of 
material every year, it is unlikely that they could maintain their luminosity for 
very long—even a million years would require a billion solar masses, enough to 
account for the most massive black holes known.  (Sec. 15.4) This suggests 
that a typical quasar spends only a fairly short amount of time in its highly lumi-
nous phase—perhaps a few million years—before running out of fuel. Thus, most 
quasars were relatively brief events that occurred long ago.

To make a quasar, we need a black hole and enough fuel to power it. While 
fuel was abundant at early times in the universe’s history in the form of gas and 
newly formed stars, black holes were not. They had yet to form, most probably by 
the same basic stellar evolutionary processes we saw in Chapter 12, although the 
details are still not known.  (Sec. 12.4) The building blocks of the supermassive 
black holes that would ultimately power the quasars may well have been relatively 
small black holes having masses tens or perhaps a few hundreds of times the 
mass of the Sun. These small black holes sank to the center of their still-forming 
parent galaxy and merged to form a single, more massive black hole.

As galaxies merged, so, too, did their central black holes, and eventually su-
permassive (1-million- to 1-billion-solar mass) black holes existed in the centers 
of many young galaxies. Some supermassive black holes may have formed di-
rectly by the gravitational collapse of the dense central regions of a protogalactic 
fragment or perhaps by accretion or a rapid series of mergers in a particularly 
dense region of the universe. These events resulted in the earliest (redshift 6–7) 
quasars known, shining brightly 13 billion years ago. However, in most cases, the 
mergers took longer—roughly another 2 billion years. By then (at redshifts be-
tween 2 and 3, roughly 11 billion years ago), many supermassive black holes had 
formed, and there was still plenty of merger-driven fuel available to power them. 
This was the height of the “quasar epoch” in the universe.

Until recently, astronomers were confident that black holes would merge 
when their parent galaxies collided, but they had no direct evidence of the pro-
cess—no image of two black holes “caught in the act.” In 2002, the Chandra X-ray 
observatory discovered a binary black hole—two supermassive objects, each hav-
ing a mass a few tens of millions of times that of the Sun—in the center of the ul-
traluminous starburst galaxy NGC 6240, itself the product of a galaxy merger 
some 30 million years ago. Figure 16.17 shows optical and X-ray views of the 
system. The black holes are the two blue-white objects near the center of the 
(false-color) X-ray image. Orbiting just 1000 pc apart, they are losing energy 
through interactions with stars and gas and are predicted to merge in about 400 
million years. Astronomers now know of several binary black holes in relatively 
nearby galaxies, caught in the act of spiraling together on their way to merging. 
NGC 6240 lies just 120 Mpc from Earth, so we are far from seeing a quasar 
merger in the early universe. Nevertheless, astronomers think that events similar 
to this must have occurred countless times billions of years ago, as galaxies col-
lided and quasars blazed.
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 FiGure 16.16 Black hole Masses  Observations of 
nearby normal and active galaxies show that the mass of the 
central black hole is closely correlated with the mass of the 
galactic bulge. The straight line is the best fit to the data 
points for many galaxies, implying a black hole mass of 1/200 
the mass of the bulge. (L. Ferrarese)
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Distant galaxies are generally much fainter than their bright quasar cores. As 
a result, until quite recently, astronomers were hard-pressed to discern any galac-
tic structure in quasar images. Since the mid-1990s, several groups of astrono-
mers have used the Hubble Space Telescope to search for the “host” galaxies of 
moderately distant quasars. After removing the bright quasar core from the HST 
images and carefully analyzing the remnant light, the researchers have reported 
that in every case studied—several dozen quasars so far—a host galaxy can be 
seen enveloping the quasar. Figure 16.18 shows some of the longest quasar expo-
sures ever taken. Even without sophisticated computer processing, the hosts are 
clearly visible.

As we saw in Chapter 15, the connection between active galaxies and gal-
axy clusters is well established, and many relatively nearby quasars are also 
known to be members of clusters.  (Sec. 15.4) The link is less clear-cut for 
the most distant quasars, however, simply because they are so far away that 
other cluster members are very faint and extremely hard to see. However, as the 
number of known quasars continues to increase, evidence for quasar clustering 

3000 pc

(a) (b)
R I V U X G R I V U X G

 FiGure 16.17 Binary Black 
hole  These (a) optical (Hubble) 
and (b) X-ray (Chandra) images of 
the starburst galaxy NGC 6420 
show two supermassive black 
holes (the blue-white objects 
near the center of the X-ray 
image) orbiting about 1 kpc 
apart. Theoretical estimates imply 
that they will merge in about 400 
million years, releasing an intense 
burst of gravitational radiation.  

 (Discovery 13-1) (NASA)

The central bright quasar is 
seen here surrounded by the
faint disk of its parent galaxy.

The central bright quasar is 
seen here surrounded by the
faint disk of its parent galaxy.

R I V U X G

 FiGure 16.18 Quasar host 
Galaxies  These long-exposure images 
of distant quasars show the young host 
galaxies in which the quasars reside, 
lending support to the idea that quasars 
represent an early, very luminous phase 
of galactic evolution. The quasar at 
the left is the best example, having 
the catalog name PG0052 + 251 and 
residing roughly 690 Mpc from Earth. 
(NASA)
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(and presumably, therefore, for quasar membership in young galaxy clusters) 
mounts. Thus, as best we can tell, quasar activity—and, in fact, galaxy activity 
of all sorts—is intimately related to interactions and collisions in galaxy 
clusters.

This connection also suggests a possible way in which the growth of 
black holes might be tied to the growth of their parent galaxies. Astronomers 
speculate that a process called quasar feedback, in which some fraction of 
the quasar’s enormous energy output is absorbed by the surrounding galactic 
gas, might help explain the correlation of black hole and bulge masses shown 
in Figure 16.16. According to this view, which is appealing but by no means 
certain, the absorbed energy expels the gas from the galaxy, simultaneously 
shutting down both galactic star formation and the quasar’s own fuel supply, 
thus tying the growth of the central black hole to the formation of new stars 
in the bulge.

Active and normal Galaxies
Early on, frequent mergers may have replenished the quasar’s fuel supply, extend-
ing its luminous lifetime. However, as the merger rate declined, these systems 
spent less and less of their time in the “bright” phase. The rapid decline in the 
number of bright quasars roughly 10 billion years ago marks the end of the qua-
sar epoch. Today, the number of quasars has dropped virtually to zero (recall that 
the nearest lies hundreds of megaparsecs away).  (Sec. 15.4)

Large black holes do not simply vanish. If a galaxy contained a bright qua-
sar 10 billion years ago, the black hole responsible for all that youthful activity 
must still be present in the center of the galaxy today. We see some of these 
black holes as active galaxies. The remainder reside dormant in normal galax-
ies all around us. In this view, the difference between an active galaxy and a nor-
mal one is mainly a matter of fuel supply. When the fuel runs out and a quasar 
shuts down, its central black hole remains behind, its energy output reduced to 
a relative trickle. The black holes at the hearts of normal galaxies are quies-
cent, awaiting another interaction to trigger a new active outburst. Occasion-
ally, two nearby galaxies may interact, causing a flood of new fuel to be directed 
toward the central black hole of one or both. The engine starts up for a while, 
giving rise to the nearby active galaxies—Seyferts, radio galaxies, and others—
we observe.

Should this general picture be correct, it follows that many relatively 
nearby galaxies (but probably not our own Milky Way, whose central black 
hole is even now only a paltry 3–4 million solar masses) must once have been 
brilliant quasars.  (Sec. 14.7) Perhaps some alien astronomer, thousands 
of megaparsecs away, is at this very moment observing the progenitor of M87 
in the Virgo Cluster—seeing it as it was billions of years ago—and is comment-
ing on its enormous luminosity, nonstellar spectrum, and high-speed jets and 
wondering what exotic physical process can possibly account for its violent 
activity!  (Sec. 14.4)

Finally, Figure 16.19 suggests some possible (but unproven) evolutionary 
connections among quasars, active galaxies, and normal galaxies. If the largest 
black holes reside in the most massive galaxies, and also tend to power the bright-
est active galactic nuclei, then we would expect that the most luminous nuclei 
should reside in the largest galaxies, which probably came into being via “major” 
mergers of other large galaxies. Since the products of such mergers are elliptical 
galaxies, we have a plausible explanation of why the brightest active galaxies—
the radio galaxies—should be associated with large ellipticals.  (Sec. 15.4) 
The path to spiral galaxies would have entailed a series of mergers involving 
smaller galaxies, resulting in the less violent Seyferts along the way.

proCess of sCienCe CheCk

How does the existence of supermassive black 
holes in normal galaxies fit in with theories of 
active galaxy evolution?
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Active Galaxies and the Scientific Method
When active galactic nuclei—and especially quasars—were first discovered, their 
extreme properties defied conventional explanation. Initially, the idea of super-
massive (million- to billion-solar mass) black holes in galaxies was just one of 
several competing, and very different, hypotheses advanced to account for the 
enormous luminosities and small sizes of those baffling objects. Some astrono-
mers suggested instead that the energy source might be multiple supernova ex-
plosions, others that perhaps some exotic form of matter–antimatter annihilation 
was taking place. A few went so far as to propose that these inexplicable objects 
demanded an even more radical explanation: that Hubble’s law was incorrect and 
that the large redshifts of quasars had some other, unknown cause.

However, as observational evidence mounted, the other hypotheses were 
abandoned one by one, and massive black holes in galactic nuclei became first 
the leading, and eventually the standard, theory of active galaxies. As often hap-
pens in science, a theory once itself considered extreme is now the accepted ex-
planation. Far from threatening the laws of physics, as some astronomers once 
feared, active galaxies are now an integral part of our understanding of how gal-
axies form and evolve. The synthesis of studies of normal and active galaxies, 
galaxy formation, and large-scale structure is one of the great triumphs of extra-
galactic astronomy.

Most galaxies began as
small fragments that merged
and grew long ago.

Minor
merger

Seyfert

Quasar

Normal spiral

Merger

Radio galaxy/
blazar

Normal elliptical

Central
black hole

Supermassive
black hole

Irregular
galaxies

Major
merger

Nowadays, most grown 
galaxies have calmed down 
and appear as spirals and 
ellipticals.

Active galaxies are 
often seen at 
intermediate distances 
in the cosmic middle 
ages.

 FiGure 16.19 Galaxy evolution  Most evolutionary sequences for galaxies began with galaxy mergers that led to highly luminous 
quasars, after which they decreased in violence through the radio and Seyfert galaxies, eventually resulting in normal ellipticals and 
spirals. The central black holes that powered the early activity remain at later times, but many of them have run out of fuel.

ConCept CheCk

Does every galaxy have the potential for activity?
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16.5 The universe on very Large Scales
Many galaxies, including our own, are members of galaxy clusters—megaparsec-
sized structures held together by their own gravity.  (Sec. 15.2) Our own small 
cluster is called the Local Group. Figure 16.20 shows the locations of the Virgo 
Cluster, the closest “large” cluster, and of several other well-defined clusters in our 
cosmic neighborhood. The region displayed is about 70 Mpc across. Each point 
in the figure represents an entire galaxy whose distance has been determined by 
one of the methods described in Chapter 15.

clusters of clusters
Do galaxy clusters top the cosmic hierarchy, or does the universe have even larger 
groupings of matter? Most astronomers have concluded that the galaxy clusters 
are themselves clustered, forming titanic agglomerations of matter known as 
superclusters.

Together, the galaxies and clusters shown in Figure 16.20 form the Local Su-
percluster, also known as the Virgo Supercluster. Aside from the Virgo Cluster it-
self, it contains the Local Group and numerous other clusters lying within about 
20–30 Mpc of Virgo. Most of the galaxies depicted in the figure are fairly large 
spirals and ellipticals; the fainter irregulars and dwarfs are not included in the 
diagram. Figure 16.21 shows a three-dimensional rendering of an even wider 
view, illustrating the Virgo Supercluster (near the center) relative to other 
“nearby” galaxy superclusters within a vast imaginary rectangle roughly 100 Mpc 
on its short side.

All told, the Local Supercluster is about 40–50 Mpc across, contains some 
1015 solar masses of material (several tens of thousands of galaxies), and is very 
irregular in shape. The Local Supercluster is significantly elongated perpendicu-
lar to the line joining the Milky Way to Virgo, with its center lying near the Virgo 
Cluster. By now it should come as no surprise that the Local Group is not found 
at the heart of the Local Supercluster—we live far off in the periphery, about  
18 Mpc from the center.

redshift Surveys
The farther we peer into deep space, the more galaxies, clusters of galaxies, and 
superclusters we see. Is there structure on even larger scales? To answer this 
question, astronomers use Hubble’s law to map out the distribution of galaxies in 
the universe and have developed indirect techniques to probe the dark recesses of 
intergalactic space.

Figure 16.22 shows part of an early survey of the universe performed by as-
tronomers at Harvard University in the 1980s. Using Hubble’s law as a distance 
indicator, the team systematically mapped out the locations of galaxies within 
about 200 Mpc of the Milky Way in a series of wedge-shaped “slices,” each 6° 
thick, starting in the northern sky. The first slice (Figure 16.22) covered a region 
of the sky, which happens to lie in a direction almost perpendicular to our Gal-
axy’s plane. Because redshift is used as the primary distance indicator, these stud-
ies are known as redshift surveys.
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Virgo

Virgo-X

Ursa Major
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Hydra

 FiGure 16.20 Local Supercluster  More than 4500 galaxies are plotted here in the 
vicinity of the Virgo cluster, and several prominent galaxy clusters are labeled. The diagram 
depicts the Virgo Supercluster roughly as we see it from our own Galaxy, which is located 
approximately 20 Mpc (two grid squares) above the page. Notice the supercluster’s irregular, 
elongated shape. (B. Tully and S. Levy)
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 FiGure 16.21 virgo Supercluster in 3-D  The elongated 
shape of the Virgo Supercluster (left) is mapped relative to 
other neighboring galaxy superclusters within about 100 
Mpc of the Milky Way (within the Local Group near center). 
Individual galaxies are not shown; rather, smoothed contour 
plots outline galaxy clusters, each named or numbered by its 
most prominent member. (M. Hudson)
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The most striking feature of maps such as 
this is that the distribution of galaxies on very 
large scales is decidedly nonrandom. The galax-
ies appear to be arranged in a network of 
strings, or filaments, surrounding large, rela-
tively empty regions of space known as voids. 
Voids account for some 50 percent of the total 
volume of the nearby universe, but only 5–10 
percent of the mass. The biggest voids measure 
some 100 Mpc across. The most likely explana-
tion for the voids and filamentary structure in 
Figure 16.22 is that the galaxies and galaxy 
clusters are spread across the surfaces of vast 
“bubbles” in space. The voids are the interiors 
of these gigantic bubbles. The galaxies seem to 
be distributed like beads on strings only be-
cause of the way our slice of the universe cuts 
through the bubbles. Like suds on soapy water, 
these bubbles fill the entire universe. The dens-
est clusters and superclusters lie in regions 
where several bubbles meet. The elongated 
shape of the Virgo Supercluster (see Figure 
16.20) is a local example of this same filamen-
tary structure.

Most theorists think that this “frothy” dis-
tribution of galaxies, and in fact all structure on 
scales larger than a few megaparsecs, traces its 

origin directly to conditions in the very earliest stages of the universe (Chapter 
17). As such, studies of large-scale structure are vital to our efforts to understand 
the origin and nature of the cosmos itself. The idea that the filaments are the in-
tersection of the survey slice with much larger structures (the bubble surfaces) 
was confirmed when the next three slices of the survey, lying above and below the 
first, were completed. The region of Figure 16.22 indicated by the red outline was 
found to continue through both the other slices. This extended sheet of galaxies, 
which has come to be known as the Great Wall, measures at least 70 Mpc (out of 
the plane of the page) by 200 Mpc (across the page). It is one of the largest known 
structures in the universe.

Figure 16.23 shows a more recent redshift survey, considerably larger than 
the one presented in Figure 16.22. This survey includes nearly 24,000 galaxies 
within about 750 Mpc of the Milky Way. Numerous voids and “Great Wall-like” 
filaments can be seen (some are marked), but apart from the general fall-off in 
numbers of galaxies at large distances—basically because the more distant galax-
ies are harder to see due to the inverse-square law—there is no obvious evidence 
for any structures on scales larger than about 200 Mpc. Careful statistical analy-
sis and even larger surveys (see Discovery 16-1) confirm this impression. Appar-
ently, voids and walls represent the largest structures in the universe. We will 
return to the far-reaching implications of this fact in Chapter 17.

Quasar Absorption Lines
How can we probe the structure of the universe on very large scales? As we 
have seen, much of the matter is dark, and even the “luminous” component is 
so faint that it is hard to detect at large distances. One way to study large-scale 
structure is to take advantage of the great distances, point-like appearance, 
and large luminosities of quasars, in much the same way as astronomers use 
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 FiGure 16.22 Galaxy Survey  A “slice” of the universe, 
covering 1732 galaxies out to a distance of about 200 Mpc, 
shows that galaxies and clusters are not randomly distributed 
on large scales. Instead, they appear to have a filamentary 
structure, surrounding vast, nearly empty voids. The large 
Coma cluster of galaxies near the center of the slice can also 
be seen in Figure 16.21. (Harvard-Smithsonian Center for 
Astrophysics)

ConCept CheCk

What do observations of distant quasars tell us 
about the structure of the universe closer to home?
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bright stars to probe the interstellar medium near the Sun.  
 (Secs. 11.1, 15.3) Since quasars are so far away, light traveling 

from a quasar to Earth has a pretty good chance of passing through 
or near something “interesting” en route. By analyzing quasar im-
ages and spectra, it is possible to piece together a partial picture 
of the intervening space.

In addition to their own strongly redshifted spectra, many 
quasars also show additional absorption features that are red-
shifted by substantially less than the lines from the quasar it-
self. For example, the quasar PHL 938 has an emission-line 
redshift of 1.954, placing it at a distance of some 5200 Mpc, 
but it also shows absorption lines having redshifts of just 
0.613. These are interpreted as arising from intervening gas 
that is much closer to us (only about 2200 Mpc away) than 
the quasar itself. Most probably this gas is part of an other-
wise invisible galaxy lying along the line of sight. Quasar spec-
tra, then, afford astronomers a means of probing previously 
undetected parts of the universe.

The absorption lines of atomic hydrogen are of particular 
interest, since hydrogen makes up so much of all matter in the 
cosmos. Specifically, hydrogen’s ultraviolet (122 nm) “Lyman-
alpha” line, associated with transitions between the ground and 
first excited states, is often used in this context.  (Sec. 2.6) As 
illustrated in Figure 16.24, when astronomers observe the spec-
trum of a high-redshift quasar, they typically see a “forest” of ab-
sorption lines starting at the (redshifted) wavelength of the quasar’s 
own Lyman-alpha emission line and extending to shorter wavelengths. 
These lines are interpreted as Lyman-alpha absorption features pro-
duced by gas clouds in foreground structures—galaxies, clusters, and so 
on—giving astronomers crucial information about the distribution of matter 
along the line of sight.

Quasar light thus explores an otherwise invisible component of cosmic gas. 
In principle, every intervening cloud of atomic hydrogen leaves its own character-
istic imprint on the quasar’s spectrum, in a form that lets us explore the distribu-
tion of matter in the universe. By comparing these Lyman-alpha forests with the 
results of simulations, astronomers hope to refine many key elements of the theo-
ries of galaxy formation and the evolution of large-scale structure.
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 FiGure 16.23 The universe on Larger Scales  This 
large-scale galaxy survey, carried out at the Las Campanas 
Observatory in Chile, consists of 23,697 galaxies within about 
1000 Mpc, in two 80° (wide) * 4.5° (thick) wedges of the sky. 
Many voids and “walls” on scales of up to 100–200 Mpc are 
evident, but nothing much larger. For scale, the extent of the 
survey shown in Figure 16.22 is marked as a thin blue arc in 
the northern sky here.
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 FiGure 16.24 Absorption Line “Forest”  The huge 
number of absorption lines in the spectrum of quasar QSO 
1422 + 2309 are the ultraviolet 122 nm Lyman-alpha lines 
from hundreds of clouds of foreground hydrogen gas, 
each redshifted by a slightly different amount (but less than 
the quasar itself). The peak at left marks the Lyman-alpha 
emission line from the quasar itself, emitted at 122 nm but 
redshifted here to 564 nm, in the visible range.

inTerAcTive

Quasar Spectrum due to absorption from Distant Clouds
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Many of the photographs used in this book—not to mention 
most of the headline-grabbing imagery found in the popular 
media—come from large, high-profile, and usually very expen-
sive, instruments such as NASA’s Hubble Space Telescope and the 
European Southern Observatory’s Very Large Telescope in Chile.  

 (Secs. 3.3, 3.4) Their spectacular views of deep space have 
revolutionized our view of the universe, yet a less well-known, 
considerably cheaper, but no less ambitious, project begun in 
2000 may, in the long run, have every bit as great an impact on 
astronomy and our understanding of the cosmos.

The Sloan Digital Sky Survey (SDSS) was originally a 5-year 
project, but it has been extended numerous times, most recently 
until 2020. It was designed to systematically map out a quarter of 
the entire sky on a scale and at a level of precision never before 
attempted. It cataloged almost 1 billion celestial objects, record-
ing their apparent brightnesses at five different colors (wave-
length ranges) spread across the optical part of the spectrum. In 
addition, spectroscopic follow-up observations determined red-
shifts and hence distances to 2 million galaxies and 500,000 qua-
sars. These data have been used to construct even more detailed 
redshift surveys than those described in the text and to probe the 
structure of the universe on very large scales. The sensitivity of 
the survey was such that it could detect bright galaxies like our 
own out to distances of more than 1 billion parsecs. Very bright 
objects, such as quasars and young starburst galaxies, were de-
tectable almost throughout the entire observable universe.

The first figure shows the Sloan Survey telescope, a special-
purpose 2.5-m instrument sited in Apache Point Observatory, 
near Sunspot, New Mexico. The telescope is not space-based, 
does not employ active or adaptive optics, and cannot probe as 
deeply (i.e., far) into space as do larger instruments. How could 

it possibly compete with these other systems? The answer is 
that, unlike most other large telescopes in current use, where 
hundreds or even thousands of observers share the instrument 
and compete for its time, the SDSS telescope was designed spe-
cifically for the purpose of the survey. It has a wide field of view 
and was dedicated to the task, carrying out observations of the 
sky on every clear night during the duration of the project.

The survey used this single instrument night after night, 
applying tight quality controls on which nights’ data are actually 
incorporated into the survey. Nights with poor seeing or other 
problematic conditions were discarded and the observations 
repeated. The end product was a database of exceptionally high 
quality and uniformity spanning an enormous volume of 
space—a monumental achievement and an indispensable tool 
for cosmology. The survey field of view covers much of the sky 
away from the Galactic plane in the north, together with a large 
swath of the sky around the Galactic south pole.

Archiving images and spectra on millions of galaxies produces a 
lot of data. The total amount of data gathered by the survey’s 
120-megapixel camera comprises more than 100 trillion bytes of high-
quality data—far more than the entire Library of Congress! All of the 
survey data have now been released to the public. The second figure 
shows a nearby galaxy cluster with a giant elliptical at its center—one of 
hundreds of thousands of images that make up the full dataset. Among 
recent highlights, SDSS has detected the largest known structure in the 
universe, observed the most distant known galaxies and quasars, and 
has been instrumental in pinning down the key observational 
parameters describing our universe (see Chapter 17).

SDSS impacts astronomy in areas as diverse as the large-
scale structure of the universe, the origin and evolution of galax-
ies, the nature of dark matter, the structure of the Milky Way, and 
the properties and distribution of interstellar matter and exo-
planetary systems. Its uniform, accurate, and detailed database is 
likely to be used by generations of scientists for decades to come, 
and its success has spawned several much larger follow-up sur-
veys; the most ambitious is due to become operational in 2021.

 The Sloan Digital Sky Survey

16.1 D i s c o v e r y

R I V U X G
(SDSS; R. Lupton)
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Quasar “Mirages”
In 1979 astronomers were surprised to discover what appeared to be a binary 
quasar—two quasars with exactly the same redshift and very similar spectra, sep-
arated by only a few arc seconds on the sky. Remarkable as the discovery of such 
a binary would have been, the truth about this pair of quasars turned out to be 
even more amazing. Closer study of the quasars’ radio emission revealed that 
they were not two distinct objects. Instead, they were two separate images of the 
same quasar! Optical views of such a twin quasar are shown in Figure 16.25.

What could produce such a “doubling” of a quasar image? The answer is 
gravitational lensing—the deflection and focusing of light from a background ob-
ject by the gravity of some foreground body (Figure 16.26). In Chapter 14 we saw 
how lensing by compact objects in the halo of the Milky Way Galaxy may amplify 
the light from a distant star, allowing astronomers to detect otherwise invisible 
stellar dark matter.  (Sec. 14.6) In the case of quasars, the idea is the same, 
except that the foreground lensing object is an entire galaxy or galaxy cluster and 
the deflection of the light is so great (a few arc seconds) that several separate im-
ages of the background object may be formed, as shown in Figure 16.27. About 
two dozen such gravitational lenses are known.

The existence of these multiple images provides astronomers with a number of 
useful observational tools. First, lensing by a foreground galaxy tends to amplify the 
light of the quasar, as just mentioned, making it easier to observe. At the same time, 
microlensing by individual stars within the galaxy may cause large fluctuations in 
the quasar’s brightness, allowing astronomers to study the galaxy’s stellar content.

Second, because the light rays forming the images usually follow paths of differ-
ent lengths, there is often a time delay, ranging from days to years, between them. 
This delay provides advance notice of interesting events, such as sudden changes in 
the quasar’s brightness—if one image flares up, in time the other(s) will too, giving 
astronomers a second chance to study the event. The time delay also allows astrono-
mers to determine the distance to the lensing galaxy. This method provides an alter-
native means of measuring Hubble’s constant that is independent of any of the 
techniques discussed previously. The average value of H0 reported by workers using 
this approach is consistent with the 70 km/s/Mpc value used throughout this text.

Two images of  the same
background galaxy, formed
by an unseen foreground lens

R I V U X G

 FiGure 16.25 Twin Quasar  This twin quasar (designated AC114 and located about 
2 billion parsecs away) is not two separate objects at all. Instead, the two large “blobs” (at 
upper left and lower right) are images of the same object, created by a gravitational lens. 
The lensing galaxy itself is probably not visible in this image—the two objects near the 
center of the frame are thought to be unrelated galaxies in a foreground cluster. (NASA)

Image A

Image B

Quasar

This is the actual 
position of the real 
quasar.

This foreground 
object acts as a 
gravitational lens.

An observer at Earth 
sees the quasar image 
duplicated at A and B.

 FiGure 16.26 Gravitational Lens interactive  When 
light from a distant object passes close to a galaxy or  
cluster of galaxies along the line of sight, the image of the 
background object (here, the quasar) can sometimes be split 
into two or more separate images (A and B). The foreground 
object is a gravitational lens.
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Mapping Dark Matter
Astronomers have extended the ideas first learned from studies of quasars to use 
lensing of any distant object to probe the universe. Distant faint irregular galaxies—
the raw material of the universe, if current theories are correct (see Section 16.4)—
are of particular interest here, as they are far more common than quasars; thus, 
they provide much better coverage of the sky. By studying the lensing of 
background quasars and galaxies by foreground galaxy clusters, astronomers can 
obtain a better understanding of the distribution of dark matter on large scales.

Figures 16.28(a) and (b) show how the images of faint, background galaxies 
are bent into arcs by the gravity of a foreground galaxy cluster. The degree of 
bending allows the total mass of the cluster (including the dark matter) to be 
measured. The (mostly blue) loop- and arc-shaped features visible in Figure 
16.28(b) are multiple images of a single, distant (unseen) spiral or ring-shaped 
galaxy, lensed by the foreground galaxy cluster (the yellow-red blobs in the image).

It is even possible to reconstruct the foreground dark mass distribution by 
carefully analyzing the distortions of the background objects, providing a means of 
tracing out the distribution of matter on scales far larger than have previously been 
possible Figure 16.29(a) is an optical image of a (hard to see) foreground galaxy 

R I V U X G
(b)(a)

 FiGure 16.27 einstein cross   
(a) The Einstein Cross, a multiply-imaged 
quasar, spans only a couple of arc 
seconds, showing four separate images 
of the same quasar produced by the 
galaxy at the center. (b) This 2015 
Hubble image shows four images 
(marked in the inset) of a supernova  
in a distant background galaxy some  
3 billion parsecs away, due to lensing 
by a foreground galaxy and the cluster 
in which it resides. (NASA)

(a) (b)
R I V U X G R I V U X G

 FiGure 16.28 Galaxy cluster Lensing 
interactive  (a) This spectacular example of gravitational 
lensing shows more than a hundred faint arcs from very 
distant galaxies. The wispy pattern spread across the 
foreground galaxy cluster (A2218, about a billion parsecs 
distant) is caused by A2218’s gravitational field, which 
deflects the light from background galaxies and distorts their 
appearance. (b) Another galaxy cluster, known only by its 
catalog name 0024 + 1654 and residing some 1.5 billion pc 
away, shows reddish-yellow blobs that are mostly normal 
elliptical galaxies and bluish loop-like features that are 
images of a single background galaxy. (NASA)

Scales in the universe

More than 50 percent of students had difficulty 
ranking the scale of various objects in the 
universe. Some key points to bear in mind:

 Planets are smaller—and usually much 
smaller—than stars, but stars are in turn much 
smaller than the planetary systems that 
surround them. A typical planetary system  
is around 100 astronomical units across.

 Stars are born in star clusters, which are 
typically a few parsecs across, much larger than 
any planetary system orbiting a star.

 Stars and star clusters form galaxies, which 
might be anywhere from a few thousand to 
100,000 parsecs across—much larger than 
stars, planetary systems, or star clusters.

 Galaxies themselves form larger groupings 
called galaxy clusters, typically a few million 
parsecs (a few megaparsecs) in size.

 On even larger scales, galaxies and clusters 
form superclusters, tens to hundreds of 
megaparsecs across.

 All of these scales are tiny compared to the  
size of the observable universe, which is roughly 
10 billion parsecs, or 10,000 megaparsecs.

Data points
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cluster set against a background of much fainter distant galaxies. Figure 16.29(b) is 
the reconstructed dark-matter image, revealing the presence of dark mass many 
megaparsecs from the cluster center, extending far beyond the visible galaxies. Evi-
dently, the dark matter fraction is even greater on supercluster scales than it is on 
the scales of individual galaxies or galaxy clusters. Notice also the elongated struc-
ture of the dark-matter distribution, reminiscent of the Virgo Supercluster and fila-
mentary structure seen in large-scale galaxy surveys.  (Sec. 14.5)

Astronomers have used these techniques to obtain what may be the first di-
rect observational evidence for dark matter. Figure 16.30 shows combined optical 

(a) (b)

10 Mpc

R I V U X G

 FiGure 16.29 Dark Matter Map  By measuring distortions in the images of background 
objects, astronomers can make maps of dark matter in the universe. Analysis of an optical view  
(a) of a region of the sky containing a small galaxy cluster (the clump of yellowish galaxies near the 
center of the frame indicated by the arrow) reveals the distribution of dark matter (b) in and near 
the visible cluster and on the same scale as (a). (J. A. Tyson, Bell Labs; Alcatel-Lucent; NOAO)

AniMATiOn/viDeO

Simulation of gravitational Lens in Space

0.5 Mpc

The arrows indicate the directions
in which the two clusters are now
moving, subsequent to what might
have been the most energetic
collision in the universe since the
Big Bang.

R I V U X G

 FiGure 16.30 cluster collision 
interactive  Clusters of galaxies must 
also occasionally collide, as is apparently 
the case here for this combined cluster 
with the innocuous name 1E 0657-56 and 
the nickname “bullet cluster.” This is a 
composite image of a region about 1 
billion parsecs away, showing optical light 
from the galaxies themselves in white and 
X-ray emission from the hot intracluster 
gas in red. By contrast, the blue color 
represents the inferred dark matter within 
the two large clusters that is distinctly 
displaced from their normal matter. 
(NOAO/NASA)

AniMATiOn/viDeO

The Cosmic Web of Dark matter

M19_CHAI7702_08_SE_C16.indd   469 14/11/15   10:21 AM



470 chAPTer 16   galaxies and Dark matter

and X-ray images of a distant galaxy cluster called 1E 0657-56. The fuzzy red re-
gion shows the location of the hot X-ray–emitting gas in the system, the dominant 
luminous component of the mass. The blue regions indicate where most of the 
mass actually lies, as determined from lensing studies of background galaxies. 
Note that the bulk of the mass is not found in the form of hot gas, implying that 
the dark matter is distributed differently from the “normal” matter in the cluster.

The explanation for this odd state of affairs is that we are witnessing a collision 
between two clusters. Each initially contained hot gas and dark matter distributed 
throughout the cluster, but when the two collided, the pressure of each gas cloud 
effectively stopped the other, leaving the gas behind in the middle as the galaxies 
and dark matter moved on. This separation between the gas and the dark matter 
directly contradicts some alternative theories of gravity that have been invoked to 
avoid the “dark matter problem” in galaxies and clusters and may prove to be a cru-
cial piece of evidence in our understanding of large-scale structure in the universe.

The BiG QueSTiOn

What is dark matter? Is it actual matter that exerts a gravitational pull but 
is impossible to detect by electromagnetic means, or does it imply that 
something is badly wrong with our theoretical understanding of the way 
gravity works on very large scales? Dark matter—and dark energy, too 
(see Chapter 17)—represent the foremost scientific conundrums in 
astronomy today, and whoever solves them will become immediately 
famous. How will science resolve these cosmic mysteries, and what new 
mysteries will arise as a result?

LO1 The masses of nearby spiral galaxies 
can be determined by studying their 
rotation curves. Astronomers also use 
studies of binary galaxies and distant 
galaxy clusters to obtain statistical 
mass estimates of the galaxies involved.

LO2 Measurements of galaxy and cluster 
masses reveal the presence of large 
amounts of dark matter. The fraction  
of dark matter grows as the scale under 
consideration increases. More than 90 
percent of the mass in the universe is 
dark. Substantial quantities of hot  
X-ray–emitting gas have been detected 
among the galaxies in many clusters, but not enough to account 
for the dark matter inferred from dynamical studies.

LO3 Researchers know of no simple 
evolutionary sequence that links 
spiral, elliptical, and irregular 
galaxies. Most astronomers think 
that large galaxies formed by the 
merger of smaller ones and 
collisions and mergers of galaxies 
play very important roles in galactic 
evolution. A starburst galaxy may 
result when a galaxy has a close encounter or a collision with 
a neighbor. The strong tidal distortions caused by the 
encounter compress galactic gas, resulting in a widespread 
burst of star formation. Mergers between spirals most likely 
result in elliptical galaxies.

LO4 Quasars, active galaxies, and normal galaxies may represent 
an evolutionary sequence. When galaxies began to form and 
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merge, conditions may have been 
suitable for the formation of large 
black holes at their centers, and 
highly luminous quasars could have 
been the result. The brightest quasars 
consume so much fuel that their 
energy-emitting lifetimes must be quite short. As the fuel 
supply diminished, the quasar dimmed, and the galaxy in 
which it was embedded became intermittently visible as an 
active galaxy. At even later times, the nucleus became 
virtually inactive, and a normal galaxy was all that remained. 
Many normal galaxies have been found to contain central 
massive black holes, suggesting that most galaxies in clusters 
have the capacity for activity if they should interact with a 
neighbor.

LO5 Galaxy clusters themselves tend to clump together into 
superclusters (p. 463). The Virgo Cluster, the Local Group, 
and several other nearby clusters form the Local Supercluster. 
On even larger scales, galaxies and galaxy clusters are arranged 

Minor
merger

Seyfert

Quasar

Normal spiral

Merger

Radio galaxy/
blazar

Normal elliptical

Central
black hole

Supermassive
black hole

Irregular
galaxies

Major
merger

on the surfaces of enormous “bubbles” of 
matter surrounding vast low-density 
regions called voids (p. 464). The origin 
of this structure is thought to be closely 
related to conditions in the very earliest 
epochs of the universe.

LO6 Quasars can be used as probes of the 
universe along the line of sight. Some 
quasars have been observed to have 
double or multiple images. These result 
from gravitational lensing, in which the 
gravitational field of a foreground galaxy 
or galaxy cluster bends and focuses the light from the more 
distant quasar. Analysis of the images of distant galaxies, 
distorted by the gravitational effect of a foreground cluster, 
provides a means of determining the masses of galaxy 
clusters—including the dark matter—far beyond the 
information that optical images of the galaxies themselves 
afford.
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Problems labeled POS explore the process of science. viS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

revieW AnD DiScuSSiOn
 1. LO1 Describe two techniques for measuring the mass of a galaxy.

 2. LO2 Why do astronomers think that galaxy clusters contain 
more mass than we can see?

 3. Why do some clusters of galaxies emit X-rays?

 4. What evidence do we have that galaxies collide with one 
another?

 5. LO3 Describe the role of collisions in the formation and evolu-
tion of galaxies.

 6. POS Do you think that collisions between galaxies constitute 
“evolution” in the same sense as the evolution of stars? Why or 
why not?

 7. What are starburst galaxies, and what do they have to do with 
galaxy evolution?

 8. Why do astronomers think that quasars represent an early 
stage of galactic evolution?

 9. LO4 POS Why does the theory of galaxy evolution suggest that 
there should be supermassive black holes at the centers of 
many normal galaxies?

 10. What evidence do we have for supermassive black holes in 
galaxies?

 11. How might a normal galaxy become active?

 12. What is a redshift survey?

 13. LO5 What are voids? What is the distribution of galactic mat-
ter on very large (more than 100 Mpc) scales?

 14. LO6 POS How can observations of distant quasars be used to 
probe the space between us and them?

 15. POS How can astronomers “see” dark matter?
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cOncePTuAL SeLF-TeST: True Or FALSe?/MuLTiPLe chOice
 1. Intergalactic gas in galaxy clusters emits large amounts of 

energy in the form of radio waves. (T/F)

 2. Distant galaxies appear to be much larger than those nearby. 
(T/F)

 3. Collisions between galaxies are rare and have little or no effect 
on the stars and interstellar gas in the galaxies involved. (T/F)

 4. The quasar stage of a galaxy ends because the central black 
hole swallows up all the matter around it. (T/F)

 5. Elliptical galaxies may be formed by mergers between spirals. 
(T/F)

 6. The fact that a typical quasar would consume an entire galaxy’s 
worth of mass in 10 billion years suggests that quasar lifetimes 
are relatively long. (T/F)

 7. On the largest scales, galaxies in the universe appear to be ar-
ranged on huge sheets surrounding nearly empty voids. (T/F)

 8. The image of a distant quasar can be split into several images 
by the gravitational field of a foreground cluster. (T/F)

 9. A galaxy containing substantial amounts of dark matter will  
(a) appear darker; (b) spin faster; (c) repel other galaxies; (d) 
have more tightly wound arms.

 10. According to X-ray observations, the space between galaxies in 
a galaxy cluster is (a) completely devoid of matter; (b) very 
cold; (c) very hot; (d) filled with faint stars.

 11. The fraction of mass of the universe made up of dark matter is 
(a) zero; (b) less than 10 percent; (b) roughly 50 percent;  
(d) more than 90 percent.

 12. In current theories of galaxy evolution, quasars occur (a) early 
in the evolutionary sequence; (b) near the Milky Way; (c) when 
elliptical galaxies merge; (d) late in the evolutionary sequence.

 13. Many nearby galaxies (a) may be much more active in the fu-
ture; (b) contain quasars; (c) have radio lobes; (d) may have 
been much more active in the past.

 14. viS If light from a distant quasar did not pass through any in-
tervening atomic hydrogen clouds, then Figure 16.24 (Absorp-
tion Line “Forest”) would have to be redrawn to show (a) more 
absorption features; (b) fewer absorption features; (c) a single, 
large absorption feature; (d) more features at short wave-
lengths, but fewer at long wavelengths.

 15. viS If Figure 16.26 (Gravitational Lens) were to be redrawn 
using a more massive lensing galaxy, the quasar images would 
be (a) farther apart; (b) closer together; (c) fainter; (d) redder.

PrOBLeMS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  Two galaxies orbit one another at a separation of 500 kpc. 
Their orbital period is estimated to be 30 billion years. Use Kepler’s  
third law to find the total mass of the pair.  (Sec. 14.6)

 2.  Based on the data in Figure 16.1, estimate the mass of the 
galaxy NGC 4984 inside 20 kpc.

 3.  A small satellite galaxy is moving in a circular orbit around 
a much more massive parent and just happens to be moving 
exactly parallel to the line of sight as seen from Earth. The re-
cession velocities of the satellite and the parent galaxy are 
measured to be 6450 km/s and 6500 km/s, respectively, and the 
two galaxies are separated by an angle of 0.1° on the sky. As-
suming H0 = 70 km/s/Mpc, calculate the mass of the parent 
galaxy.

 4.  Calculate the average speed of hydrogen nuclei (protons) in a 
gas of temperature 20 million K.  (More Precisely 5-1) 
Compare this with the speed of a galaxy moving in a circular 
orbit of radius 1 Mpc around the center of a cluster of mass 
1014 solar masses.

 5.  In a galaxy collision, two similar-sized galaxies pass through 
each other with a combined relative velocity of 1500 km/s. If 
each galaxy is 100 kpc across, how long does the event last?

 6.  A certain quasar has a redshift of 0.25 and an apparent 
magnitude of 13. Using the data from Table 15.2, calculate the 
quasar’s absolute magnitude and hence its luminosity.  

 (More Precisely 10-1) Compare the apparent brightness of 
the quasar, viewed from a distance of 10 pc, with that of the 
Sun as seen from Earth.

 7.  What are the absolute magnitude and luminosity of a quasar 
with a redshift of 5 and an apparent magnitude of 22?

 8.  Assuming an energy-generation efficiency (that is, the ratio 
of energy released to total mass-energy consumed) of 20 per-
cent, calculate how long a 1040-W quasar can shine if a total of 
108 solar masses of fuel is available.

 9.  The spectrum of a quasar with a redshift of 0.20 contains 
two sets of absorption lines, redshifted by 0.15 and 0.155, re-
spectively. If H0 = 70 km/s/Mpc, estimate the distance between 
the intervening galaxies responsible for the two sets of lines.

 10.  Light from a distant quasar is deflected through an angle 
of  3″ by an intervening lensing galaxy and is subsequently de-
tected on Earth (see Figure 16.26). If Earth, the galaxy, and the 
quasar are all aligned, the quasar’s redshift is 3.0 (see Table 
15.2), and the galaxy lies midway between Earth and the qua-
sar, calculate the minimum distance between the light ray and 
the center of the galaxy.
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AcTiviTieS
collaborative
 1. Figure 16.10 is called the Hubble Deep Field. It contains too 

many galaxies for one person to easily count. Each group mem-
ber should count the galaxies in a random area 2 cm * 2 cm 
and then determine a group average. Since the entire image is 
approximately 500 cm2, multiply your group’s average number 
of galaxies in a 2 cm * 2 cm area by 125 to estimate the num-
ber of galaxies in the image. How does your value compare to 
that of another group?

individual
 1. Look for a copy of the Atlas of Peculiar Galaxies by Halton Arp. 

It is available in book form, but it will be more convenient to 
find a version online. Search for examples of interacting galax-
ies of various types: (1) tidal interactions, (2) starburst galax-
ies, (3) collisions between two spirals, and (4) collisions 
between a spiral and an elliptical. For (1) look for galactic ma-
terial pulled away from a galaxy by a neighboring galaxy. Is 
the latter galaxy also tidally distorted? In (2) the surest signs of 
starburst activity are bright knots of star formation. In what 
type(s) of galaxies do you find starburst activity? For (3) and 
(4) how do collisions differ depending on the types of galaxies 
involved? What typically happens to a spiral galaxy after a 
near miss or collision? Do ellipticals suffer the same fate?
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Cosmology
The Big Bang and the Fate of the 
Universe

17

Field—was taken with the Advanced Camera for 
Surveys aboard the Hubble telescope. More than a 
thousand galaxies are crowded into this one image, 
displaying many different types and shapes. In all, 
astronomers estimate that the observable universe 
contains about 100 billion such galaxies. (NASA/ESA)

 The universe began in a fiery expansion some 14 
billion years ago, and out of this maelstrom emerged 
all the energy that would later form galaxies, stars, 
and planets. The story of the origin, evolution, and 
fate of all these systems comprises the subject of 
cosmology. This image—called the Ultra Deep 

Studying this chapter will 
enable you to:

LO1 State the cosmological 
principle, and explain its 
significance and observational 
underpinnings.

LO2 Describe the Big Bang theory 
of the expanding universe, 
and explain why the night sky 
is dark.

LO3 Outline the factors that 
determine whether the 
universe will expand forever, 
and explain the connection 
between the density of the 
universe and the overall 
geometry of space.

LO4 Describe the observational 
evidence that the expansion 
of the universe is accelerating, 
and discuss the role of dark 
energy in that acceleration.

LO5 Identify the cosmic microwave 
background as a major piece 
of evidence in favor of the 
Big Bang theory, and explain 
how it formed.

LO6 Explain how nuclei and atoms 
emerged from the primeval 
fireball and why astronomers 
think most of the helium 
observed in the universe was not 
formed by nuclear fusion in stars.

LO7 Summarize the horizon and 
flatness problems, and 
describe how the theory of 
cosmic inflation solves them.

LO8 Describe the formation of 
large-scale structure in the 
cosmos, and present 
observational evidence for 
the leading theory of 
structure formation.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Cosmology is the study of the origin, structure, evolution, and fate of the universe on the 
largest scales, yet one of its key predictions is that the entire cosmos can be traced back 
to an extraordinarily hot and dense energy state billions of years ago. As mind-boggling 
as it may seem, all that we see around us apparently arose from microscopic “quantum” 
fluctuations that occurred a fraction of a second after the Big Bang. Ironically, the largest 
structures observed today are inextricably tied to the smallest scales known in physics.

The Big PiCTure

Our field of view now extends for billions of parsecs into space and billions of years back 

in time. We have asked and answered many questions about the structure and evolution 

of planets, stars, and galaxies. At last we are in a position to address the central issues of 

the biggest puzzle of all: How big is the universe? How long has it been around, and how 

long will it last? What was its origin, and what will be its fate? What is it made of? Many 

cultures have asked these questions, in one form or another, and have developed their 

own cosmologies—theories about the nature, origin, and destiny of the universe—to 

answer them. In this chapter, we see how modern scientific cosmology addresses these 

important issues and what it has to tell us about the universe we inhabit. After more than 

10,000 years of civilization, science may be ready to provide some insight into the 

ultimate origin of all things.

L e a r n i n g 
O U TcO m e s
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17.1 The universe on the Largest Scales
Galaxy surveys have revealed the existence of structures in the universe up to 200 
Mpc across.  (Sec. 16.5) Are there even larger structures? Does the hierarchy of 
clustering of stars into galaxies and galaxies into galaxy clusters, superclusters, voids, 
and filaments continue forever, on larger and larger scales? Perhaps surprisingly, 
given the trend we have just described, most astronomers think the answer is no.

We saw in Chapter 16 how astronomers use redshift surveys to construct three-
dimensional maps of the universe on truly “cosmic” scales.  (Sec. 16.5) Figure 
17.1 is a map similar to those shown previously, but based on data from the most 
extensive redshift survey to date—the Sloan Digital Sky Survey.  (Discovery 16-1) 
It extends out to a distance of almost 1000 Mpc, comparable to Figure 16.23, but 
because it includes much fainter galaxies, the Sloan map contains many more gal-
axies than the earlier figure, making structure easier to discern, particularly at large 
distances. Many voids and filaments can be seen on scales of a few tens of megapar-
secs, but on the largest scales, apart from the general falloff in numbers of galaxies 
at large distances—basically because more distant galaxies are harder to see due to 
the inverse-square law—there is no obvious evidence for any structures on scales 
larger than about 200 Mpc.  (Sec. 10.2) Careful statistical analysis of the galaxy 
distribution confirms this impression—even the Sloan Great Wall in Figure 17.1 
can be explained statistically as a chance superposition of smaller structures.

The results of this and other large-scale surveys strongly suggest that the uni-
verse is homogeneous (the same everywhere) on scales greater than a few hun-
dred megaparsecs. In other words, if we took a huge cube—300 Mpc on a side, 
say—and placed it anywhere in the universe, its overall contents would look much 
the same no matter where it was centered. The universe also appears to be 
isotropic (the same in all directions) on these scales. Excluding directions that 
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 Figure 17.1 galaxy Survey  This map of the universe is drawn using data from the Sloan Digital Sky Survey.  (Discovery 
16-1) It shows the locations of 66,976 galaxies lying within 12 degrees of the celestial equator and extending to a distance of 
almost 1000 Mpc (or a redshift of about 0.25). The largest known structure in the universe, the Sloan Great Wall, stretches nearly 
300 Mpc across the center of the frame. (SDSS Collaboration)

ConCept CheCk

in what sense is the universe homogeneous and 
isotropic?
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are obscured by our Galaxy, we count roughly the same number of galaxies per 
square degree in any patch of the sky we choose to observe, provided we look 
deep (far) enough that local inhomogeneities don’t distort our sample.

In the science of cosmology—the study of the structure and evolution of the 
entire universe—researchers generally assume that the universe is homogeneous 
and isotropic on sufficiently large scales. No one knows if these assumptions are 
precisely correct, but we can at least say that they are consistent with current ob-
servations. In this chapter we simply assume that they hold. The twin assump-
tions of homogeneity and isotropy are known as the cosmological principle.

The cosmological principle has some very far-reaching implications. For ex-
ample, it implies that there can be no edge to the universe because that would vio-
late the assumption of homogeneity. And there can be no center because then the 
universe would not look the same in all directions from any noncentral point, vio-
lating the assumption of isotropy. This is the familiar Copernican principle ex-
panded to truly cosmic proportions—not only are we not central to the universe, 
but no one can be central, because the universe has no center!

17.2 The expanding universe
Every time you go outside at night and notice that the sky is dark, you are making 
a profound cosmological observation. Here’s why.

Olbers’s Paradox
Let’s assume for a moment that, in addition to being homogeneous and isotropic, 
the universe is also infinite in spatial extent and unchanging in time. On average, 
then, the universe is uniformly populated with galaxies filled with stars. In that 
case, as illustrated in Figure 17.2, when you look up at the night sky, your line of 
sight must eventually encounter a star. The star may lie at an enormous distance, 
in some remote galaxy, but the laws of probability dictate that, sooner or later, 
any line drawn outward from Earth will run into a bright stellar surface.

Faraway stars appear fainter than those nearby because of the inverse-square 
law, but they are also much more numerous—the number of stars we see at any 
given distance in fact increases as the square of the distance (just consider the area 
of a sphere of increasing radius).  (Sec. 10.2) Thus the diminishing bright-
nesses of distant stars are exactly balanced by their increasing numbers, and stars 
at all distances contribute equally to the total amount of light received on Earth.

This fact has a dramatic implication: No matter where you look, the sky 
should be as bright as the surface of a star—the entire night sky should be as bril-
liant as the surface of the Sun! The obvious difference between this prediction 
and the actual appearance of the night sky is known as Olbers’s paradox, after 
the 19th-century German astronomer Heinrich Olbers, who popularized the idea.

So why is the sky dark at night? Given that the universe is homogeneous and 
isotropic, then one (or both) of the other two assumptions must be false. Either the 
universe is finite in extent, or it evolves in time. In fact, the answer involves a little 
of each and is intimately tied to the behavior of the universe on the largest scales.

The Birth of the universe
We have seen that all the galaxies in the universe are rushing away from us as 
described by Hubble’s law:

recession velocity = H0 * distance,

where we take Hubble’s constant H0 to be 70 km/s/Mpc.  (Sec. 15.3) We have 
used this relationship as a convenient means of determining the distances to gal-
axies and quasars, but it is much more than that.

In a forest, every line 
of sight eventually 
intersects a tree, 
much as Olbers’s 
paradox suggests for 
stars seen from Earth.

 Figure 17.2 Olbers’s Paradox  If the universe were 
homogeneous, isotropic, infinite in extent, and unchanging, 
then any line of sight from Earth should eventually meet a 
star and the entire night sky should be bright. This obvious 
contradiction of the facts is known as Olbers’s paradox.
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Assuming that all velocities have remained constant in time, we can ask how 
long it has taken for any given galaxy to reach its present distance from us. The 
answer follows from Hubble’s law. The time taken is simply the distance traveled 
divided by the velocity:

 time =
distance
velocity

 =
distance

H0 * distance
   (using Hubble’s law for the velocity)

 =
1

H0

.

For H0 = 70 km/s/Mpc, this time is about 14 billion years. Notice that it is inde-
pendent of the distance—galaxies twice as far away are moving twice as fast, so 
the time they took to cross the intervening distance is the same.

Hubble’s law therefore implies that, at some time in the past—14 billion years 
ago, according to the foregoing simple calculation (see also Section 17.4)—all the 
galaxies in the universe lay right on top of one another. In fact, astronomers think 
that everything in the universe—matter and radiation alike—was confined at that 
instant to a single point of enormously high temperature and density. Then the 
universe began to expand at a furious rate, its density and temperature falling 
rapidly as the volume increased. This stupendous, unimaginably violent event, 
involving literally everything in the cosmos, is known as the Big Bang. Astrono-
mers often refer to the superhot, expanding universe just after the Big Bang as 
the primeval fireball. It marked the beginning of the universe.

The Big Bang provides the resolution of Olbers’s paradox. Whether the uni-
verse is actually finite or infinite in extent is irrelevant, at least as far as the ap-
pearance of the night sky is concerned. The key point is that we see only a finite 
part of it—the region lying within roughly 14 billion light-years of us. What lies 
beyond is unknown—its light has not had time to reach us.

Where Was the Big Bang?
Now we know when the Big Bang occurred. Is there any way of telling where? 
Astronomers think that the universe is the same everywhere, yet we have just seen 
that the observed recession of the galaxies described by Hubble’s law suggests that 
all the galaxies expanded from a point at some time in the past. Wasn’t that point, 
then, different from the rest of the universe, violating the assumption of 
homogeneity expressed in the cosmological principle? The answer is a definite no!

To understand why there is no center to the expansion, we must make a great 
leap in our perception of the universe. If the Big Bang was simply an enormous 
explosion that spewed matter out into space, ultimately to form the galaxies we 
see, then the foregoing reasoning would be quite correct. The universe would 
have a center and an edge, and the cosmological principle would not apply. But 
the Big Bang was not an explosion in an otherwise featureless, empty universe. 
The only way that we can have Hubble’s law and retain the cosmological principle 
is to realize that the Big Bang involved the entire universe—not just the matter 
and radiation within it, but the universe itself. In other words, the galaxies are not 
flying apart into the rest of the universe. The universe itself is expanding. Like 
raisins in a loaf of raisin bread that move apart as the bread expands in an oven, 
the galaxies are just along for the ride.

Let’s reconsider some of our earlier statements in this new light. We now rec-
ognize that Hubble’s law describes the expansion of the universe itself. Apart 
from small-scale individual random motions, galaxies are not moving with re-
spect to the fabric of space. The component of the galaxies’ motion that makes up 
the Hubble flow is really an expansion of space itself. The expanding universe 

inTerACTive

The expanding raisin cake (Universe)
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Why does Hubble’s law imply a Big Bang?

 Figure 17.3 receding galaxies interactive  Coins 
taped to the surface of a spherical balloon recede from each 
other as the balloon inflates (left to right). Similarly, galaxies 
recede from each other as the universe expands. As the coins 
separate, the distance between any two of them increases, 
and the rate of increase of this distance is proportional to the 
distance between them.

remains homogeneous at all times. There is no “empty space” be-
yond the galaxies into which they rush. At the time of the Big 
Bang, the galaxies did not reside at a point located at some well-
defined place within the universe. The entire universe was 
a point. The Big Bang happened everywhere at once.

To illustrate these ideas, imagine an ordinary bal-
loon with coins taped to its surface, as shown in Figure 
17.3. (Better yet, do the experiment yourself.) The 
coins represent galaxies, and the two-dimensional 
surface of the balloon represents the “fabric” of our 
three-dimensional universe. The cosmological principle applies here because 
every point on the balloon looks pretty much the same as every other. Imagine 
yourself as a resident of one of the coin “galaxies” on the leftmost balloon, and 
note your position relative to your neighbors. As the balloon inflates (that is, as 
the universe expands), the other galaxies recede from you and more distant galax-
ies recede more rapidly.

Regardless of which galaxy you chose to consider, you would see all the other 
galaxies receding from you, but nothing is special or peculiar about this fact. 
There is no center to the expansion and no position that can be identified as the 
location from which the universal expansion began. Everyone sees an overall ex-
pansion described by Hubble’s law, with the same value of Hubble’s constant in 
all cases. Now imagine letting the balloon deflate, running the “universe” back-
ward from the present time to the moment of the Big Bang. All the galaxies 
(coins) would arrive at the same place at the same time at the instant the balloon 
reached zero size, but no single point on the balloon could be said to be the place 
where that occurred.

The Cosmological redshift
Up to now, we have explained the cosmological redshift 
of galaxies as a Doppler shift, a consequence of their 
motion relative to us.  (Sec. 15.3) However, we 
have just argued that the galaxies are not moving 
with respect to the universe, in which case the 
Doppler interpretation cannot be correct. The true 
explanation is that, as a photon moves through space, 
its wavelength is influenced by the expansion of the 
universe. Think of the photon as being attached to 
the expanding fabric of space, so its wavelength expands 
along with the universe, as illustrated in Figure 17.4. Although it is common in 
astronomy to refer to the cosmological redshift in terms of recessional velocity, 
bear in mind that, strictly speaking, this is not the right thing to do. The 
cosmological redshift is a consequence of the changing size of the universe and 
is not related to velocity at all.

The redshift of a photon measures the amount by which the universe has 
expanded since that photon was emitted. For example, when we measure the light 
from a quasar to have a redshift of 7, it means that the observed wavelength is  
8 times (1 plus the redshift) greater than the wavelength at the time of emission, 
which means that the light was emitted at a time when the universe was just one-
eighth its present size (and we are observing the quasar as it was at that time). 

 (More Precisely 15-1) In general, the larger a photon’s redshift, the smaller the 
universe was at the time the photon was emitted and so the longer ago that 
emission occurred. Because the universe expands with time and redshift is related 
to that expansion, cosmologists routinely use redshift as a convenient means of 
expressing time.

Radiation also shifts with cosmic expansion.

 Figure 17.4 Cosmological redshift interactive   
As the universe expands, photons of radiation are stretched in 
wavelength, giving rise to the cosmological redshift.
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17.3  Cosmic Dynamics and the  
geometry of Space

Will the universe expand forever? This fundamental question about the fate of the 
universe has been at the heart of cosmology since Hubble’s law was first discov-
ered. Until the late 1990s, the prevailing view among cosmologists was that the 
answer would most likely be found by determining the extent to which gravity 
would slow, and perhaps ultimately reverse, the current expansion. However, it 
now appears that the answer is rather more subtle—and perhaps a lot more pro-
found in its implications—than was hitherto thought.

Two Futures
Consider a rocket ship launched from the surface of a planet. What are the likely 
outcomes of the its motion? According to Newtonian mechanics, there are just 
two basic possibilities, depending on the launch speed of the ship relative to the 
escape speed of the planet.  (More Precisely 5-1) If the launch speed is high 
enough, it will exceed the planet’s escape speed, and the ship will never return to 
the surface. The speed will diminish because of the planet’s gravitational pull, but 
it will never reach zero. The spacecraft leaves the planet on an unbound trajec-
tory, as illustrated in Figure 17.5(a). Alternatively, if the launch speed is lower 
than the escape speed, the ship will reach a maximum distance from the planet 
and then fall back to the surface. Its bound trajectory is shown in Figure 17.5(b).

Similar reasoning applies to the expansion of the universe. Imagine two gal-
axies at some known distance from one another, their present relative velocity 
given by Hubble’s law. The same two basic possibilities exist for these galaxies as 
for our rocket ship. The distance between them can increase forever, or it can 
increase for a while and then start to decrease. What’s more, the cosmological 
principle says that whatever the outcome, it must be the same for any two galax-
ies—in other words, the same statement applies to the universe as a whole. Thus, 
as illustrated in Figure 17.6, the universe has only two options: It can continue to 
expand forever, or the present expansion will someday stop and turn around into 
a contraction. The two curves in the figure are drawn so that they pass through 
the same point at the present time. Both are possible descriptions of the uni-
verse, given its current size and expansion rate.

What determines which of these possibilities will actually occur? In the case of 
a rocket ship of fixed launch speed, the mass of the planet determines whether or 
not escape will occur—a more massive planet has a higher escape speed, making it 
less likely that the rocket can escape. For the universe, the corresponding quantity is 
the density of the cosmos. A high-density universe contains enough mass to stop the 
expansion and eventually cause a recollapse. Such a universe is destined ultimately 
to shrink toward a superdense, superhot singularity much like the one from which it 
originated—a “Big Crunch.” A low-density universe, conversely, will expand forever. 
In that case, in time, even with the most powerful telescopes, we will see no galaxies 
in the sky beyond the Local Group (which is not itself expanding). The rest of the 
observable universe will appear dark, the distant galaxies too faint to be seen.

The dividing line between these outcomes—the density corresponding to a 
universe in which gravity acting alone would be just sufficient to halt the present 
expansion—is called the universe’s critical density. For H0 = 70 km/s/Mpc, the 
critical density is about 9 * 10-27 kg/m3. That’s an extraordinarily low density—
just five hydrogen atoms per cubic meter, a volume the size of a typical household 
closet. In more “cosmological” terms, it corresponds to about 0.1 Milky Way 
Galaxy (including the dark matter) per cubic megaparsec.

We will see in a moment that the separation between never-ending expansion 
and cosmic collapse is not nearly as straightforward as the foregoing simple 

These graphs show the changing distance
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 Figure 17.5 escape Speed  (a) A spacecraft (arrow) 
leaving a planet (blue ball) with a speed greater than the 
planet’s escape speed follows an unbound trajectory and 
escapes. (b) If the launch speed is less than the escape speed, 
the ship eventually drops back to the planet. Its distance, as 
graphed, first rises and then falls.
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A high-density universe
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Time

Present
time

D
is

ta
nc

e

Big
Bang

 Figure 17.6 Model universes  Distance between 
two galaxies as a function of time in each of the two basic 
universes discussed in the text: a low-density universe that 
expands forever and a high-density cosmos that collapses. The 
point where the two curves touch represents the present time.

ConCept CheCk

What are the two basic possibilities for the future 
expansion of the universe?
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reasoning would suggest. Several independent lines of evidence now indicate that 
gravity is not the only influence on the dynamics of the universe on large scales 
(Section 17.4). As a result, while the “futures” just described are still the only two 
possibilities for the long-term evolution of the universe, the distinction between 
them turns out to be more than just a matter of density alone. Nevertheless, the 
density of the universe—or, more precisely, the ratio of the total density to the criti-
cal value—is a vitally important quantity in cosmology.

The Shape of the universe
We have reverted to the familiar notions of Newtonian mechanics and gravity and 
moved away from general relativity and the more correct concept of warped spa-
cetime, because speaking in Newtonian terms makes our discussion of the evolu-
tion of the universe easier to understand.  (Secs. 1.4, 13.5) However, general 
relativity makes some predictions about the universe that do not have a simple 
description within Newton’s theory.

Foremost among these non-Newtonian predictions is the fact that space is 
curved and that the degree of curvature is determined by the total density of the 
cosmos.  (Sec. 13.5) But general relativity is clear on what “density” means 
here. Both matter and energy must be taken into account, with energy (E) prop-
erly “converted” into mass (m) units via Einstein’s famous relation E = mc2.  

 (More Precisely 13-1) The density of the universe includes not just the atoms 
and molecules that make up the familiar normal matter around us, but also the 
invisible dark matter that dominates the masses of galaxies and galaxy clusters, 
as well as everything that carries energy—photons, relativistic neutrinos, gravity 
waves, and anything else we can think of.

In a homogeneous universe, the curvature (on sufficiently large scales) must 
be the same everywhere, so there are really only three distinct possibilities for the 
large-scale geometry of space. General relativity tells us that the geometry of the 
universe depends only on the ratio of the density of the universe to the critical 
density (as defined in the previous section). Cosmologists call the ratio of the uni-
verse’s actual density to the critical value the cosmic density parameter and denote 
it by the symbol Ω0 (“omega nought”). In terms of this quantity, then, a universe 
with density equal to the critical value has Ω0 = 1, a “low-density” cosmos has Ω0 
less than 1, and a “high-density” universe has Ω0 greater than 1.

In a high-density universe (Ω0 greater than 1), space is curved so much that it 
bends back on itself and closes off, making the universe finite in size. Such a universe 
is known as a closed universe. It is difficult to visualize a three-dimensional volume 
uniformly arching back on itself in this way, but the two-dimensional version is well 
known: It is the surface of a sphere, like the balloon we discussed earlier. Figure 
17.3, then, is the two-dimensional likeness of a three-dimensional closed universe. 
Like the surface of a sphere, a closed universe has no boundary, yet it is finite in 
extent.1 One remarkable property of a closed universe is illustrated in Figure 17.7: A 
flashlight beam shining in some direction in space might eventually traverse the 
entire universe and return from the opposite direction.

The surface of a sphere curves, loosely speaking, “in the same direction” no 
matter which way we move from a given point. A sphere is said to have positive 
curvature. However, if the density of the universe is below the critical value, then 
the curvature of space is qualitatively quite different from that of a sphere. The 
two-dimensional surface corresponding to such a space curves like a saddle and is 
said to have negative curvature. Most people have seen a saddle—it curves “up” in 

In a curved universe, 
light might return 
from the opposite 
direction!

 Figure 17.7 einstein’s Curve Ball  In a closed universe, 
a beam of light launched in one direction might return 
someday from the opposite direction after circling the 
universe, just as motion in a “straight line” on Earth’s surface 
will eventually encircle the globe.

ConCept CheCk

How is the curvature of space related to the size 
and density of the universe?

1Notice that for the sphere analogy to work, we must imagine ourselves as two-dimensional “flatlanders” 
who cannot visualize or experience in any way the third dimension perpendicular to the sphere’s surface. 
Flatlanders are confined to the sphere’s surface, just as we are confined to the three-dimensional volume of 
our universe.
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one direction and “down” in another, but no one has ever seen a uniformly 
negatively curved surface, for the good reason that it cannot be constructed in 
three-dimensional space! It is just “too big” to fit. A low-density (Ω0 less than 1) 
saddle-curved universe is infinite in extent and is usually called an open universe.

The intermediate case, when the density is precisely equal to the critical 
density (i.e., Ω0 = 1), is the easiest to visualize. This critical universe has no 
curvature. It is said to be “flat,” and it is infinite in extent. In this case, and only in 
this case, the geometry of space on large scales is precisely the familiar Euclidean 
geometry taught in high school. Apart from its overall expansion, this is basically 
the universe that Newton knew.

17.4 The Fate of the Cosmos
Is there any way for us to determine which of the futures just described actually 
applies to our universe (apart from just waiting to find out)? Will the universe end 
as a small, dense point much like that from which it began? Or will it expand for-
ever? And can we hope to determine the geometry of the vast cosmos we inhabit? 
Finding answers to these questions has been the dream of astronomers for dec-
ades. We are fortunate to live at a time when we can subject these questions to 
intensive observational tests and come up with definite answers—even though 
they aren’t what most cosmologists expected! Let’s begin by looking at the density 
of the universe (or, equivalently, the cosmic density parameter Ω0).

The Density of the universe
How might we determine the average density of the universe? On the face of it, it 
would seem simple—just measure the average mass of the galaxies residing within 
a large parcel of space, calculate the volume of that space, and compute the total 
mass density. When astronomers do this, they usually find a little less than  
10228 kg/m3 in the form of luminous matter. Largely independent of whether the 
chosen region contains only a few galaxies or a rich galaxy cluster, the resulting den-
sity is about the same, within a factor of 2 or 3. Galaxy counts thus yield a value of  
Ω0 of only a few percent. If that measure were correct, and galaxies were all that ex-
isted, then we would live in a low-density open universe destined to expand forever.

But there is a catch. Most of the matter in the universe is dark—it exists in the 
form of invisible material that has been detected only through its gravitational ef-
fect in galaxies and galaxy clusters.  (Secs. 14.6, 16.1) We currently do not 
know what the dark matter is, but we do know that it is there. Galaxies may con-
tain as much as 10 times more dark matter than luminous material, and the fig-
ure for galaxy clusters is even higher—perhaps as much as 95 percent of the total 
mass in clusters is invisible. Even though we cannot see it, dark matter contrib-
utes to the average density of the universe and plays its part in opposing the cos-
mic expansion. Including all the dark matter that is known to exist in galaxies 
and galaxy clusters increases the value of Ω0 to about 0.25.

Although we can detect and quantify the effects of dark matter in galaxies 
and galaxy clusters, its distribution on larger scales is harder to measure. Astron-
omers have developed techniques to study matter on supercluster and larger 
scales, using gravitational lensing of distant objects and the large-scale motions 
of galaxies and clusters to probe the gravitational fields of cosmic clumps of in-
visible matter.  (Sec. 16.5) Yet all these studies add little to the overall density. 
As best we can tell, there doesn’t seem to be much additional dark matter “tucked 
away” on very large scales. Most cosmologists agree that the overall density of 
matter (luminous plus dark) in the universe is between 25 and 30 percent of the 
critical value—not enough to halt the universe’s current expansion.
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Cosmic Acceleration
Determining the density of the universe is an example of a local measurement that 
provides an estimate of Ω0. But the result we obtain depends on just how local our 
measurement is, and there are many uncertainties in the result, especially on large 
scales. In an attempt to get around this problem, astronomers have devised alter-
native methods that rely instead on global measurements, covering much larger 
regions of the observable universe. In principle, such global tests should indicate 
the universe’s overall density, not just its value in our cosmic neighborhood.

One such global method is based on observations of Type I (carbon detona-
tion) supernovae.  (Sec. 12.5) Recall that these objects are both very bright 
and have a remarkably narrow spread in luminosities, making them particularly 
useful as standard candles.  (Sec. 15.2) They can be used as probes of the uni-
verse because, by measuring their distances (without using Hubble’s law) and 
their redshifts, we can determine the rate of cosmic expansion in the distant past. 
Here’s how the method works.

Suppose the universe is decelerating, as we would expect if gravity were slowing 
its expansion. Then, because the expansion rate is decreasing, objects at great dis-
tances—that is, objects that emitted their radiation long ago—should appear to be 
receding faster than Hubble’s law predicts. Figure 17.8 illustrates this concept. If the 
universal expansion were constant in time, recessional velocity and distance would 
be related by the black line in the figure. (The line is not quite straight because it 
takes the expansion of the universe properly into account in computing the distance.)  

 (More Precisely 15-1) In a decelerating universe, the velocities of distant objects 
should lie above the black curve, and the deviation from that curve is greater for a 
denser universe in which gravity has been more effective at slowing the expansion.

How does theory compare with reality? In the late 1990s two groups of as-
tronomers announced the results of independent, systematic surveys of distant 
supernovae. Some of these supernovae are shown in Figure 17.8(b); the data are 
marked on Figure 17.8(a). Far from clarifying the picture of cosmic deceleration, 
however, these findings indicated that the expansion of the universe is not slow-
ing, but actually accelerating! According to the supernova data, galaxies at large 
distances are receding less rapidly than Hubble’s law would predict. The devia-
tions from the decelerating curves appear small in the figure, but they are statisti-
cally very significant, and both groups report similar findings.

These observations are inconsistent with the standard “gravity only” Big 
Bang theory just described and sparked a major revision of our view of the cos-
mos. The measurements are difficult, and the results depend quite sensitively on 
just how “standard” the supernovae luminosities really are. Not surprisingly, 
since so much hangs on this result, the reliability of the supernova measurement 
technique has been the subject of intense scrutiny by cosmologists. However, no 
convincing argument against the method has yet been put forward, so there is 
no reason to believe that we are somehow being “fooled” by nature. As far as we 
can tell, the measurements are good, and the cosmic acceleration is real. This 
unexpected but crucially important result earned the leaders of the two groups 
who discovered it the 2011 Nobel Prize in Physics.

Dark energy
What could cause an overall acceleration of the universe? Frankly, cosmologists 
don’t know, although several possibilities have been suggested. Whatever it is, the 
mysterious cosmic force causing the universe to accelerate is neither matter nor 
radiation. Although it carries energy, it exerts an overall repulsive effect on the 
universe, causing empty space to expand. It has come to be known simply as 
dark energy, and it is perhaps the leading puzzle in astronomy today.

H0 =  70 km/s/Mpc
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 Figure 17.8 Accelerating universe  (a) In a decelerating 
universe (purple and red curves), redshifts of distant objects 
are greater than would be predicted from Hubble’s law (black 
curve). The reverse is true for an accelerating universe. The 
data points show observations of some 50 supernovae that 
strongly suggest cosmic expansion is accelerating. (b) The 
bottom frames show three Type I supernovae (marked by 
arrows) that exploded in distant galaxies when the universe 
was nearly half its current age. The top frames show the same 
areas prior to the explosions. (CfA/NASA)
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reluctant to introduce unknown quantities into their equations 
purely to make the results “come out right.” As a result, the cos-
mological constant fell out of favor among astronomers for many 
years. However, as described in the text, it has apparently been 
completely rehabilitated and is now identified as a leading candi-
date for the “dark energy” whose existence is inferred from stud-
ies of the universe on very large scales.

Attempts are underway to construct theories of dark energy 
that preserve the character of the cosmological constant, yet also 
account for its value in some natural way, perhaps somehow cou-
pling it to the density of matter. Before we make too many sweep-
ing statements about the role of the cosmological constant in 
cosmology, we should probably remember the experience of its 
inventor and bear in mind that—at least for now—its physical 
meaning remains completely unknown.

 einstein and the Cosmological Constant

17.1  D i s C o v e r y

Even the greatest minds are fallible. The first scientist to apply 
general relativity to the universe was (not surprisingly) the 
theory’s inventor, Albert Einstein. When he derived and solved 
the equations describing the behavior of the universe, Einstein 
discovered that they predicted a universe that evolved in time. 
But in 1917 neither he nor anyone else knew about the expansion 
of the universe, as described by Hubble’s law, which would not be 
discovered for another 10 years.  (Sec. 15.3) At the time 
Einstein, like most scientists, believed that the universe was 
static—that is, unchanging and everlasting. The discovery that 
there was no static solution to his equations seemed to Einstein a 
near-fatal flaw in his new theory.

To bring his theory into line with his beliefs, Einstein 
tinkered with his equations, introducing a “fudge factor” now 
known as the cosmological constant. The accompanying 
figure shows the effect of introducing a cosmological constant 
into the equations describing the expansion of a critical-
density universe. One possible solution is a “coasting” 
universe, whose radius does indeed remain constant for an 
indefinite period of time. Einstein took this to be the static 
universe he expected. Instead of predicting an evolving 
cosmos, which would have been one of general relativity’s 
greatest triumphs, Einstein yielded to a preconceived notion 
of the way the universe “should be,” unsupported by 
observational evidence. Later, when the expansion of the 
universe was discovered and Einstein’s equations—without 
the cosmological constant—were found to describe it perfectly, 
he declared that the cosmological constant was the biggest 
mistake of his scientific career.

For many researchers—Einstein included—the main 
problem with the cosmological constant was (and still is) the 
fact that it had no clear physical interpretation. Einstein in-
troduced it to fix what he thought was a problem with his 
equations, but he discarded it immediately once he realized 
that no problem actually existed. Scientists are very 
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As illustrated in Figure 17.9, the repulsive effect of dark energy is propor-
tional to the size of the universe, so it increases as the universe expands. Thus, it 
was negligible at early times, but today it is the major factor controlling the cos-
mic expansion. Furthermore, since the effect of gravity weakens as the expansion 
proceeds, it follows that once dark energy begins to dominate, gravity can never 
catch up, and the universe will continue to accelerate at an ever-increasing pace. 
Thus, by opposing the attractive force of gravity, the repulsive effect of dark en-
ergy strengthens our earlier conclusion that the universe will expand forever.

A leading candidate for dark energy is an additional “vacuum pressure” force 
associated with empty space and effective only on very large scales. Known 
simply as the cosmological constant, it has a long and checkered history (see 
Discovery 17-1) and has gone in and out of favor since its invention by Einstein 

M20_CHAI7702_08_SE_C17.indd   484 14/11/15   10:24 AM



 SeCTiOn 17.4   The Fate of the cosmos 485

almost a century ago. Note, however, that while models including the cosmological 
constant can fit the observational data, astronomers as yet have no clear physical 
interpretation of what it actually means—it is neither required nor explained by 
any known law of physics.

The fact that the present value of the repulsive dark energy force is compara-
ble to the attractive force of gravity poses another problem to astronomers. When 
we calculate the evolution of a universe governed by a cosmological constant, 
consistent with current observations (see Figure 17.12), we find that this state of 
affairs was not true in the early universe (when galaxies were forming, say), nor 
will it be true in 10 or 20 billion years’ time. In other words, the observations 
seem to suggest that we live at a special time in the history of the universe—a 
conclusion viewed with great suspicion by astronomers schooled in the Coperni-
can principle.  (Sec. 1.1) Cosmologists have tried to address this problem by 
constructing alternative theories in which the behavior of dark energy depends 
on the densities of matter and radiation in the universe, but for now at least, the 
cosmological constant seems to give just as good a fit to the observational data.

Cosmic Composition
In addition to measurements of density and acceleration, astronomers have sev-
eral other means of estimating the “cosmological parameters” that describe the 
large-scale properties of our universe. Theoretical studies of the very early uni-
verse (Section 17.7) strongly suggest that the geometry of the universe should be 
precisely flat—and hence the density should be exactly critical. These ideas first 
became widespread in the 1980s and for many years seemed to be at odds with 
observations indicating a cosmic matter density of just 20–30 percent of the criti-
cal value, even taking the dark matter into account. The cosmic acceleration just 
discussed actually resolves that conflict, albeit at the price of introducing yet an-
other unknown component—dark energy—into the cosmic mix.

Detailed measurements of the radiation field known to fill the entire cosmos 
(Sections 17.5 and 17.8) support the theoretical prediction of critical density and 
are also consistent with the dark energy inferred from the supernova studies. Fur-
ther support comes from careful analysis of galaxy surveys such as those dis-
cussed in Section 17.1, which allow astronomers to measure the growth of 
large-scale structure in the universe, and in turn to constrain the value of Ω0.

Remarkably, all the approaches just described yield consistent results! The 
current consensus among cosmologists is that the universe is of precisely critical 

Past Present Future

Big
Bang

 Figure 17.9 Dark energy  The expansion of the 
universe is opposed by the attractive force of gravity and 
sped up by the repulsion due to dark energy. As the universe 
expands, the gravitational force weakens, whereas the force 
due to dark energy increases. A few billion years ago, dark 
energy began to dominate, and the expansion of the cosmos 
has been accelerating ever since.

AniMATiOn/viDeO

gravitational curvature of space

proCess of sCienCe CheCk

Why have astronomers concluded that dark 
energy is the major constituent of the universe?
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density, Ω0 = 1, but this density is made up of both matter (mostly dark) and dark 
energy (suitably converted into mass units using the relation E = mc2).  (Sec. 9.5) 
Note that, while dark energy opposes the force of gravity in its effect on cosmic 
expansion, it still adds to the total density (and Ω0) in its effect on the curvature of 
space. Based on all available data, as illus- trated in Figure 17.10, the best 
estimate is that matter accounts for 32 percent of the total and dark energy for the 
remaining 68 percent. This is the assumption underlying Table 15.1 and used con-
sistently throughout this book.  (More Precisely 15-1)

Note that such a universe will expand forever and, the heavy machinery of 
general relativity and curved spacetime notwithstanding, is perfectly flat (Figure 
17.11)—an irony that would no doubt have amused Newton!

The Age of the universe
In Section 17.2, when we estimated the age of the universe from the accepted 
value of Hubble’s constant, we made the assumption that the expansion speed of 
the cosmos was constant in the past. However, as we have just seen, this is a con-
siderable oversimplification. Gravity tends to slow the universe’s expansion, while 
dark energy acts to accelerate it. In the absence of a cosmological constant, the 
universe expanded faster in the past than it does today, so the assumption of a 
constant expansion rate leads to an overestimate of the universe’s age—such a 
universe is younger than the 14 billion years calculated earlier. Conversely, the 
repulsive effect of dark energy tends to increase the age of the cosmos.

Figure 17.12 illustrates these points. It is similar to Figure 17.6, except that 
here we have added three curves, including one (labeled “Empty”) corresponding 
to a constant expansion rate at the present value and another to an accelerating 
universe with the “best estimate” parameters given above. The age of a critical-
density universe with no cosmological constant (whose curve is also added here) 
is about 9 billion years. A low-density, unbound universe is older than 9 billion 
years but still less than 14 billion years old. The age corresponding to the acceler-
ating universe is about 14 billion years, coincidentally very close to the value cal-
culated for constant expansion.

How does this compare with an age estimated by other means? On the basis of 
the theory of stellar evolution, the oldest globular clusters formed about 12 billion 
years ago, and most are estimated to be between 10 and 12 billion years old. 

 (Sec. 12.6) This range is indicated on Figure 17.12. These 
ancient star clusters are thought to have formed at around the 
same time as our Galaxy, so they date the epoch of galaxy 
formation. More important, they can’t be older than the universe! 
Figure 17.12 shows that globular cluster ages are consistent with a 
14 billion-year-old cosmos, and even allow a couple of billion years 
for galaxies to grow, as discussed in Chapter 16.   (Sec. 16.3) 
Note also that the cluster ages are not consistent with a critical-
density universe without dark energy. This independent check of 
a key prediction is an important piece of evidence supporting the 
modern version of the Big Bang theory.

Thus, for H0 = 70 km/s/Mpc, our current best guess of the 
history of the universe places the Big Bang at 14 billion years 

68% dark energy

27% dark matter

5% normal matter

 Figure 17.10 Composition of the universe  The 
universe today is made mostly of mysterious dark energy, 
accounting for nearly three-quarters of the total. Dark matter 
accounts for over a quarter. Normal matter amounts to only 
a few percent—and of that 3.6% is mostly in galactic and 
intergalactic gas, and only a miniscule 0.4% comprises stars, 
planets, and life-forms.

 Figure 17.11 geometry of the universe  The universe 
on the largest scales seems geometrically flat—governed by 
the same familiar Euclidean geometry taught in high schools.
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 Figure 17.12 Cosmic Age  The age of a universe without dark 

energy (represented by all three lower curves colored red, purple, 
and blue) is always less than 1/H0 and decreases for larger values of 
the present-day density. The existence of a repulsive cosmological 
constant (green curve) increases the age of the cosmos.
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ago. The first quasars appeared about 13 billion years ago (at a redshift of 7), the 
peak quasar epoch (redshifts 2–3) occurred during the next 1 billion years, and 
the oldest known stars in our Galaxy formed during the 2 billion years after that.  

 (Sec. 16.3) Even though astronomers do not presently understand the nature 
of dark energy, the good agreement between so many separate lines of reasoning 
has convinced many that the dark-matter/dark-energy Big Bang theory just 
described is the correct description of the universe.

Bear in mind as we proceed through the remainder of this chapter that the 
Big Bang is a scientific theory and as such is continually being challenged and 
scrutinized.  (Sec. 0.5) It makes testable predictions about the state and his-
tory of the cosmos and must change—or fail—if these predictions are found to be 
at odds with observations. Astronomers aren’t ready to relax just yet—the history 
of this subject suggests that there may be a few more unexpected twists and turns 
in the road before the details are finally resolved.

17.5 The early universe
We now turn from studies of the far future of our universe to the quest to under-
stand its distant past. Just how far back in time can we probe? Is there any way to 
study the universe beyond the most remote quasar? How close can we come to 
perceiving directly the edge of time, the very origin of the universe?

The Cosmic Microwave Background
A partial answer to these questions was discovered by accident in 1964, during an 
experiment designed to improve America’s telephone system. As part of a project 
to identify and eliminate unwanted interference in satellite communications, 
Arno Penzias and Robert Wilson, scientists at Bell Telephone Laboratories in 
New Jersey, were studying the Milky Way’s emission at microwave (radio) wave-
lengths, using the horn-shaped antenna shown in Figure 17.13. In their data they 
noticed a bothersome background “hiss”—a little like the background static on an 
AM radio station. Regardless of where and when they pointed their antenna, the 
hiss persisted. Never diminishing or intensifying, the weak signal was detectable 
at any time of the day and on any day of the year, apparently filling all of space.

Eventually, after discussions with colleagues at Bell Labs and theorists at 
nearby Princeton University, the two experimentalists realized that the origin of 
the mysterious static was nothing less than the fiery creation of the universe it-
self. The radio hiss that Penzias and Wilson detected is now known as the cosmic 
microwave background. Their discovery won them the 1978 Nobel Prize in 
Physics.

In fact, theorists had predicted the existence and general properties of the 
microwave background well before its discovery. They reasoned that, in addition 
to being extremely dense, the early universe must also have been very hot, and so, 
shortly after the Big Bang, the universe must have been filled with extremely 
high-energy thermal radiation—gamma rays of very short wavelength. As illus-
trated in Figure 17.14, this intensely hot primordial radiation has been redshifted 
by the expansion of the universe from gamma rays, through optical and infrared 
wavelengths, all the way into the radio (microwave) range of the electromagnetic 
spectrum.  (Sec. 2.4) The radiation observed today is the “fossil remnant” of 
the primeval fireball that existed at those very early times. The discovery of the 
microwave background was thus a powerful piece of evidence in support of the 
Big Bang theory of the universe and was instrumental in convincing many as-
tronomers of the basic correctness of the idea.

ConCept CheCk

Why do astronomers think the universe will 
expand forever?

 Figure 17.13 Microwave Background Discoverers   
This “sugarscoop” antenna was built to communicate with 
Earth-orbiting satellites but was used by Robert Wilson (right) 
and Arno Penzias to discover the 2.7-K cosmic background 
radiation. (Alcatel-Lucent)
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 Figure 17.14 Cosmic Blackbody Curves  Theoretically 
derived blackbody curves for the entire universe (a) 1 second 
after the Big Bang, (b) 100,000 years later, (c) 10 million years 
after that, and (d) today, approximately 14 billion years after 
the Big Bang.
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Researchers at Princeton confirmed the existence of the microwave back-
ground and estimated its temperature at about 3 K. However, this part of the 
electromagnetic spectrum happens to be very difficult to observe from the 
ground, and it was 25 years before astronomers could demonstrate conclusively 
that the radiation was indeed described by a blackbody curve.  (Sec. 2.3) In 
1989 the Cosmic Background Explorer satellite—COBE for short—measured the 
intensity of the microwave background at wavelengths straddling the peak, from 
half a millimeter to about 1 cm. The results are shown in Figure 17.15. The solid 
line is the blackbody curve that best fits the COBE data. The near-perfect fit cor-
responds to a universal temperature of just over 2.7 K.

A striking aspect of the cosmic microwave background is its high degree of 
isotropy. When we correct for Earth’s motion through space (which causes the 
microwave background to appear a little hotter than average in front of us and 
slightly cooler behind, by the Doppler effect), the intensity of the radiation is 
virtually constant (to about one part in 105) from one direction in the sky to another.

Remarkably, the cosmic microwave background contains more energy than 
has been emitted by all the stars and galaxies that have ever existed in the history 
of the universe. Stars and galaxies, though very intense sources of radiation, oc-
cupy only a small fraction of space. When their energy is averaged out over the 
volume of the entire cosmos, it falls short of the energy in the microwave back-
ground by at least a factor of 10. For our present purposes, then, the cosmic mi-
crowave background is the only significant form of radiation in the universe.

radiation in the universe
What role does radiation play in the evolution of the universe on large scales? We 
can begin to address this question by expressing the energy in the microwave 
background as an equivalent density, calculating the number of photons in a 
cubic meter of space, and then converting the total energy of these photons into a 
mass using the relation E = mc2.   (Sec. 16.6) When we do this, we find an 
equivalent density for the microwave background of about 5 * 10221 kg/m3—
much less than the current value of the cosmic density, which as we have just 

seen (Figure 17.10), is roughly 9 * 10-27 kg/m3, virtually all in 
the form of dark energy and matter. Thus, at the present mo-
ment, the densities of both dark energy and matter in the uni-
verse far exceed the density of radiation.

Has this always been the case? Have dark energy and mat-
ter always dominated the cosmos? To answer this we must un-
derstand how the densities of dark energy, matter, and radiation 
change as the universe expands. According to current theory, 
dark energy is a property of space itself, and its density remains 
constant as the universe evolves. In contrast, the densities of 
matter and radiation both decrease, as the expansion dilutes the 
numbers of atoms and photons alike, but the radiation is fur-
ther diminished in energy by the cosmological redshift, so its 
equivalent density falls even faster than the density of matter as 
the universe grows. Thus, as illustrated in Figure 17.16, even 
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 Figure 17.15 Microwave Background Spectrum  The 
intensity of the cosmic background radiation, as measured by 
the COBE satellite, agrees well with theory. The curve is the 
best fit to the data, corresponding to a temperature of 2.725 K. 
Experimental errors in this remarkably accurate observation 
are smaller than the dots representing the data points.

ConCept CheCk

When was the cosmic microwave background 
formed? Why is it still a blackbody curve?
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 Figure 17.16 Changing Dominance  As the universe expanded, 
the numbers of both matter particles and photons per unit volume 
decreased. The photons were additionally reduced in energy by the 
cosmological redshift. As a result, the density of radiation fell faster 
than the density of matter as the universe grew, and that radiation 
dominated matter at early times, before the crossover point. Today, 
dark energy dominates both matter and radiation.
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though dark energy dominates today, it was unimportant in the early universe. 
Furthermore, even though the present density of radiation is much less than that 
of matter, there must have been a time in the past when they were equal, and 
before that time, radiation was the main constituent of the cosmos. At early 
times the universe was radiation-dominated.

17.6 Formation of nuclei and Atoms
According to the Big Bang theory, at the very earliest times the cosmos consisted 
entirely of radiation. During the first minute or so of the universe’s existence, 
temperatures were high enough that individual photons of radiation had sufficient 
energy to transform themselves into matter in the form of elementary particles. This 
period saw the creation of all the basic building blocks of matter we know today—both 
“normal” matter, such as protons, neutrons, and electrons, and the “exotic” particles 
that may compose the dark matter in galaxies and galaxy clusters.  (Sec. 14.5) 
Since then, matter has evolved, clumping together into more and more complex 
structures forming the nuclei, atoms, planets, stars, galaxies, and large-scale 
structure we know today, but no new matter has been created. Everything we see 
around us formed out of radiation as the early universe expanded and cooled.

helium Formation
As the temperature of the universe fell below about 900 million K, roughly 2 
minutes after the Big Bang, conditions became favorable for protons and 
neutrons to fuse to form deuterium.2 Prior to that time, deuterium nuclei were 
broken apart by high-energy gamma rays as quickly as they were created. Once 
the deuterium was at last able to survive the radiation background, other fusion 
reactions quickly converted it into heavier elements, especially helium-4. In just a 
few minutes, most of the available neutrons were consumed, leaving a universe 
whose “normal” matter content was primarily hydrogen and helium, with a trace 
of deuterium. Figure 17.17 illustrates some of the reactions responsible for 
helium formation. Contrast it with Figure 9.25, which depicts how helium is 
formed today in the cores of main-sequence stars such as the Sun.  (Sec. 9.5) 
The production of elements heavier than hydrogen by nuclear fusion shortly after 
the Big Bang is called primordial nucleosynthesis.

This early burst of fusion did not last long. Conditions in the cooling, thinning 
universe became less and less conducive to further fusion reactions as time went 
by. For all practical purposes, primordial nucleosynthesis stopped at helium-4. 
Detailed calculations show that, by about 15 minutes after the Big Bang, the 
cosmic elemental abundance was set, and helium accounted for approximately 
one-quarter of the total mass of normal matter in the universe. The remaining 75 
percent was hydrogen. It would be almost a billion years before nuclear reactions 
in stars would change these figures.

Astronomers find that no matter where they look, and no matter how low a 
star’s supply of heavy elements may be, there is a minimum amount of helium—a 
little less than 25 percent by mass—in all stars. This is the case even in stars con-
taining very few heavy elements, indicating that the helium already existed when 
those ancient stars formed. The accepted explanation is that this base level of he-
lium is primordial—created during the early, hot epochs of the universe, before 
any stars had formed, as just described. The striking agreement between the theo-
retical calculation and actual observations of helium in stars is another key point 
in favor of the Big Bang theory.

2Recall from Chapter 9 that deuterium is simply a heavy form of hydrogen. Its nucleus contains one proton 
and one neutron.  (Sec. 9.5)
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nucleosynthesis and the Composition of the universe
Although most deuterium was quickly burned into helium as soon as it formed, 
a small amount was left over when the primordial nuclear reactions ceased. 
Nucleosynthesis calculations indicate that the amount of deuterium remaining 
is a very sensitive indicator of the present-day density of matter in the universe: 
The denser the universe is today, the more matter (protons and neutrons) there 
was at those early times to react with the deuterium and the less deuterium was 
left when nucleosynthesis ended. Comparison between theoretical calculations 
of the production of deuterium in the early universe and the observed abundance 
of deuterium in stars and the interstellar medium implies a present-day density 
of at most 3 or 4 percent of the critical value.

But there is an important qualification. Primordial nucleosynthesis depends 
only on the presence of protons and neutrons in the early universe. Thus, meas-
urements of the abundance of helium and deuterium tell us only about the density 
of “normal” matter—matter made up of protons and neutrons—in the cosmos. 
This finding has a momentous implication for the overall composition of the uni-
verse. Since the total matter density is about one-third the critical value, if the 
density of normal matter is only a few percent of this density, then we are forced to 
conclude that not only is most of the matter in the universe dark, but most of the 
dark matter is not composed of protons and neutrons (see Figure 17.10). The bulk 
of the matter in the universe apparently exists in the form of elusive subatomic 
particles whose nature we do not fully understand and whose very existence has 
yet to be conclusively demonstrated in laboratory experiments.  (Sec. 14.5)

For the sake of brevity, we will adopt from here on the convention that the 
term dark matter refers only to these unknown particles and not to “stellar” dark 
matter, such as brown or white dwarfs, which are made of normal matter.

The Formation of Atoms
When the universe was tens of thousands of years old, matter (consisting of elec-
trons, protons, helium nuclei, and dark matter) began to dominate over radiation. 

Deuterons first fused
into a special form of
helium c

cand then again into
the normal form of helium.

Helium-4Helium-3

Neutron

Deuteron

Energy

Proton

 Figure 17.17 helium Formation  Some of the reaction sequences that led to the 
formation of helium in the early universe.
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The temperature at that time was several tens of thousands of kelvins—too hot for 
atoms of hydrogen to exist, although some helium ions may already have formed. 
During the next few hundred thousand years, the universe expanded by another 
factor of 10, the temperature dropped to a few thousand kelvins, and electrons 
and nuclei combined to form neutral atoms. By the time the temperature had 
fallen to 3000 K, the universe consisted of atoms, photons, and dark matter.

The period during which nuclei and electrons combined to form atoms is 
often called the epoch of decoupling, for it was during this period that the radia-
tion background parted company with normal matter. At early times, when mat-
ter was ionized, the universe was filled with large numbers of free electrons that 
interacted frequently with electromagnetic radiation of all wavelengths. A photon 
could not travel far before encountering an electron and scattering off it. The uni-
verse was opaque to radiation. However, when the electrons combined with nu-
clei to form atoms of hydrogen and helium, only certain wavelengths of 
radiation—those corresponding to the spectral lines of those atoms—could inter-
act with matter.  (Sec. 2.6) Light of all other wavelengths could travel virtually 
forever without being absorbed. The universe became nearly transparent. After 
that time, as the universe expanded, the radiation simply cooled, eventually to 
become the microwave background we observe today.

The microwave photons now detected on Earth have been traveling through 
the universe ever since they decoupled. According to the models that best fit the 
observational data, their last interaction with matter (at the epoch of decoupling) 
occurred when the universe was about 400,000 years old and roughly 1100 times 
smaller (and hotter) than it is today—that is, at a redshift of 1100. As illustrated 
in Figure 17.18, the epoch of atom formation created a kind of “photosphere” in 
the universe, often referred to as the surface of last scattering, completely sur-
rounding Earth at a distance of approximately 14,000 Mpc, corresponding to a 
redshift of 1100.  (More Precisely 15-1) On our side of the photosphere—that 
is, since decoupling—the universe is transparent. On the far side—before decou-
pling—it was opaque. Thus, by observing the microwave background, we are 
probing conditions in the universe almost all the way back in time to the Big 
Bang itself, in much the same way as studying sunlight tells us about the surface 
layers of the Sun.

17.7 Cosmic inflation
In the late 1970s, cosmologists were confronted with two nagging problems that 
had no easy explanation within the standard Big Bang model. Their resolution 
has caused theorists to completely rethink their views of the very early universe.

The horizon and Flatness Problems
The first problem is known as the horizon problem. Imagine observing the mi-
crowave background in two opposite directions on the sky, as illustrated in Figure 
17.19. As we have just seen, in doing so we are actually observing two distant re-
gions of the universe, marked A and B on the figure, where the radiation back-
ground last interacted with matter. The fact that the background is known to be 
isotropic to high accuracy means that regions A and B must have had very similar 
densities and temperatures at the time the radiation we see left them.

The problem is, within the Big Bang theory as just described, there is no par-
ticular reason why these regions should have been so similar. At the time in ques-
tion, a few hundred thousand years after the Big Bang, regions A and B were 
separated by many megaparsecs, and no signal—sound waves, light rays, or any-
thing else—had had time to travel from one to the other. In cosmological 

The universe is
opaque out here.

The universe is
transparent here.

This is the “photosphere”
at redshift of 1100.
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 Figure 17.18 radiation–Matter Decoupling  When 
atoms formed, the universe became transparent to radiation. 
Thus, observations of the cosmic background radiation reveal 
conditions in the universe around a time when the redshift 
was 1100 and the temperature was less than about 3000 K. For 
an explanation of how we can see a region of space 14,000 
Mpc (46 billion light-years) away when the universe is just  
14 billion years old, see More Precisely 15-1.
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at redshift of 1100.
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 Figure 17.19 horizon Problem  The isotropy of the 
microwave background indicates that regions A and B in the 
universe were very similar to each other when the radiation we 
now observe left them, but there has not been enough time 
since the Big Bang for them ever to have interacted with one 
another. Why then should they look the same?
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terminology, each region lay outside the other’s horizon. But with no possibility of 
information or energy exchange between these regions, there was no way for 
them to “know” that they should look the same. The only alternative is that they 
simply started off looking alike—an assumption that cosmologists are very un-
willing to make.

The second problem with the standard Big Bang model is called the flatness 
problem. Whatever the exact value of the cosmic density, it is quite close to the 
critical value. In terms of spacetime curvature, the universe is remarkably close 
to being flat. But again, there is no good reason why the universe should have 
formed with a density very close to critical. Why not a millionth or a million times 
that value? Furthermore, as can be seen in Figure 17.20, a universe that starts off 
close to, but not exactly on, the critical curve soon deviates greatly from it, so if 
the universe is close to critical now, it must have been extremely close to critical in 
the past. For example, even if Ω0 were as low as 0.1 today, the departure from the 
critical density at the time of nucleosynthesis would have been only change:  
1 part in 1015 (a thousand trillion).

These observations constitute “problems” because cosmologists want to be 
able to explain the present condition of the universe, not just accept it “as is.” 
They would prefer to resolve the horizon and flatness problems in terms of physi-
cal processes that could have taken a universe with no special properties and 
caused it to evolve into the cosmos we now see. The resolution of both problems 
takes us back in time even earlier than nucleosynthesis or the formation of any of 
the elementary particles we know today—back, in fact, almost to the instant of 
the Big Bang itself.

The epoch of inflation
In the 1970s and 1980s, theoretical physicists succeeded in combining, or 
unifying, the three nongravitational forces in the universe—electromagnetism 
and the strong and weak forces—into a single all-encompassing “superforce.”  

 (More Precisely 9-1) A general prediction of the Grand Unified Theories 
(GUTs) that describe this superforce is that the three forces are unified and 
indistinguishable from one another only at enormously high energies—corresponding 
to temperatures in excess of 1028 K. At lower temperatures, the superforce splits into 
three, revealing its separate electromagnetic, strong, and weak characters.

In the 1980s, cosmologists discovered that Grand Unified Theories had some 
remarkable implications for the very early universe. Less than 10234 s after the 
Big Bang, parts of the cosmos could have temporarily found themselves in a very 
odd and unstable condition in which empty space—the very fabric of the uni-
verse—acquired vacuum energy, in essence becoming excited above its normal 
equilibrium state. Esoteric though this sounds, these regions are of direct interest 
to us—if theorists are correct, we live in one!

The appearance of vacuum energy had dramatic consequences. For a short 
while, as illustrated in Figure 17.21, the extra energy caused the affected region to 
expand at an enormously accelerated rate. (The effect is similar in concept but 
vastly greater in magnitude than the cosmic acceleration associated with the cos-
mological constant, discussed in Discovery 17-1.) The vacuum energy density re-
mained almost constant as the region grew, and the expansion accelerated with 
time while this out-of-equilibrium condition persisted. In fact, the size of the re-
gion doubled many times over. This period of unchecked cosmic expansion is 
known as the epoch of inflation.

Eventually, the vacuum returned to its normal “true” state and inflation 
stopped. Regions of normal space began to appear within the false vacuum and 
rapidly spread to include the entire expanding region. The whole episode lasted a 
mere 10232 s, but during that time the patch of the universe that had become 
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 Figure 17.20 Flatness Problem  If the universe deviates 
even slightly from critical density, that deviation grows rapidly 
in time. For the universe to be as close to critical as it is today, 
it must have differed from the critical density in the past by 
only a tiny amount.
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 Figure 17.21 Cosmic inflation  During the period of 
inflation, the universe expanded enormously in a very short 
time. Afterward, it resumed its earlier “normal” expansion 
rate, except that the size of the cosmos had become about 
1050 times bigger than it was before inflation.
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unstable swelled in size by the incredible factor of about 1050. After the inflation-
ary phase, the universe once again resumed its (relatively) leisurely expansion, 
but a number of important changes had occurred that would have far-reaching 
ramifications for the evolution of the cosmos.

The original theory of inflation was developed in the early 1980s and associ-
ated the inflationary period (as in Figure 17.21) with the end of the so-called, 
GUT epoch, as temperatures fell below 1028 K and the basic forces of nature be-
came reorganized—a little like a gas liquefying or water freezing as the tempera-
ture drops. However, researchers have since realized that conditions suitable for 
inflation could have occurred under many different circumstances—and possibly 
many times—during the evolution of the early universe, making inflation a rather 
generic prediction of current theoretical models.

implications for the universe
Inflation provides a natural solution for the horizon and flatness problems. The 
horizon problem is solved because inflation took regions of the universe that had 
already had time to communicate with one another—and so had established sim-
ilar physical properties—and then dragged them far apart, well out of communi-
cation range. In effect, the universe expanded much faster than the speed of light 
during the inflationary epoch, so what was once within the horizon now lies far 
beyond it. (Relativity restricts matter and energy to speeds less than the speed of 
light, but imposes no such limit on the universe as a whole.) Regions A and B in 
Figure 17.19 have been out of contact with one another since 10232 s after the Big 
Bang, but they were in contact before then. Their properties are the same today 
because they were the same long ago, before inflation separated them.

Figure 17.22 illustrates how inflation solves the flatness problem. Imagine that 
you are a 1-mm-long ant sitting on the surface of an expanding balloon. When the 
balloon is just a few centimeters across, you can easily see that its surface is curved 
because its circumference is comparable to your own size. However, as the balloon 
expands, the curvature becomes less pronounced. When the 
balloon is a few kilometers across, your “ant-sized” patch of 
the surface looks quite flat, just as Earth’s surface looks flat to 
us. Now imagine that the balloon expands 100 trillion trillion 
trillion trillion times. Your local patch of the surface would 
be completely indistinguishable from a perfectly flat plane. 
Thus, any curvature the universe may have had before infla-
tion has been expanded so much that space is now perfectly 
flat on all scales we can ever hope to observe.

This resolution to the flatness problem—the universe 
appears close to being flat because the universe is in fact 
precisely flat, to very high accuracy—has another very im-
portant consequence. Because the universe is geometrically 
flat, relativity tells us the total density must be exactly equal 
to the critical value: Ω0 = 1 (Section 17.3). This is the key 
result that led us to conclude in Section 17.4 that dark en-
ergy—whatever it is—must dominate total density of the 
universe. Not only is most matter dark (Section 17.6), but 
most of the cosmic density isn’t made up of matter at all.

Even though inflation solves the horizon and flatness 
problems in a quite convincing way, for nearly two decades 
after it was first proposed the theory was resisted by many astronomers. The 
main reason was that its prediction of Ω0 = 1 was at odds with the growing evi-
dence that the density of matter in the universe was no more than 30 percent or 
so of the critical value. Many cosmologists had in fact considered the possibility 

Here, the ant can sense
the curvature c

cbut here, the curvature is
so slight that the ant senses
a flat surface.

Radius
=  1 km

Radius
=  1048 m

Radius
=  10 cm

 Figure 17.22 inflation and the Flatness Problem   
Inflation solves the flatness problem by enormously 
expanding a curved surface, here represented by the surface 
of a balloon. To an ant on the surface, the balloon looks 
virtually flat when the expansion is complete.
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that a cosmological constant might provide a way to account for the remaining 
70 percent of the cosmic density, but without independent corroboration, a con-
clusive case could not be made. That is why the supernova observations were so 
important—by demonstrating acceleration in the cosmic expansion rate, they es-
tablished independent evidence for the effects of dark energy and in doing so rec-
onciled inflation with the discrepant observations.

Physicists will probably never create in terrestrial laboratories conditions even 
remotely similar to those that existed in the universe during the inflationary epoch. 
Creation of a false vacuum is (safely) beyond our reach. Nevertheless, cosmic in-
flation seems to be a natural consequence of many Grand Unified Theories, and it 
explains two otherwise intractable problems within the Big Bang theory. For these 
reasons, despite the lack of direct evidence for the process, inflation theory has 
become an integral part of modern cosmology. It makes definite, testable predic-
tions about the large-scale geometry and structure of the universe that are criti-
cally important to current theories of galaxy formation. As we will see in the next 
section, astronomers are now subjecting these predictions to rigorous scrutiny.

17.8  Large-Scale Structure in the 
universe

Most cosmologists think that the present large-scale structure in the universe 
grew from small inhomogeneities—slight deviations from perfectly uniform 
density—that existed in the early universe. Denser than average clumps of matter 
contracted under the influence of gravity and merged with other clumps, 
eventually reaching the point where stars began to form and luminous galaxies 

appeared.  (Sec. 16.3)
The intense background radiation in the early universe effec-

tively prevented clumps of normal matter from forming or grow-
ing. Just as in a star, the pressure of the radiation stabilized the 
clumps against the inward pull of their own gravity.  (Sec. 12.1) 
Instead, the first structures to appear did so in the dark matter 
that makes up the bulk of matter in the universe. While the true 
nature of dark matter remains uncertain, its defining property is 
the fact that it interacts only very weakly with both normal matter 
and radiation. Consequently, clumps of dark matter were unaf-
fected by the radiation background and began to grow as soon as 
matter first began to dominate the cosmic density.

Thus, as illustrated in Figure 17.23, dark matter determined 
the overall distribution of mass in the universe and clumped to 
form the observed large-scale structure. Then, at later times, nor-
mal matter was drawn by gravity into the regions of highest den-
sity, eventually forming galaxies and galaxy clusters. This picture 
explains why so much dark matter is found outside the visible gal-
axies. The luminous material is strongly concentrated near the 
density peaks and dominates the dark matter there, but the rest of 
the universe is essentially devoid of normal matter. Like foam on 
the crest of an ocean wave, the universe we see is only a tiny frac-
tion of the total.

AniMATiOn/viDeO

cosmic structure

ConCept CheCk

Does the theory of inflation itself say anything 
about the composition of the universe?

The plots below are graphical representations
of structure growth.

The maps above show what those
structures might look like on the sky.
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 Figure 17.23 Structure Formation  (a) The very early universe was a 
mixture of (mostly) dark and normal matter. (b) A few thousand years after 
the Big Bang, the dark matter began to clump. (c) Eventually, the dark matter 
formed large structures (represented here by the two high-density peaks) 
into which normal matter flowed, ultimately to form the galaxies seen today.
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Figure 17.24 shows 
the results of a supercom-
puter simulation of a “best-bet” 
universe consisting of 5 percent normal 
matter, 27 percent dark matter, and 68 percent 
dark energy, in the form of a cosmological constant 
(see Figure 17.10).  (Sec. 17.3) The similarities with real 
observations of cosmic structure shown in Figures 16.22, 16.23, and 
17.1, are striking, and more detailed statistical analysis shows that these 
models in fact agree extremely well with reality. Although calculations like this 
cannot prove that these models are the correct description of the universe, the 
agreement in detail between simulations and reality strongly favor the cosmo-
logical constant/dark-matter model of the cosmos.

Dark matter does not interact directly with photons, so its growing density 
fluctuations did not directly affect the radiation background. However, as just 
described, those fluctuations were coupled to normal matter by gravity, with the 
result that, before decoupling, the cosmos was filled with tiny fluctuations in the 
density of normal matter. These density fluctuations in turn caused temperature 
fluctuations in the radiation field, and those features were “imprinted” in the 
microwave background when matter and radiation finally parted company at a 
redshift of 1100. Thus a key prediction of dark-matter models is that there should 
be tiny “ripples” in the microwave background—temperature variations of only a 
few parts per million from place to place on the sky.

In 1992, after almost 2 years of careful observation, the COBE team (Section 
17.5) announced that the expected ripples had been detected. The temperature 
fluctuations were only 30–40 millionths of a kelvin, but they were there. The 
COBE data were limited by relatively low (roughly 7°) resolution, but combined 
with computer simulations such as that shown in Figure 17.24, they predicted a 
present-day structure that is consistent with the superclusters, voids, filaments, 
and Great Walls we see around us. Detailed analysis also supported the key pre-
diction of inflation theory—that the universe is of exactly critical density and 
hence spatially flat. For these reasons, the COBE observations rank alongside the 
discovery of the microwave background itself in terms of their importance to the 
field of cosmology. The lead investigators of the COBE program won the 2006 
Nobel Prize in physics for their groundbreaking work.

Subsequent missions have radically improved our view of the microwave back-
ground, confirming and extending the COBE results. NASA’s Wilkinson Microwave 
Anisotropy Probe (WMAP) operated from 2001 until 2009. Its angular resolution was 
roughly 20′–30′, some 20 times finer than that of COBE, allowing extraordinarily 
detailed measurements of many cosmological parameters to be made. More re-
cently, the European Space Agency’s Planck mission, launched in 2009, refined 

 Figure 17.24 Structure Simulated   
Three views of a (present-day) 100 * 100 *

100-Mpc cube in a simulated dark-matter 
universe with Ω0 = 1. The cube expands as 

the universe expands, so that it encloses the 
same material at all times. The three frames show 

structures progressively growing from small-density 
fluctuations in the early universe, displayed at three 

different times after the Big Bang. (V. Springel)

14 billion years

4 billion years

1 billion years

Structure in the universe

Forty-two percent of students had difficulty 
describing the order in which different kinds of 
structure formed in the early universe. Some 
points to remember:

 Matter formed as the expanding universe 
became cool enough to allow first elementary 
particles (protons and neutrons), then nuclei to 
exist—all within the first few minutes after the 
Big Bang.

 The first atoms formed hundreds of thousands 
of years later, when the background radiation 
temperature dropped below a few thousand 
kelvins.

 Large-scale structure began to form in the dark 
matter component of the cosmos at very early 
times, not long after nuclei formed, but the 
radiation background prevented normal matter 
from clumping into stars and galaxies until long 
after atoms formed.

 Stars, galaxies, and quasars began to form a 
few hundred million years after the Big Bang, as 
cool gas flowed into regions of high dark 
matter density.

Data points
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WMAP’s observations by a further factor of 3 in resolution and 10 in sensitivity, mak-
ing still more precise measurements of the microwave sky. Figure 17.25 shows an 
all-sky map of temperature fluctuations in the microwave background, based on 
Planck observations. The inset shows a smaller-scale (2° wide) high-resolution image 
returned by Cosmic Background Imager, a ground-based microwave telescope lo-
cated high in the Chilean Andes. Each of the irregular high-temperature regions in 
these images represents a slightly denser than average clump of dark matter that will 
one day collapse to form a supercluster-sized clump of galaxies. According to the 
Planck data, we are seeing the universe here when it was less than 400,000 years old, 
yet the future development of the cosmos is already imprinted in these tiny ripples.

Both maps in Figure 17.25 show temperature fluctuations of a few hundred mi-
crokelvins, with a characteristic angular scale of about 1°—pretty much what your 
eye sees from one “blob” to the next and confirmed by more quantitative means. This 
scale is related to conditions in the early universe in a very important way: It corre-
sponds to the maximum distance a sound wave can travel between the end of infla-
tion and the time of decoupling. Sound waves were produced every time an overdense 
clump of dark matter began to collapse under its own gravity, eventually to form a 
galaxy cluster or supercluster. Normal matter and radiation were also slightly com-
pressed by the contracting clump, but the radiation “pushed back” on the matter, 
causing it to expand rapidly outward in a shell, as illustrated in Figure 17.26.

The weak gravity of the dark matter clump was far too weak to prevent the 
shell from escaping, so it continued to expand until the epoch of decoupling, at 
which time the background radiation stopped interacting with normal matter 
and the shell stalled. The combined imprints of many overlapping shells on the 
microwave background sets the scale we see in Figure 17.25. Cosmologists can 
compute this scale for any given set of cosmological assumptions, allowing direct 
comparison between observations and theory. The observed fluctuations are in 
excellent agreement with the theoretical prediction for a universe with Ω0 = 1 and 
having the composition indicated in Figure 17.10.

Remarkably, these ideas also connect the microwave background to the ob-
served distribution of galaxies at later times. Because the expanding shell just 
discussed itself represents a denser-than-average part of the universe, it too will 
tend to attract more matter, and it will eventually form galaxies of its own. The 
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 Figure 17.25 early Structure interactive  The entire microwave sky, as seen by the Planck spacecraft. The inset shows a 
comparably high-resolution map of a small patch of sky, obtained by the ground-based Cosmic Background Imager instrument at  
30 GHz (1-cm wavelength). The bright blobs are slightly denser-than-average regions of the universe at an age of roughly 400,000 years; 
they will eventually contract to form clusters of galaxies. (ESA; CBI)

Dark
matter

Normal matter
and radiation

This wave is propagating away
from the central spike.

 Figure 17.26 Acoustic Oscillation  This sketch is a two-
dimensional rendering of a three-dimensional wave of normal 
matter pushed by radiation away from a clump of dark matter 
in the early universe. In reality, many such sound waves would 
have propagated like this all over the sky wherever there were 
concentrations of dark matter.
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result is that every dark matter region that forms a galaxy or galaxy cluster is ex-
pected to have associated with it a secondary shell of galaxies. This feature is im-
printed on the galaxy distribution throughout the universe and at all redshifts. 
Figure 17.27 shows how such a ripple grows with the expansion of the universe; 
today, its radius would be about 150 Mpc. It forms a “standard yardstick,” telling 
us precisely the scale of the universe at different times in the past, and represents 
an alternative powerful means of probing the expansion of the universe, inde-
pendent of the supernova studies earlier in this chapter.

Of course, every density fluctuation will give rise to a similar wave, so what 
we actually observe is a large number of shells overlapping and mixed together. 
Nevertheless, astronomers can infer statistically the existence of these shells, and 
that has been a major goal of the Sloan Digital Sky Survey, which includes data 
from more than a million galaxies.  (Discovery 15-1) The separations of those 
galaxies, again measured statistically, are completely consistent with the predic-
tions of the process just described.

The first decade of the 21st century saw the basic parameters of the universe 
measured (even if not yet fully understood) to an accuracy only dreamed of just a 
few years ago. It now appears that the second decade is well on track to explore 
the nature of dark matter and dark energy with unprecedented precision.

The white ring depicts the propagation of sound waves at later times, remnants of which
can be detected on the sky.

13.8 5.5 3.8 billion years ago

ConCept CheCk

Why is dark matter important to galaxy 
formation? How do observations of the microwave 
background support this view?

AniMATiOn/viDeO

ripples in the early Universe

AniMATiOn/viDeO

COBE and WMAP View of cosmic microwave Background

 Figure 17.27 Acoustic remnants  The record 
of expanding sound waves in the early universe allows 
astronomers to retrace cosmic history. This simulation 
shows how the small-density variations of the early 
universe (left) grew to become the clusters, walls, and 
filaments seen in more recent times. (Z. Rostomian/SDSS)

The Big QueSTiOn

What is the origin of the universe, and what will be its ultimate fate? Did it 
actually have an origin, or has it existed forever? Can astronomers ever 
hope to answer such fundamental questions? No one knows the answers, 
but for the first time in recorded history, human beings are using logic, 
rationality, and some very sophisticated (and expensive) experimental 
equipment to try to address them. Might we be on the cusp of answering 
some of the deepest queries any human has ever asked?
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LO1 On scales larger than a few hundred 
megaparsecs, the universe appears 
roughly homogeneous (p. 476; the 
same everywhere) and isotropic  
(p. 476; the same in all directions). 
In cosmology (p. 477)—the study of 
the universe as a whole—researchers usually assume that the 
universe is homogeneous and isotropic on large scales. This 
assumption is known as the cosmological principle (p. 477).

LO2 If the universe were homogeneous, 
isotropic, infinite, and unchanging, 
then the night sky would be bright 
because any line of sight would 
eventually intercept a star. The fact that the night sky is instead 
dark is called Olbers’s paradox (p. 477). Its resolution is that 
we see only a finite part of the universe—the region within 
which light has had time to reach us since the universe formed. 
Tracing the observed motions of galaxies back in time implies 
that, about 14 billion years ago, the universe consisted of a 
single point that expanded rapidly in the Big Bang (p. 478). 
Space itself was compressed to a point at that instant—the Big 
Bang happened everywhere at once. The cosmological redshift 
occurs as a photon’s wavelength is “stretched” by cosmic 
expansion. The extent of the observed redshift is a direct 
measure of the expansion of the universe since the photon was 
emitted.

LO3 There are only two possible outcomes to the 
current expansion: Either the universe will 
expand forever, or it will recollapse to a point. 
The critical density (p. 480) is the density of 
matter needed for gravity to overcome the 
present expansion and cause the universe to collapse. The total 
density of the universe (including matter, radiation, and dark 
energy) determines the geometry of the universe on the largest 
scales, as described by general relativity. In a high (greater-
than-critical) density universe, the curvature of space is 
sufficiently large that the universe “bends back” on itself and is 
finite in extent, somewhat like the surface of a sphere. Such a 
universe is said to be a closed universe (p. 481). A low-density 
open universe (p. 482) is infinite in extent and has a “saddle-
shaped” geometry. The critical universe (p. 482) has a density 
precisely equal to the critical value and is spatially flat.

LO4 Luminous and dark matter account for only 25–30 percent of 
the critical cosmic density. Observations of distant supernovae 
suggest that the expansion of the universe may be accelerating, 

possibly driven by the effects of a force 
commonly called dark energy (p. 483). 
One candidate for this dark energy is the 
cosmological constant (p. 484), a 
repulsive force that may exist throughout 
all space. Its physical nature is unknown. 
Other, independent observations are 
consistent with the idea that the universe 
is flat—that is, of exactly critical density—with (mostly dark) 
matter making up 32 percent of the total and dark energy 
making up the rest. Such a universe will expand forever.

LO5 The cosmic microwave background  
(p. 487) is isotropic blackbody radiation 
that fills the entire universe. Its present 
temperature is about 3 K. Its existence is 
evidence that the universe expanded from a 
hot, dense state. As the universe has 
expanded, the initially high-energy radiation has been redshifted 
to lower and lower temperatures. At the present time, the 
densities of dark energy and matter in the universe both greatly 
exceed the equivalent mass density of radiation. The density of 
dark energy remains constant as the universe expands, but the 
matter density was much greater in the past, when the universe 
was smaller. However, because radiation is redshifted as the 
universe expands, the density of radiation was greater still. The 
early universe was radiation-dominated (p. 489).

LO6 All of the hydrogen in the universe is 
primordial, formed from radiation as the hot 
early universe expanded and cooled. Most of 
the helium observed in the universe today is 
also primordial, created by fusion between protons and 
neutrons a few minutes after the Big Bang. This is known as 
primordial nucleosynthesis (p. 489). Other, heavier 
elements were formed much later, in the cores of stars. 
Detailed studies of this process indicate that “normal” matter 
can account for at most 3 percent of the critical density. By 
the time the universe was about 1100 times smaller than it is 
today, the temperature had become low enough for the first 
atoms to form. At that time, the (then visible) radiation 
background decoupled (p. 491) from the matter. The 
photons that now make up the microwave background have 
been traveling freely through space ever since.

LO7 According to modern Grand Unified Theories (p. 492), the 
three nongravitational forces of nature first began to display 
their separate characters about 10234 s after the Big Bang. A 

SuMMAry

Ch a p ter  r e v ie w

Sloan
Great Wall

Sloan
Great Wall

0

500

0.25

0.20

0.15

0.10

0.05

1000

Distance
(Mpc)

Redshift

H0 =  70 km/s/Mpc

100 300 1000 3000 10,000
Distance (Mpc)

Accelerating
universe

Decelerating
universe

0.5

0.2

0.1

0.05

0.02

1.0

R
ed

sh
ift

Frequency

Today
radio

(d) 

105 years
optical

(b) 

1 second
gamma rays

(a) 

107 years
infrared

(c)

In
te

ns
ity

Helium-4Helium-3

Neutron

Deuteron

Energy

Proton

Time

Low density—universe
expands forever

High density—universe
collapses

Present
time

D
is

ta
nc

e

Big
Bang

M20_CHAI7702_08_SE_C17.indd   498 14/11/15   10:25 AM



brief period of rapid cosmic expansion 
called the epoch of inflation (p. 492) 
ensued, during which the size of the 
universe increased by a factor of about 
1050. The horizon problem (p. 491) is the 
fact that, according to the standard (that is, 
noninflationary) Big Bang model, there is no good reason for 
widely separated parts of the universe to be as similar as they 
are. Inflation solves the horizon problem by taking a small 
homogeneous patch of the early universe and expanding it 
enormously. Inflation also solves the flatness problem  
(p. 492), which is the fact that there is no obvious reason 
why the density of the universe is so close to critical. Inflation 
implies that the universe is spatially flat and hence that the 
cosmic density is exactly critical.

LO8 The large-scale structure observed in 
the universe today formed when 
density inhomogeneities in the dark 
matter clumped and grew to create 
the “skeleton” of the structure now 
observed. Normal matter then flowed into the densest regions 
of space, eventually forming the galaxies we now see. 
“Ripples” in the microwave background, discovered by the 
COBE satellite, are the imprint of these early inhomogeneities 
on the radiation field and lend strong support to the 
inflationary prediction that we live in a flat, critical-density 
universe. Detailed observations of the microwave background, 
combined with studies of large-scale structure in the cosmos, 
provide detailed information on the basic cosmological 
parameters of the universe.
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Problems labeled POS explore the process of science. viS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

revieW AnD DiSCuSSiOn
 1. LO1 What evidence do we have that there is no structure in the 

universe on very large scales? How large is “very large”?

 2. What is the cosmological principle?

 3. What is Olbers’s paradox? How is it resolved?

 4. LO2 Explain how an accurate measure of Hubble’s constant 
can lead to an estimate of the age of the universe.

 5. Why isn’t it correct to say that the expansion of the universe 
involves galaxies flying outward into empty space?

 6. Where did the Big Bang occur?

 7. How does the cosmological redshift relate to the expansion of 
the universe?

 8. What is Ω0? What is the current best estimate of its value, and 
what does this imply about the geometry of the universe?

 9. LO4 POS Why are observations of distant supernovae so impor-
tant to cosmology?

 10. LO5 What is the significance of the cosmic microwave 
background?

 11. LO6 Why do all stars, regardless of their supply of heavy ele-
ments, seem to contain at least one-quarter helium by mass?

 12. When did the universe become transparent to radiation?

 13. LO7 POS What is cosmic inflation? How does inflation solve 
the horizon problem? The flatness problem?

 14. POS What is the connection between dark matter and the for-
mation of large-scale structure in the universe?

 15. LO8 POS What prediction of inflation theory has since been 
verified by observations of the microwave background?

COnCePTuAL SeLF-TeST: True Or FALSe/MuLTiPLe ChOiCe
 1. Deep surveys of the universe indicate that the largest structures 

in space are about 50 Mpc in size. (T/F)

 2. If the universe had an edge, that fact would violate the assump-
tion of isotropy in the cosmological principle. (T/F)

 3. Hubble’s law implies that the universe will expand forever. 
(T/F)

 4. The cosmological redshift is a direct measure of cosmic expan-
sion. (T/F)

 5. The cosmic microwave background is the highly redshifted ra-
diation of the early Big Bang. (T/F)

 6. Observations suggest that the density of the universe is made 
up mostly of dark matter. (T/F)

 7. The microwave background radiation last interacted with mat-
ter around the time of decoupling. (T/F)

 8. The theory of inflation predicts that the density of the universe 
is exactly equal to the critical density. (T/F)

 9. Olbers’s paradox is resolved by (a) the finite size of the uni-
verse; (b) the finite age of the universe; (c) light from distant 
galaxies being redshifted so we can’t see them; (d) the fact that 
there is an edge to the universe.

 10. The galactic distances used to measure the acceleration of the 
universe are determined by observations of (a) trigonometric 
parallax; (b) line broadening; (c) Cepheid variable stars; (d) ex-
ploding white dwarfs.

 11. On the basis of our current best estimate of the present mass 
density of the universe, astronomers think that (a) the universe 
is finite in extent and will expand forever; (b) the universe is fi-
nite in extent and will eventually collapse; (c) the universe is 
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infinite in extent and will expand forever; (d) the universe is 
infinite in extent and will eventually collapse.

 12. The age of the universe is estimated to be (a) less than Earth’s 
age; (b) the same as the age of the Sun; (c) the same as the age 
of the Milky Way Galaxy; (d) greater than the age of the Milky 
Way Galaxy.

 13. The horizon problem in the standard Big Bang model is solved 
by having the universe (a) accelerate; (b) inflate rapidly early in 
its existence; (c) have tiny, but significant fluctuations in tem-
perature; (d) be geometrically flat.

 14. viS The data points in Figure 17.8 (Accelerating Universe) (a) 
prove that the universe is not expanding; (b) imply that the ex-
pansion is decelerating faster than expected; (c) allow a mea-
surement of Hubble’s constant; (d) indicate that the redshifts 
of distant galaxies are greater than would be expected if gravity 
alone were acting.

 15. viS According to Figure 17.16 (Changing Dominance), when 
the universe was 10 years old, the density of radiation was (a) 
much greater than that of matter; (b) much less than that of 
matter; (c) comparable to that of matter; (d) unknown.

PrOBLeMS
The number of squares preceding each problem indicates its approximate level of difficulty.

 1.  What is the greatest distance at which a galaxy survey sensi-
tive to objects as faint as 20th magnitude could detect a galaxy 
as bright as the Milky Way (absolute magnitude –20)? 

 (More Precisely 10-1)

 2.  If the entire universe were filled with Milky Way-like galax-
ies, with an average density of 0.1 per cubic megaparsec, calcu-
late the total number of galaxies observable by the survey in 
the previous question if it covered the entire sky.

 3.  Eight galaxies are located at the corners of a cube. The pre-
sent distance from each galaxy to its nearest neighbor is 10 
Mpc, and the entire cube is expanding according to Hubble’s 
law, with H0 = 70 km/s/Mpc. Calculate the recession velocity 
(magnitude and direction) of one corner of the cube relative to 
the opposite corner.

 4.  According to the standard Big Bang theory (neglecting any 
effects of cosmic acceleration), what is the maximum possible 
age of the universe if H0 = 50 km/s/Mpc? 70 km/s/Mpc? 80 
km/s/Mpc?

 5.  For a Hubble constant of 70 km/s/Mpc, the critical density 
is 9 * 10227 kg/m3. (a) How much mass does this correspond 
to within a volume of 1 cubic astronomical unit? (b) How 
large a cube would be required to enclose 1 Earth mass of 
material?

 6.  The Virgo Cluster is observed to have a recessional velocity 
of 1200 km/s. Assuming H0 = 70 km/s/Mpc and a critical-den-
sity universe, calculate the total mass contained within a sphere 
centered on Virgo and just enclosing the Milky Way Galaxy. 
What is the escape speed from the surface of this sphere?  

 (More Precisely 5-1)

 7.  (a) What is the present peak wavelength of the cosmic mi-
crowave background? Calculate the size of the universe relative 
to the present size when the radiation background peaked in 
(b) the infrared, at 10 μm, (c) in the ultraviolet, at 100 nm, and 
(d) in the gamma ray, at 1 nm.

 8.  What were the matter density and the equivalent mass den-
sity of the cosmic radiation field when the universe was one-
thousandth its present size? Assume critical density, and don’t 
forget the cosmological redshift.

 9.  What was the distance at the time of decoupling between the 
points that would eventually become the center of the Milky 
Way and the center of a nearby galaxy cluster, if the present 
distance to the cluster is 100 Mpc?

 10.  The “blobs” evident in the inset to Figure 17.25 are about 
20′ (arcminutes). If those blobs represent clumps of matter 
around the time of decoupling (redshift = 1100), and assuming 
Euclidean geometry, estimate the size of these clumps at the 
time of decoupling.  (More Precisely 15-1)
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ACTiviTieS
Collaborative
 1. Make a model of a two-dimensional universe and use it to ex-

amine Hubble’s law. Find a balloon that will expand into a 
nice, large sphere. Blow it up about halfway, and mark dots all 
over its surface; the dots will represent galaxies. Each group 
member should choose one dot as his/her home galaxy. Using 
a measuring tape, measure the distances to various other gal-
axies, numbering the dots so you will not confuse them later. 
Now blow the balloon up to full size and measure the dis-
tances again. Calculate the change in the distances for each 
galaxy; this is a measure of its velocity (change in position/
change in time; the time is the same for all and is arbitrary). 
Plot their velocities versus their new distances as in Figure 
15.16 or 17.8. Do you get a straight-line correlation, that is, a 
“Hubble” law? Does it matter which dot you choose as home? 
Demonstrate this to your class.

individual
 1. Isotropy is the extent to which things look the same in every 

direction. Considering buildings, geographic features, and 
similar objects within a few miles of your current location, is 
your local universe isotropic? If not, is there any scale on 
which isotropy applies, even approximately?

 2. Write a paper on the philosophical differences between living 
in an open, closed, or flat universe. Are there aspects of any of 
these three possibilities that are hard to accept? Do you have a 
preference?

 3. Go to your library or online and read about the steady-state 
universe, which enjoyed some measure of popularity in the 
1950s and 1960s. How did it differ from the standard Big Bang 
model? What were its main assumptions and predictions, and 
why did its proponents regard it as superior to the Big Bang? 
Why is the steady-state model not widely accepted today—
what key predictions did it make that were inconsistent with 
observations?
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Life in the Universe
Are We Alone?

18

alternative sites for the development of extraterrestrial 
life. Still, despite blockbuster movies, science-fiction 
novels, and many claims of extraterrestrial contact, 
astronomers have so far found no evidence for life, 
intelligent or otherwise, anywhere else in the universe. 
Nevertheless, the search goes on.

 Is there intelligent life elsewhere in the universe? 
We saw in Chapter 4 how astronomers are amassing 
growing evidence of potentially Earth-like planets 
orbiting other stars. Perhaps, as this fanciful artist’s 
conception suggests, Earth-like moons may orbit 
many giant exoplanets, providing important 

Studying this chapter will 
enable you to:

LO1 Summarize the process of 
cosmic evolution, as it is 
currently understood.

LO2 Describe the basic 
ingredients of life on Earth.

LO3 Identify the most promising 
sites for life elsewhere in the 
solar system, and explain why 
they are promising.

LO4 Summarize the various 
probabilities used to estimate 
the number of advanced 
civilizations that might exist in 
our Galaxy.

LO5 Outline some techniques we 
might use to search for 
extraterrestrials and to 
communicate with them.

Visit www.masteringastronomy.com  
for quizzes, animations, videos, 
interactive figures, and self-guided 
tutorials.

Earth is the only place in the universe where we know for certain that life exists. Despite 
the likelihood of life elsewhere in the universe, we have no clear evidence for it. None of 
the thousands of known extrasolar planets has yet shown any sign of life, intelligent or 
otherwise. Even so, astronomers keep watchful eyes on the sky, constantly aware and 
hopeful that evidence for extraterrestrial intelligence (ETI) might emerge at any moment.

The Big PicTUre

Are we unique? Is life on our planet the only example of life in the universe? If so, then 

what would be the implications of that momentous discovery? If not, then how and 

where should we look for other intelligent beings? These are difficult questions, for the 

subject of extraterrestrial life is one for which we have no data, but they are important 

questions, with profound implications for the human species. Earth is the only place in 

the universe where we know for certain that life exists. In this final chapter we take a 

look at how humans evolved on Earth and then consider whether those evolutionary 

steps might have happened elsewhere. Having done that, we assess the likelihood of our 

having Galactic neighbors and consider how we might learn about them if they exist.

L e A r n i n g 
O u tcO m e s
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504 chAPTer 18   Life in the universe

18.1 cosmic evolution
In our study of the universe, we have been careful to avoid any inference or con-
clusion that places Earth in a special place in the cosmos. This Copernican prin-
ciple has been our essential guide in helping define our place in the “big picture.”  

 (Sec. 1.1) But when discussing the topic of life in the universe we face a prob-
lem: Ours is the only planet we know of on which life and intelligence have 
evolved, making it hard for any discussion of intelligent life not to treat humans 
as special cases.

Accordingly, in this final chapter we must adopt a decidedly different ap-
proach. We first describe the chain of events leading to the only technologically 
proficient, intelligent civilization we know—us. Then, we try to assess the likeli-
hood of finding and communicating with intelligent life elsewhere in the 
cosmos.

Life in the Universe
With this human-centered viewpoint clearly evident, Figure 18.1 identifies seven 
major phases in the history of the universe: particulate, galactic, stellar, planetary, 
chemical, biological, and cultural evolution. Taken together, these evolutionary 
stages make up the grand sweep of cosmic evolution—the continuous transfor-
mation of matter and energy that has led to the appearance of life and civilization 
on Earth. The first four phases represent, in reverse order, the contents of this 
book up to this point. We now expand our field of view beyond astronomy to in-
clude the other three.

From the Big Bang to the evolution of intelligence and culture, the universe 
has evolved from simplicity to complexity. We are the result of an incredibly com-
plex chain of events that spanned billions of years. Were those events random, 
making us unique, or are they in some sense natural, so that a technological civi-
lization like ours is inevitable? Put another way, are we alone in the universe, or 
are we just one among countless other intelligent life-forms?

Before trying to answer these important questions, we need a working defi-
nition of life. The distinction between the living and the nonliving is not as ob-
vious as we might at first think. Generally speaking, scientists regard the 
following as characteristics of living organisms: (1) they can react to their 

 FigUre 18.1 Arrow of Time Some highlights of cosmic 
history, as it relates to the emergence of life on Earth, are 
noted along this arrow of time, from the beginning of the 
universe to the present. At the bottom of the arrow are seven 
“windows” outlining the major phases of cosmic evolution: 
evolution of primal energy into elementary 
particles; of atoms into 
galaxies and stars; of stars 
into heavy elements; of 
elements into solid rocky 
planets; of those elements 
into the molecular building 
blocks of life; of those 
molecules into life itself; 
and of advanced life-forms 
into intelligence, culture, 
and technological 
civilization. (D. Berry)
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environment and can often heal themselves when dam-
aged; (2) they can grow by taking in nourishment from 
their surroundings; (3) they can reproduce, passing 
along some of their own characteristics to their off-
spring; and (4) they have the capacity for genetic 
change and can therefore evolve from generation to 
generation to adapt to a changing environment.

These rules are not hard and fast, and a good work-
ing definition of life is elusive. Stars, for example, react 
to the gravity of their neighbors, grow by accretion, gen-
erate energy, and “reproduce” by triggering the forma-
tion of new stars, but no one would suggest that they are 
alive. For example, a virus is inert, often crystalline in 
form, when isolated from living organisms, but once in-
side a living system, it exhibits all the properties of life, 
seizing control of the cell and using the cell’s own ge-
netic machinery to grow and reproduce (Figure 18.2). 
Most researchers think that the distinction between liv-
ing and nonliving is more one of structure and complex-
ity than a simple checklist of rules.

The general case in favor of extraterrestrial life is 
summed up in what are sometimes called the assumptions of mediocrity: (1) be-
cause life on Earth depends on just a few basic molecules, (2) because the ele-
ments that make up these molecules are (to a greater or lesser extent) common to 
all stars, and (3) if the laws of science we know apply to the entire universe (as we 
have supposed throughout this book), then—given sufficient time—life must have 
originated elsewhere in the cosmos. The opposing view maintains that intelligent 
life on Earth is the product of a series of extremely fortunate accidents—astro-
nomical, geological, chemical, and biological events unlikely to have occurred 
anywhere else in the universe. The purpose of this chapter is to examine some of 
the scientific arguments for and against these viewpoints.

Life on earth
What information do we have about the earliest stages of planet Earth? Unfor-
tunately, not very much. Geological hints about the first billion years or so 
were largely erased by violent surface activity as volcanoes erupted and mete-
orites bombarded our planet; subsequent erosion by wind and water has seen 
to it that little evidence has survived to the present day. However, the early 
Earth was probably barren, with shallow lifeless seas washing upon grassless, 
treeless continents. Outgassing from our planet’s interior through volcanoes, 
fissures, and geysers produced an atmosphere rich in hydrogen, nitrogen, and 
carbon compounds and poor in free oxygen. As Earth cooled, ammonia, meth-
ane, carbon dioxide, and water formed. The stage was set for the appearance 
of life.

The surface of the young Earth was a very violent place. Natural radioactiv-
ity, lightning, volcanism, solar ultraviolet radiation, and meteoritic impacts all 
provided large amounts of energy that eventually shaped the ammonia, methane, 
carbon dioxide, and water into more complex molecules known as amino acids 
and nucleotide bases—organic (carbon-based) molecules that are the building 
blocks of life as we know it. Amino acids build proteins, and proteins control me-
tabolism, the daily utilization of food and energy by means of which organisms 
stay alive and carry out their vital activities. Sequences of nucleotide bases form 
genes—parts of the DNA molecule—that direct the synthesis of proteins and 
hence determine the characteristics of organisms (Figure 18.3). These same genes 

100 nm

 FigUre 18.2 Virus  This electron microscope image 
shows the H1N1 (Swine Flu) virus that killed thousands of 
people worldwide in 2009.  Viruses exist in the gray area 
between the living and the nonliving—they are lifeless when 
isolated from living organisms, but once inside a living 
system, they take on all the properties of life. A virus comes 
alive by transferring its genetic material into a living cell, 
seizing control and establishing itself as the new master of 
chemical activity, often with devastating results to the host 
organism. (Centers for Disease Control)
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also carry an organism’s hereditary characteristics from one generation to the 
next. In all living creatures on Earth—from bacteria to amoebas to humans—
genes mastermind life, while proteins maintain it.

The first experimental demonstration that complex molecules could have 
evolved naturally from simpler ingredients found on the primitive Earth came in 
1953. Scientists Harold Urey and Stanley Miller, using laboratory equipment 
somewhat similar to that shown in Figure 18.4, took a mixture of the materials 
thought to be present on Earth long ago—a “primordial soup” of water, methane, 
carbon dioxide, and ammonia—and energized it by passing an electrical dis-
charge (“lightning”) through it. After a few days, they analyzed their mixture and 
found that it contained many of the same amino acids found today in all living 
things on Earth. About a decade later, scientists succeeded in constructing nucle-
otide bases in a similar manner. These experiments have been repeated in many 
different forms, with more realistic mixtures of gases and a variety of energy 
sources, but always with the same basic outcomes.

None of these experiments has ever produced a living organism, and the mol-
ecules created are far less complex than the strand of DNA illustrated in Figure 
18.3. Nevertheless, they demonstrate conclusively that “biological” molecules can 
be synthesized by strictly nonbiological means, using raw materials available on 
the early Earth. More advanced experiments have fashioned protein-like blobs 
(Figure 18.5a) that behave to some extent like true biological cells. They resist dis-
solution in water and tend to cluster into small droplets called microspheres—a 
little like oil globules floating on the surface of water. The walls of these labora-
tory-made droplets permit the inward passage of small molecules, which then 
combine within the droplet to produce more complex molecules too large to pass 
back out through the walls. As the droplets “grow,” they tend to “reproduce,” 
forming smaller droplets.

Can we consider these proteinlike microspheres to be alive? Almost certainly 
not. The microspheres contain many of the basic ingredients needed to form life 
but are not life itself. They lack the hereditary molecule DNA. However, they do 
have similarities to ancient cells found in the fossil record (Figure 18.5b). Thus, 
while no actual living cells have yet been created “from scratch,” many biochem-
ists feel that many key steps in chemical evolution—the chain of events leading 
from simple nonbiological molecules to the building blocks of life itself—have 
now been demonstrated.

An interstellar Origin?
Recently, a dissenting view has emerged. Some scientists argue that there may not 
have been sufficient energy available to power the chemical reactions in Earth’s 
primitive atmosphere, and there may not have been enough raw material for the 
reactions to occur at a significant rate in any case. Instead, they suggest, most of the 
organic material that combined to form the first living cells was produced in inter-
stellar space and subsequently arrived on Earth in the form of interplanetary dust 
and meteors that did not burn up during their descent through the atmosphere.

To test this hypothesis, NASA researchers carried out their own version of the 
Urey-Miller experiment, exposing an icy mixture of water, methanol, ammonia, 
and carbon monoxide—representative of many interstellar grains—to ultraviolet 
radiation to simulate the energy from a nearby newborn star. As shown in Figure 
18.6, when they later placed the irradiated ice in water and examined the results, 
they found that it had formed droplets, surrounded by membranes, containing 
complex organic molecules. No amino acids, proteins, or DNA were found in the 
mix, but the results, repeated numerous times, clearly show that even the harsh, 
cold vacuum of interstellar space can be a suitable medium for the formation of 
complex molecules and primitive cellular structures.

These wires deliver electrical current
to energize the chemical reactions.

Water trapped here
contains amino acids.

Condenser

Gases

Boiling water

Spark
discharge

 FigUre 18.4 Urey-Miller experiment This chemical 
apparatus is designed to make complex biochemical 
molecules by energizing a mixture of simple chemicals. Gases 
(ammonia, methane, carbon dioxide, water vapor) are placed 
in the upper bulb to simulate Earth’s primordial atmosphere 
and then zapped by spark-discharge electrodes akin to 
lightening. After about a week, amino acids and other 
complex molecules emerge in the trap at the bottom, which 
simulates the primordial oceans into which heavy molecules 
produced in the overlying atmosphere would have fallen.

A

A

A

A

A T

T

T

T

T

C

C

G

C

C

C

G

G

G

G

G

CC

G

These letters represent the 
four types of nucleotide bases 
of DNA: adenine, cytosine, 
guanine, and thymine.

 FigUre 18.3 DnA Molecule  The DNA (deoxyribonucleic 
acid) molecule contains all the genetic information needed for a 
living organism to reproduce and survive. Often consisting of 
literally tens of billions of individual atoms, its double-helix structure 
allows it to “unzip,” exposing its internal structure to control the 
creation of proteins needed for a cell to function. The ordering of 
its constituent parts is unique to each individual organism.
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Interstellar molecular clouds are known to contain many complex mole-
cules, and large amounts of organic material were detected on comets Halley 
and Hale-Bopp when they last visited the inner solar system.  (Sec. 4.2) We 
saw earlier that many scientists think cometary impacts early in our planet’s his-
tory were responsible for most of Earth’s water.  (Sec. 4.3) Perhaps those 
comets carried complex molecules, too.

In addition, a small fraction of meteorites that survive the plunge to Earth’s sur-
face (including perhaps the controversial “Martian meteorite” discussed in Chapter 6) 
have been shown to contain organic compounds.  (Discovery 6-2) Figure 18.7 
shows a particularly well-studied example, which fell near Murchison, Australia, in 
1969. Located soon after crashing to the ground, this meteorite contained 12 of the 
amino acids normally found in living cells. Such discoveries strongly suggest that 
complex molecules can form in an interplanetary or interstellar environment and 
could have reached Earth’s surface unscathed after their fiery descent.

The moderately large molecules found in meteorites and in interstellar clouds 
are our only evidence that chemical evolution has occurred elsewhere in the uni-
verse. However, most researchers regard this organic matter as prebiotic—matter 
that could eventually lead to life, but that has not yet done so. Nevertheless, the 
hypothesis that organic matter is constantly raining down on Earth from space in 
the form of interplanetary debris is quite plausible. Whether this was the primary 
means by which those molecules appeared on Earth remains unclear.

Diversity and culture
However the basic materials appeared on Earth, we know that life did appear. 
The fossil record chronicles how life on Earth became widespread and diversified 
over time. The study of fossil remains shows the initial appearance about  

These three photographs, taken through
a microscope, show structures on the
scale of 1 micrometer, which equals
1/10,000 of a centimeter.

R I V U X G
(a)

(b) (c)
R I V U X G

10 mm

2.5 mm

 FigUre 18.5 chemical evolution (a) These carbon-rich, protein-like droplets contain as 
many as a billion amino acid molecules in a liquid sphere. The droplets can “grow,” and 
parts of them can separate from their “parent” droplet to become new individual droplets 
(as at A, B, C). (b) This photograph shows primitive fossils that display concentric spheres or 
walls connected by smaller spheroids; they were found in sediments radioactively dated to 
be about 2 billion years old. (c) For comparison, modern blue-green algae are shown, on 
approximately the same scale. (S. Fox/E. Barghoorn)

R I V U X G10 mm

 FigUre 18.6  
interstellar globules 
These oily, hollow droplets 
rich in organic molecules 
were made by exposing a 
freezing mixture of 
primordial matter to harsh 
ultraviolet radiation. When 
immersed in water, the 
larger ones display cell-like 
membrane structure. 
Although they are not alive, 
they bolster the idea that 
life on Earth could have 
come from space. (NASA)

AniMATiOn/ViDeO

icy Organics in Planet-Forming Disc
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3.5 billion years ago of simple one-celled organisms, such as blue-green algae. 
These were followed about 2 billion years ago by more complex one-celled crea-
tures like the amoeba. Multicellular organisms did not appear until about 1 bil-
lion years ago, after which a wide variety of increasingly complex organisms 
flourished—among them insects, reptiles, mammals, and humans. Figure 18.8 il-
lustrates some of the key developments in the evolution of life on our planet.

The fossil record leaves no doubt that biological organisms have changed 
over time—all scientists accept the reality of biological evolution. As conditions on 
Earth have shifted and Earth’s surface has evolved, those organisms that could 
best take advantage of their new surroundings succeeded and thrived—often at 
the expense of those organisms that could not make the necessary adjustments 
and consequently became extinct.

In the opinion of many anthropologists, intelligence, like any other highly 
advantageous trait, is strongly favored by natural selection. The social coopera-
tion that went with coordinated hunting efforts was an important competitive 
advantage that developed as brain size increased. Perhaps most important of all 
was the development of language. Experience and ideas, stored in the brain as 
memories, could be passed down from one generation to the next. A new kind of 
evolution had begun, namely, cultural evolution—the changes in the ideas and 
behavior of society. Our more recent ancestors created, within about 10,000 
years, the entirety of human civilization.

To put all this into historical perspective, let’s imagine the entire lifetime of 
Earth to be 46 years rather than 4.6 billion years. On this scale, we have no 
reliable record of the first decade of our planet’s existence. Life originated at least 
35 years ago, when Earth was about 10 years old. Our planet’s middle age is still 
largely a mystery. Not until about 6 years ago did abundant life flourish 
throughout Earth’s oceans. Life came ashore about 4 years ago, and plants and 
animals mastered the land only about 2 years ago. Dinosaurs reached their peak 
about 1 year ago, only to die suddenly about 4 months later.  (Discovery 4-1) 
Humanlike apes changed into apelike humans only last week, and the latest ice 
ages occurred only a few days ago. Homo sapiens—our species—did not emerge 
until about 4 hours ago. Agriculture was invented within the last hour, and the 
Renaissance—along with all of modern science—is just 3 minutes old!

18.2 Life in the Solar System
Simple one-celled life-forms reigned supreme on Earth for most of our planet’s 
history. It took time—a great deal of time—for life to emerge from the oceans, to 
evolve into simple plants, to continue to evolve into complex animals, and to de-
velop intelligence, culture, and technology. Have those (or similar) events oc-
curred elsewhere in the solar system? Let’s try to assess what little evidence we 
have on the subject.

R I V U X G10 mm

 FigUre 18.7 Murchison Meteorite  The Murchison 
meteorite contains relatively large amounts of amino acids 
and other organic material, indicating that chemical evolution 
of some sort has occurred beyond our own planet. In this 
magnified view of a fragment from the meteorite, an arrow 
points to a microscopic sphere of organic matter.  
(Harvard-Smithsonian Center for Astrophysics)
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Has chemical evolution been verified in the 
laboratory?
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Life as We Know it
“Life as we know it” is generally taken to mean carbon-based life that originated 
in a liquid-water environment—in other words, life on Earth. We must always be 
careful in our studies not to be misled by this “Earth-centric” viewpoint—it is all 
too easy to attribute human or Earth-based characteristics to other life-forms—
but since we have no extraterrestrial examples to guide us, at the very least this is 
a reasonable starting point. Thus we begin by asking, Might Earth-like life exist 
(or have existed) on some other body in our planetary system?

The Moon and Mercury lack liquid water, protective atmospheres, and mag-
netic fields, and so are subjected to fierce bombardment by solar ultraviolet radi-
ation, the solar wind, meteoroids, and cosmic rays. Simple molecules could not 
survive in such hostile environments. On the other hand, Venus has far too much 
protective atmosphere. Its dense, dry, scorchingly hot atmospheric blanket effec-
tively rules it out as a possible abode for life.

The jovian planets have no solid surfaces, and most of their moons (except for 
volcanic Io) have frozen surfaces far too cold to support Earth-like life. One possible 
exception is Saturn’s moon Titan. With its thick atmosphere of methane, ammonia, 
and nitrogen gases, liquid hydrocarbon lakes, and apparent geological activity, Titan 
might conceivably be a place where surface life could have arisen, although the 
most recent results from the Cassini-Huygens mission suggest that the environment 
there would be hostile to anything remotely familiar to us.  (Sec. 8.2)

A more promising scenario comes from the discovery that four jovian moons—
Jupiter’s Europa and Ganymede, and Saturn’s Titan and Enceladus—may contain 
significant amounts of liquid water in their interiors.  (Sec. 8.1, 8.2) This pos-
sibility has fueled speculation about the development of life within these bodies, 
making them prime candidates for future exploration. Europa in particular is high 
on the priority lists of both NASA and the European Space Agency. Again, condi-
tions in or on these moons are far from ideal by Earthly standards, but, as we dis-
cuss below, scientists are finding more and more examples of terrestrial organisms 
that thrive in extreme environments once regarded as uninhabitable.

The planet most likely to harbor life (or, more likely, to have harbored it in the 
past) still seems to be Mars. The red planet is harsh by Earth standards—liquid 
water is scarce, the atmosphere is thin, and the lack of magnetism and an ozone 
layer allows high-energy solar particles and radiation to reach the surface una-
bated. But the Martian atmosphere was once thicker, and the surface warmer and 
much wetter.  (Sec. 6.8) There is strong photographic evidence from orbiters 
such as Viking and Mars Global Surveyor for flowing and standing water on Mars 
in the distant (and perhaps even relatively recent) past, and in 2004, the European 
Mars Express orbiter confirmed the long-hypothesized presence of water ice at the 
Martian poles, while NASA’s Opportunity Rover reported strong geological evidence 
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 FigUre 18.8 Life On earth  This simplified timeline of the origin and evolution of life 
on our planet begins at the far left with the origin of Earth about 4.6 billion years ago and 
extends linearly to the present at right. Notice how life-forms most familiar to us—fish, 
reptiles, mammals—emerged relatively recently in the history of Earth.
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that the region around its landing site was once “drenched” with water for an ex-
tended period. The Viking landers found no evidence of life, although they landed 
on the safest Martian terrain, not in the most interesting regions, such as near the 
moist polar caps, where scientists consider life to be more likely.  (Discovery 6-2) 
Mars Pathfinder also surveyed part of the Martian surface, again without finding 
any evidence of present or past life. The recent Mars Phoenix mission was not 
equipped to test for life directly, although it did confirm the presence of water in 
the soil near the Martian north pole.  (Sec. 6.6) The chemical composition of 
the polar soil seems less Earth-like than was at first thought, but it remains to be 
seen how big an obstacle this poses to the chances of life on the planet.

Some scientists think that a different type of biology might be operating, or 
might have operated, on the Martian surface. They suggest that Martian mi-
crobes capable of digesting oxygen-rich compounds in the Martian soil could 
explain the Viking results. This speculation will be greatly strengthened if recent 
announcements of fossilized bacteria in meteorites originating on Mars are con-
firmed.  (Discovery 6-2) The consensus among biologists and chemists today 
is that Mars does not house any life similar to that on Earth, but a solid verdict 
regarding present or past life on Mars will likely not be reached until we have 
thoroughly explored our intriguing neighbor.

Life in the extreme
In considering the emergence of life under adversity, we should per-
haps not be too quick to rule out an environment based solely on its 
extreme properties. Figure 18.9 (a) shows a very hostile environment 
on a deep-ocean floor, where hydrothermal vents spew forth boiling 
water from vertical tubes a few meters tall. The conditions are unlike 
anything on our planet’s surface, yet life thrives in an environment 
rich in sulfur, poor in oxygen, and completely dark. Similar hot 
springs might conceivably exist on alien worlds, raising the possibil-
ity of life-forms with much greater diversity over a much wider range 
of conditions than those known to us on Earth.

In recent years scientists have discovered many instances of 
extremophiles—life-forms that have adapted to live in extreme 
environments. The superheated vents in Figure 18.9 (a) are one 
example, but extremophiles have also been found in frigid lakes 
buried millions of years ago beneath the Antarctic glaciers; in the 
dark, oxygen-poor and salt-rich floor of the Mediterranean Sea; 
in the mineral-rich acidic environment surrounding Yellow-
stone’s volcanic Grand Prismatic Spring (Figure 18.9b); and even 
in the hydrogen-rich volcanic darkness far below Earth’s crust. 
Often these organisms have evolved to create the energy they 

need by purely chem-
ical means, rather 
than relying on sun-
light. These environ-
ments may present 
conditions compara-
ble to those found on 
Mars, Europa, or 
Titan, suggesting that 
life as we know it 
might be able to 
thrive in these hos-
tile, alien worlds.

ConCept CheCk

Which solar system bodies (other than earth) are 
the leading candidates in the search for 
extraterrestrial life, and why?

(a) (b)

50 m

 FigUre 18.9 hydrothermal Vents  (a) A two-person 
submarine (the Alvin, partly seen at bottom) took this picture 
of a hot spring, or “black smoker”—one of many along 
the mid-ocean ridge in the eastern Pacific Ocean. As hot 
water rich in sulfur pours out of the top of the vent’s tube 
(near center), black clouds billow forth, providing a strange 
environment for many life-forms thriving near the vent. The 
inset shows a close-up of the vent base, where extremophilic 
life thrives, including as seen here giant red tube worms and 
huge crabs. (b) Extremophiles also thrive in inhospitable 
environments on Earth’s surface, such as here in the 
Yellowstone National Park. (WHOI)
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18.3 intelligent Life in the galaxy
With humans apparently the only intelligent life in the solar system, we must 
broaden our search for extraterrestrial intelligence to other stars, perhaps even 
other galaxies. At such distances, though, we have little hope of detecting life with 
current equipment. Instead, we must ask, How likely is it that life in any form—
carbon-based, silicon-based, water-based, ammonia-based, or something we can-
not even dream of—exists? Let’s look at some numbers to develop statistical 
estimates of the probability of life elsewhere in the universe.

The Drake equation
An early approach to this statistical problem is known as the Drake equation, 
after Frank Drake, the U.S. astronomer who pioneered this analysis:

number of 
technological, 
intelligent 
civilizations 
now present 
in the Galaxy

=

rate of star 
formation, 
averaged 
over the 
lifetime of 
the Galaxy

*

fraction 
of stars 
having 
planetary 
systems

*

average 
number of 
habitable 
planets 
within 
those 
planetary 
systems

*

fraction 
of those 
habitable 
planets 
on which 
life arises

*

fraction of 
those life-
bearing 
planets on 
which in-
telligence 
evolves

*

fraction 
of those 
intelligent-
life planets 
that develop 
technological 
society

*

average 
lifetime of a 
technologically 
competent 
civilization

Of course, several of the factors in this equation are largely a matter of opinion. 
We do not have nearly enough information to determine—even approximately—
all of them, so the Drake equation cannot give us a hard-and-fast answer. Its real 
value is that it subdivides a large and very difficult question into smaller pieces 
that we can attempt to answer separately. Figure 18.10 illustrates how, as our re-
quirements become more and more stringent, only a small fraction of star sys-
tems in the Milky Way Galaxy have the advanced qualities specified by the 
combination of factors on the right-hand side of the equation.

Let’s examine the factors in the equation one by one and make some edu-
cated guesses about their values. Bear in mind, though, that if you ask two scien-
tists for their best estimates of any given one, you will likely get two very different 
answers!

rate of Star Formation
We can estimate the average number of stars forming each year in the Galaxy 
simply by noting that at least 100 billion stars now shine in it. Dividing this num-
ber by the roughly 10-billion-year lifetime of the Galaxy, we obtain a formation 
rate of 10 stars per year. This may be an overestimate because astronomers think 
that fewer stars are forming now than formed during earlier epochs, when more 
interstellar gas was available.  (Sec. 16.3) However, we do know that stars are 
forming today, and our estimate does not include stars that formed in the past 
and have since died, so our value of 10 stars per year is probably reasonable when 
averaged over the lifetime of the Milky Way Galaxy.

Fraction of Stars with Planetary Systems
Many astronomers regard planet formation as a natural result of the star-formation 
process. If the condensation theory is correct, and if there is nothing special 
about our Sun, as we have argued throughout this book, we would expect many 
stars to have a planetary system of some sort.  (Sec. 4.3)

Enduring technological societies are
represented by the smallest box.

All the stars in the Milky Way
are represented by this large box.

Star systems
with:
planets
habitats
life
intelligence
culture

 FigUre 18.10 Drake equation  Of all the star systems 
in our Milky Way Galaxy, progressively fewer and fewer have 
each of the qualities typical of a long-lasting technological 
society.

M21_CHAI7702_08_SE_C18.indd   511 13/11/15   5:04 PM



512 chAPTer 18   Life in the universe

As observational techniques have improved over the past two decades, these 
expectations have been borne out, and there is now overwhelming evidence for 
planets orbiting hundreds of other stars.  (Sec. 4.4) The first planets discov-
ered were much larger than Earth and mostly moved on eccentric or “hot” orbits, 
but as we saw in Chapter 4, these were the only planets that could have been de-
tected with the instruments available at the time. As detection technology has 
advanced, more and more planets with masses comparable to Earth have been 
discovered, to the point that, since 2010, several Earth-sized planets, some of 
them on roughly Earth-like orbits, have been confirmed. These observations are 
at the very edge of current capabilities, and many astronomers expect the num-
bers of “Earth-like” planets to grow rapidly as new detectors come on-line.

Only about 10 percent of the nearby stars surveyed to date have been found 
to have planets. However, most researchers think that this is a significant under-
estimate of the true fraction due to observational limitations and selection effects. 

 (Sec. 4.4) Thus, accepting the condensation theory and its consequences, and 
without being either too conservative or naively optimistic, we assign a value near 
1 to this factor—that is, we think that essentially all stars have planetary systems 
of some sort.

number of habitable Planets per Planetary System
What determines the feasibility of life on a given planet? Temperature is perhaps 
the single most important factor. However, the possibility of catastrophic external 
events, such as cometary impacts or even distant supernovae, must also be con-
sidered.  (Discovery 4-1, Sec. 12.4)

As discussed previously (Chapter 4), the surface temperature of a planet de-
pends on two things: the planet’s distance from its parent star and the thickness 
of its atmosphere.  Sec. 4.4 Planets with a nearby (but not too close) parent 
star and some atmosphere (though not too thick) should be reasonably warm, 
like Earth or Mars. Objects far from the star and with no atmosphere, like Pluto, 
will surely be cold by our standards. And planets too close to the star and with a 
thick atmosphere, like Venus, will be very hot indeed.

Figure 18.11 illustrates how a three-dimensional stellar habitable zone of 
“comfortable” temperatures surrounds every star.  (Sec. 4.4) (The zones are 
indicated as rings in this two-dimensional figure.) The habitable zone represents 
the range of distances within which a planet of mass and composition similar to 
those of Earth would have a surface temperature between the freezing and boil-
ing points of water. (Our Earth-based bias is plainly evident here!) The hotter the 
star, the larger this zone. For example, an A- or an F-type star has a rather large 
habitable zone. G-, K-, and M-type stars have successively smaller zones. O- and 
B-type stars are not considered here because they are not expected to last long 
enough for life to develop, even if they do have planets.

Three planets—Venus, Earth, and Mars—reside in or near the habitable zone 
surrounding our Sun. Venus is too hot because of its thick atmosphere and prox-
imity to the Sun. Mars is a little too cold because its atmosphere is too thin and it 
is too far from the Sun. But if the orbits of Venus and Mars were swapped—not 
inconceivable, since chance played such a large role in the formation of the ter-
restrial planets—then both of these nearby planets might conceivably have 
evolved surface conditions resembling those on Earth.  (Secs. 4.3, 6.8) In that 
case our solar system would have had three habitable planets instead of one. Per-
haps just as important, proximity to a giant planet may also render the interior of 
a moon (such as Europa or Titan) habitable, the planet’s tidal heating making up 
for the lack of sunlight.  (Sec. 8.1) Sheltered by its parent planet’s gravity, 
such a moon might be largely immune to the habitable limitations just described 
for planets.

2 M} star

1 M} star

0.5 M} star

5 AU

Low-mass stars (the
majority in our Galaxy)
have much smaller
habitable zones.

A sun-like star is surrounded
by a relatively large habitable zone
where liquid water may exist
on a planet’s surface.

 FigUre 18.11 Stellar habitable Zones  Hot stars have 
bigger habitable zones than cool ones. For a G-type star like 
the Sun, the zone extends from about 0.8 AU to 2 AU. For a 
hotter F-type star, the range is 1.2 to 2.8 AU. For a cool  
M-type star, only Earth-like planets orbiting between about 
0.02 and 0.06 AU would be habitable.
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A planet moving on a “habitable” orbit may still be rendered un-
inhabitable by external events. Many scientists think that the outer 
planets in our own solar system are critical to the habitability of the 
inner worlds, both by stabilizing their orbits and by protecting them 
from cometary impacts, deflecting would-be impactors away from 
the inner part of the solar system. The theory presented in Chapter 4 
suggests that a star with inner terrestrial planets on stable orbits 
would probably also need the jovian worlds to safeguard their sur-
vival.  (Sec. 4.3) However, observations of extrasolar planets are 
not yet sufficiently refined to determine the fraction of stars having 
“outer planet” systems like our own.  (Sec. 4.4)

Other external forces may also influence a planet’s survival. 
Some researchers have suggested that there is a Galactic habitable 
zone for stars in general, outside of which conditions are unfavorable 
for life (see Figure 18.12). Far from the Galactic center, the star for-
mation rate is low and few cycles of star formation have occurred, so there are 
insufficient heavy elements to form terrestrial planets or populate them with 
technological civilizations.  (Sec. 12.7) Too close, and the radiation from 
bright stars and supernovae in the crowded inner part of the Galaxy might be det-
rimental to life. More important, the gravitational effects of nearby stars may 
send frequent showers of comets from the Oort cloud into the inner regions of a 
planetary system, impacting the terrestrial planets and terminating any chain of 
evolution that might lead to intelligent life.

Thus, to estimate the number of habitable planets per planetary system, 
we must first take inventory of how many stars of each type shine in the Galac-
tic habitable zone, then calculate the sizes of their stellar habitable zones and 
estimate the number of planets likely to be found there. In doing so, we elimi-
nate almost all of the stars around which planets have so far been observed, 
and presumably a similar fraction of stars in general. We also exclude the ma-
jority of binary star systems: Given the observed properties of binaries in our 
Galaxy, “habitable” planetary orbits in binary systems would be unstable in 
many cases, as illustrated in Figure 18.13, so there would not be time for life to 
develop.

The scant observational evidence currently available on Earth-like planets in 
habitable orbits suggests that only a few percent of the known planetary systems 
contain a habitable planet.  (Sec. 4.4) However, because these planets are so 
close to the limits of detectability with current equipment, many astronomers 
think the true fraction will turn out to be significantly higher. Potentially habita-
ble jovian moons may increase the fraction still further. However, many uncer-
tainties remain. The inner and outer radii of the Galactic habitable zone are not 
known with any certainty, and the simple fact is that we still have insufficient 
data about most stars to make any strong statement about habitable worlds in 
their planetary systems.

Taking the many uncertainties into account as best we can, we assign a value 
of 1/10 to this factor in our equation. In other words, we think that, on average, 
there is 1 potentially habitable planet for every 10 planetary systems that might 
exist in our Galaxy. Single F-, G-, and K-type stars are the best candidates.

High star densities
and intense radiation
are present in here.

Heavy elements are
scarce way out here.

The Sun’s orbit
(yellow) is well
inside the Galaxy’s
habitable zone.

Galactic habitable zone

 FigUre 18.12 galactic habitable Zone  Some regions of the Galaxy are 
more conducive to life than others. Too far from the Galactic center, there may 
not be enough heavy elements for terrestrial planets to form or technological 
society to evolve. Too close, the radiative or gravitational effects of nearby stars 
may render life impossible. The result is a ring-shaped habitable zone, colored 
here in green, although its full extent is uncertain.

(a)

(b)

(c)

 FigUre 18.13 Binary Star Planets  In binary star systems, 
planets are restricted to only a few kinds of orbits that are 
gravitationally stable. (a) This orbit is stable only if the planet 
lies very close to its parent star, so the gravity of the other star 
is negligible. (b) A planet circulating at a great distance about 
both stars in an elliptical orbit is stable only if it lies far from 
both stars. (c) Another possible path interweaves between the 
two stars in a figure-eight pattern.
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Fraction of habitable Planets on Which Life Arises
The number of possible combinations of atoms is incredibly large. If the chemi-
cal reactions that led to the complex molecules that make up living organisms 
occurred completely at random, then it is extremely unlikely that those molecules 
could have formed at all. In that case, life is extraordinarily rare, this factor is 
close to 0, and we are probably alone in the Galaxy, perhaps even in the entire 
universe.

However, laboratory experiments (like the Urey-Miller experiment de-
scribed earlier) seem to suggest that certain chemical combinations are strongly 
favored over others—that is, the reactions are not random. Of the billions upon 
billions of basic organic groupings that could possibly occur on Earth from the 
random combination of all sorts of simple atoms and molecules, only about 
1500 actually do occur. Furthermore, these 1500 organic groups of terrestrial 
biology are made from only about 50 simple “building blocks” (including the 
amino acids and nucleotide bases mentioned earlier). This suggests that mole-
cules critical to life may not be assembled by pure chance. Apparently, addi-
tional factors are at work at the microscopic level. If a relatively small number 
of chemical “evolutionary tracks” is likely to exist, then the formation of com-
plex molecules—and hence, we assume, life—becomes much more likely, given 
sufficient time.

To assign a very low value to this factor in the equation is to say that life 
arises randomly and rarely. Assigning a value close to 1 implies that we think 
life is inevitable given the proper ingredients, a suitable environment, and a 
long enough period of time. No easy experiment can distinguish between these 
extreme alternatives, and there is little or no middle ground. To many 
researchers, the discovery of life—past or present—on Mars, Europa, Titan, or 
any other object in our solar system would convert the appearance of life from 
an unlikely miracle to a virtual certainty throughout the Galaxy. In the absence 
of any objective evidence, we will simply take the optimistic view and adopt a 
value of 1.

Fraction of Life-Bearing Planets on Which 
intelligence Arises
As with the evolution of life, the appearance of a well-developed brain is a very 
unlikely event if only random chance is involved. However, biological evolution 
through natural selection is a mechanism that generates apparently highly im-
probable results by singling out and refining useful characteristics. Organisms 
that profitably use adaptations can develop more complex behavior, and complex 
behavior provides organisms with the variety of choices needed for more ad-
vanced development.

One school of thought maintains that given enough time, intelligence is in-
evitable. In this view, assuming that natural selection is a universal phenomenon, 
at least one organism on a planet will always rise to the level of “intelligent life.” 
If this is correct, then the fifth factor in the Drake equation equals or nearly 
equals 1.

Others argue that there is only one known case of intelligence, and that case 
is life on Earth. For 2.5 billion years—from the start of life about 3.5 billion years 
ago to the first appearance of multicellular organisms about 1 billion years ago—
life did not advance beyond the one-celled stage. Life remained simple and dumb, 
but it survived. If this latter view is correct, then the fifth factor in our equation is 
very small, and we are faced with the depressing prospect that humans may be 
the smartest form of life anywhere in the Galaxy. As with the previous factor, we 
will be optimistic and adopt a value of 1 here.
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Fraction of Planets on Which intelligent Life 
Develops and Uses Technology
To evaluate the sixth factor of our equation, we need to estimate the probability 
that intelligent life eventually develops technological competence. Should the 
rise of technology be inevitable, this factor is close to 1, given long enough peri-
ods of time. If it is not inevitable—if intelligent life can somehow “avoid” devel-
oping technology (as dolphins on Earth seem to have done)—then this factor 
could be much less than 1. The latter possibility envisions a universe possibly 
teeming with civilizations, but very few among them ever becoming technologi-
cally competent. Perhaps only one managed it—ours.

Again, it is difficult to decide conclusively between these two views. We don’t 
know how many (if any) prehistoric Earth cultures either failed to develop tech-
nology or rejected its use. We do know that tool-using societies arose indepen-
dently at several places on Earth, including Mesopotamia, India, China, Egypt, 
Mexico, and Peru. Because so many of these ancient “technological” cultures origi-
nated independently at about the same time, we conclude that the chances are good 
that some sort of technological society will inevitably develop, given some basic 
intelligence and enough time. Accordingly, we take this factor to be close to 1.

Average Lifetime of a Technological civilization
The reliability of these estimates declines markedly from the first to the last fac-
tor of the Drake equation. Our knowledge of astronomy allows us to make a rea-
sonably good stab at the first two, but even the third is hard to evaluate, and the 
values adopted for the last few are more wishful thinking than science. The final 
factor is totally unknown. There is only one example of such a civilization that we 
are aware of—humans on planet Earth. Our own civilization has presently sur-
vived in its technological state for only about 100 years, and how long we will be 
around before a human-made catastrophe or a planetwide natural disaster ends 
it all is impossible to tell.  (Discovery 4-1)

One thing is certain: If the correct value for any one factor in the equation is 
very small—and we have just seen at least two for which this could well be the 
case, optimistic choices notwithstanding—then few technological civilizations 
now exist in the Galaxy. If the pessimistic view of the development of life or of 
intelligence is correct, then we are unique, and that is the end of our story. How-
ever, if both life and intelligence are inevitable consequences of chemical and bio-
logical evolution, as many scientists think, and if intelligent life always becomes 
technological, then we can plug the higher, more optimistic values into the Drake 
equation. In that case, combining our estimates for the other six factors (and not-
ing that, conveniently, 10 * 1 * 1/10 * 1 * 1 * 1 = 1), we can say

 

number of technological
intelligent civilizations

now present in the Milky
Way Galaxy

  =   

average lifetime of a
technologically
competent civilization,
in years.

Thus, if advanced civilizations typically survive for 1000 years, there should be 
1000 of them currently in existence scattered throughout the Galaxy. If they sur-
vive for a million years, on average, we would expect there to be a million of them 
in the Galaxy, and so on.

Note that even setting aside language and cultural issues, the sheer size of the 
Galaxy presents a significant hurdle to communication between technological 
civilizations. The minimum requirement for a two-way conversation is that we 
can send a signal and receive a reply in a time shorter than our own lifetime. If 
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the lifetime is short, then civilizations are literally few and far between—small in 
number, according to the Drake equation, and scattered over the vastness of the 
Milky Way—and the distances between them (in light-years) are much greater 
than their lifetimes (in years). In that case, two-way communication, even at the 
speed of light, will be impossible. However, as the lifetime increases, the distances 
get smaller as the Galaxy becomes more crowded, and the prospects improve.

Taking into account the size, shape, and distribution of stars in the Galactic 
disk (why do we exclude the halo?) and under the assumptions made above, we 
find that unless the life expectancy of a civilization is at least a few thousand 
years, it is unlikely to have time to communicate with even its nearest neighbor.

18.4  The Search for extraterrestrial 
intelligence

Let’s continue our optimistic assessment of the prospects for life and assume that 
civilizations enjoy a long stay on their parent planet once their initial technologi-
cal “teething problems” are past. In that case, they may be plentiful in the Galaxy. 
How might we become aware of their existence?

Meeting Our neighbors
Let’s assume that the average lifetime of a technological civilization is 1 million 
years—only 1 percent of the reign of the dinosaurs, but 100 times longer than 
our civilization has survived thus far and 10,000 times longer than human soci-
ety has so far been in the “technological” state. The Drake equation then tells us 
that there are 1 million such civilizations in the Galaxy, and we can then esti-
mate the average distance between these civilizations to be some 30 pc, or about 
100 light-years. Thus, any two-way communication with our neighbors will take 
at least 200 years (100 years for the message to reach the planet and another  
100 years for the reply to travel back to us)—a long time by human standards, 
but comfortably less than the lifetime of the civilization.

Might we hope to visit our neighbors by developing the capability of traveling 
far outside our solar system? This may never be a practical possibility. At a speed of 
50 km/s, the speed of the current fastest space probes, the round-trip to even the 
nearest Sun-like star, Alpha Centauri, would take about 50,000 years. The journey 
to the nearest technological neighbor (assuming a distance of 100 pc) and back 
would take 1 million years—the entire lifetime of our civilization! Interstellar travel 
at these speeds is clearly not feasible. Speeding up our ships to near the speed of 
light would reduce the travel time, but this is far beyond our present technology.

Actually, our civilization has already launched some interstellar probes, al-
though they have no specific stellar destination. Figure 18.14 is a reproduction of 
a plaque mounted on board the Pioneer 10 spacecraft launched in the mid-1970s 
and now well beyond the orbit of Pluto, on its way out of the solar system. Simi-
lar information was also included aboard the Voyager probes launched in 1978. 
While these spacecraft would be incapable of reporting back to Earth the news 
that they had encountered an alien culture, scientists hope that the civilization on 
the other end would be able to unravel most of its contents using the universal 
language of mathematics. The caption to Figure 18.14 notes how the aliens might 
discover from where and when the Pioneer and Voyager probes were launched.

radio Searches
A cheaper and much more practical alternative is to try to make contact with 
extraterrestrials using electromagnetic radiation, the fastest known means of 

 FigUre 18.14 Pioneer 10 Plaque  This replica of a 
plaque mounted on board the Pioneer 10 spacecraft shows 
a scale drawing of the craft, a man, and a woman; a diagram 
of the hydrogen atom undergoing a change in energy (top 
left); a starburst pattern representing various pulsars and the 
frequencies of their radio waves that can be used to estimate 
when the craft was launched (middle left); and a depiction of 
the solar system, showing that the spacecraft departed the 
third planet from the Sun and passed the fifth planet on its 
way into outer space (bottom). (NASA)

proCess of sCienCe CheCk

if most of the factors are largely a matter of 
opinion, how does the Drake equation assist 
astronomers in refining their search for 
extraterrestrial life?
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transferring information from one place to another. Because light and other 
short-wavelength radiation are heavily scattered while moving through dusty 
interstellar space, long-wavelength radio radiation seems to be the best choice.  

 (Sec. 2.3) We do not attempt to broadcast to all nearby candidate stars, 
however—that would be far too expensive and extremely inefficient. Instead, 
radio telescopes on Earth listen passively for radio signals emitted by other 
civilizations.

In what direction should we aim our radio telescopes? The answer to this 
question at least is fairly easy. On the basis of our earlier reasoning, we should tar-
get all F-, G-, and K-type stars in our vicinity. But are extraterrestrials broadcasting 
radio signals? If they are not, this search technique will obviously fail. If they are, 
how do we distinguish their artificially generated radio signals from signals emit-
ted naturally by interstellar gas clouds? This depends on whether the signals are 
produced deliberately or are simply “waste radiation” escaping from a planet.

Consider first how “waste” radio wavelengths originating on Earth would 
look to extraterrestrials. Figure 18.15 shows the pattern of radio signals we broad-
cast into space. From the viewpoint of a distant observer, the spinning Earth 
emits a bright flash of radio radiation every few hours as the most technological 
regions of our planet rise or set. In fact, Earth is now a more intense radio emitter 
than the Sun. Our radio and television transmissions race out into space and have 
been doing so since the invention of these technologies nearly seven decades ago. 
Another civilization as advanced as ours might have constructed devices capable 
of detecting this radiation. If any sufficiently advanced (and sufficiently inter-
ested) civilization resides within about 70 light-years (20 pc) of Earth, then we 
have already announced our presence to them.

Of course, it may very well be that, having discovered cable and fiber-optics 
technology, most civilizations’ indiscriminate transmissions cease after a few dec-
ades. In that case, radio silence becomes the hallmark of intelligence, and we 
must find an alternative means of locating our neighbors.

Earth’s radio signal
from afar would seem
to vary like that shown
in the graph.
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 FigUre 18.15 earth’s radio 
Leakage  Radio radiation leaks from 
Earth into space because of the daily 
activities of our technological civilization. 
(a) Most radio and television transmitters 
broadcast their energy parallel to Earth’s 
surface, sending a great “sheet” of 
electromagnetic radiation into interstellar 
space. (b) Because the great majority of 
transmitters are clustered in the eastern 
United States and western Europe, a 
distant observer would detect blasts of 
radiation from Earth as our planet rotates 
each day.

ConCept CheCk

What assumptions go into the identification of the 
water hole as a likely place to search for 
extraterrestrial signals?

Searching for extraterrestrial Life

Nearly 60 percent of students had difficulty 
describing how an electromagnetic signal might 
suggest extraterrestrial life. Some points to 
remember:

 The presence of large amounts of nitrogen and 
oxygen in a planet’s atmosphere might suggest 
the presence of Earth-like life.

 Many natural cosmic sources produce steady or 
regularly varying electromagnetic emission.

 A regularly modulated complex signal might 
indicate leakage of radio or other 
communications from a planet’s surface.

 A repeating complex signal might indicate a 
deliberate attempt at communication, 
particularly if it were transmitted in the 
electromagnetic “water hole,” where natural 
background emission is minimized.

Data points
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518 chAPTer 18   Life in the universe

The Water hole
Now let us suppose that a civilization has decided to assist searchers by actively 
broadcasting its presence to the rest of the Galaxy. At what frequency should we 
listen for such an extraterrestrial beacon? The electromagnetic spectrum is enor-
mous; the radio domain alone is vast. To hope to detect a signal at some unknown 
radio frequency is like searching for a needle in a haystack. Are some frequencies 
more likely than others to carry alien transmissions?

Some basic arguments suggest that civilizations might well communicate 
at a wavelength near 20 cm. The basic building blocks of the universe, namely, 
hydrogen atoms, radiate naturally at a wavelength of 21 cm.  (Sec. 11.2) 
Also, one of the simplest molecules, hydroxyl (OH), radiates near 18 cm. To-
gether, these two substances form water (H2O). Arguing that water is likely to 
be the evolution medium for life anywhere and that radio radiation travels 
through the disk of our Galaxy with the least absorption by interstellar gas 
and dust, some researchers have proposed that the interval between 18 cm 
and 21 cm is the best wavelength range for civilizations to transmit or listen. 
Called the water hole, this radio interval might serve as an “oasis” where all 
advanced Galactic civilizations would gather to conduct their electromag-
netic business.

This water-hole frequency interval is only a guess, of course, but its use is 
supported by other arguments. Figure 18.16 shows the water hole’s location in 
the electromagnetic spectrum and plots the amount of natural emission from 
our Galaxy and from Earth’s atmosphere. The 18- to 21-cm range lies within 
the quietest part of the spectrum, where the Galactic “static” from stars and 
interstellar clouds happens to be minimized. Furthermore, the atmospheres of 
typical planets are also expected to interfere least at these wavelengths. Thus, 
the water hole seems like a good choice for the frequency of an interstellar bea-
con, although we cannot be sure of this reasoning until contact is actually 
achieved.

A few radio searches are now in progress at frequencies in and around the 
water hole. One of the most sensitive and comprehensive projects in the ongo-
ing search for extraterrestrial intelligence (known to many by its acronym 
SETI) is now underway with the Allen Telescope Array (Figure 18.17a). This 
collection of many small dishes is currently searching millions of channels si-
multaneously in the 1- to 3-GHz range. Figure 18.17(b) shows what a typical 
narrowband, 1-Hz signal—a potential “signature” of an intelligent transmis-
sion—would look like on a computer monitor. However, this observation was 
merely a test to detect the weak, redshifted radio signal emitted by the Pioneer 
10 robot, now receding into the outer realm of our solar system—a sign of in-
telligence, but one that we put there. Nothing resembling an extraterrestrial 
signal has yet been detected.

The space surrounding all of us could be, right now, flooded with radio sig-
nals from extraterrestrial civilizations. If only we knew the proper direction and 
frequency, we might be able to make one of the most startling discoveries of all 
time. The result would provide whole new opportunities to study the cosmic evo-
lution of energy, matter, and life throughout the universe.

The “water hole,” a minimum
in the cosmic background, is a
natural place to look for signals
from living beings.
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 FigUre 18.16 Water hole  The “water hole” is bounded 
by the natural emission of the hydrogen (H) atom at 21-cm 
wavelength and the hydroxyl (OH) molecule at 18-cm 
wavelength.  Sec. 11.3 The topmost solid (blue) curve 
sums the natural emissions of our Galaxy (dashed line) and 
Earth’s atmosphere (dotted line). This sum is minimized near 
the water hole frequencies, and thus all intelligent civilizations 
might conduct their interstellar communications within this 
quiet “electromagnetic oasis.”

(a)

(b)

 FigUre 18.17 Project Phoenix  (a) This array of small radio dishes at the SETI Institute 
in California is designed to search for extraterrestrial intelligent signals. (b) A typical 
recording of an alien signal—here, as a test, the Doppler-shifted broadcast from the Pioneer 
10 spacecraft, now well beyond the Kuiper belt—shows a diagonal line across the computer 
monitor, in contrast to the random noise in the background. (S. Shostak/SETI Institute)
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The Big QUeSTiOn

Humans have long wondered if planets might orbit the innumerable stars 
observed in the universe. The answer, we now know, is yes. We have 
further wondered if there might be intelligent beings on some of those 
planets. Not knowing the answer, the search for extraterrestrial life 
continues. That is perhaps the grandest of all unsolved questions in 
astronomy: Do alien beings reside beyond Earth?

LO1 Cosmic evolution (p. 504) is the 
continuous process that has led to the 
appearance of galaxies, stars, planets, 
and life on Earth. Living organisms may 
be characterized by their ability to react to their environment; 
to grow by taking in nutrition from their surroundings; to 
reproduce, passing along some of their own characteristics to 
their offspring; and to evolve in response to a changing 
environment. Organisms that can best take advantage of their 
new surroundings succeed at the expense of those organisms 
that cannot make the necessary adjustments. Intelligence is 
strongly favored by natural selection.

LO2 Powered by natural energy sources, reactions 
between simple molecules in the oceans of 
the primitive Earth may have led to the 
formation of amino acids (p. 505) and 
nucleotide bases (p. 505), the basic 
molecules of life. Amino acids build proteins, which 
control metabolism, while sequences of nucleotide bases 
make up DNA, the genetic blueprint of a living organism. 
Alternatively, some of these complex molecules may have 
been formed in interstellar space and then delivered to 
Earth by meteors or comets.

LO3 The best hope for life beyond Earth in the 
solar system is the planet Mars, although no 
direct evidence for life—current or extinct—
has yet been found. Some of the icy moons 
of the outer planets—Jupiter’s Europa and 
Ganymede and Saturn’s Titan and 
Enceladus—may also be possibilities for life 
of some sort. Conditions on those frozen bodies are harsh 

by terrestrial standards, although extremophiles (p. 510) 
on Earth have been found to thrive in hostile environments 
in which life had previously been thought impossible.

LO4 The Drake equation (p. 511) provides a 
means of estimating the probability of 
other intelligent life in the Galaxy. The 
astronomical terms in the equation are 
the Galactic star-formation rate, the 
likelihood of planets, and the number of habitable planets. 
Chemical and biological terms are the probability of life 
appearing and the probability that it subsequently develops 
intelligence. Cultural and political terms are the 
probability that intelligence leads to technology and the 
lifetime of a technological civilization. Taking an 
optimistic view of the development of life and intelligence 
leads to the conclusion that the total number of 
technologically competent civilizations in the Galaxy is 
approximately equal to the lifetime of a typical civilization, 
expressed in years.

LO5 A technological civilization would 
probably “announce” itself to the universe 
by the radio and television signals it emits 
into space. Observed from afar, our planet 
would appear as a radio source with a 24-
hour period, as different regions of the planet rise and set. 
The water hole (p. 518) is a region in the radio range of 
the electromagnetic spectrum, near the 21-cm line of 
hydrogen and the 18-cm line of hydroxyl, where natural 
emissions from the Galaxy happen to be minimal. Many 
researchers regard this as the best part of the spectrum for 
communications purposes.
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520 chAPTer 18   Life in the universe

Problems labeled POS explore the process of science. ViS problems focus on reading and interpreting visual information. LO connects to the introduction’s numbered Learning Outcomes.

For instructor-assigned homework go to www.masteringastronomy.com

reVieW AnD DiScUSSiOn
 1. LO1 Why is life difficult to define?

 2. What is chemical evolution?

 3. What is the Urey-Miller experiment? What important organic 
molecules were produced in this experiment?

 4. LO2 What are the basic ingredients from which biological mol-
ecules formed on Earth?

 5. POS How do we know anything at all about the early episodes 
of life on Earth?

 6. What is the role of language in cultural evolution?

 7. Where else, besides Earth, have organic molecules been found?

 8. LO3 Where—besides the planet Mars—might we find signs of 
life in our solar system?

 9. POS Do we know whether Mars ever had life at any time during 
its past? What argues in favor of the position that it may once 
have harbored life?

 10. POS What is generally meant by “life as we know it”? What 
other forms of life might be possible?

 11. LO4 How many of the terms in the Drake equation are known 
with any-degree of certainty? Which factor is least well-known?

 12. What is the relationship between the average lifetime of Galac-
tic civilizations and the possibility of our someday communi-
cating with them?

 13. How would Earth appear, at radio wavelengths, to extraterres-
trial astronomers?

 14. What are the advantages of using radio waves for communica-
tion over interstellar distances?

 15. LO5 What is the water hole? What advantage does it have over 
other parts of the radio spectrum?

cOncePTUAL SeLF-TeST: TrUe Or FALSe?/MULTiPLe chOice
 1. The definition of life requires only that, to be considered 

“alive,” you must be able to reproduce. (T/F)

 2. Laboratory experiments have created living cells from nonbio-
logical molecules. (T/F)

 3. Dinosaurs lived on Earth for more than a thousand times lon-
ger than human civilization has existed to date. (T/F)

 4. The Viking landers on Mars discovered microscopic evidence 
of life but found no fossil evidence. (T/F)

 5. The development of life and intelligence on Earth are extremely 
unlikely if chance is the only evolutionary factor involved. (T/F)

 6. We have no direct evidence for Earth-like planets orbiting 
other stars. (T/F)

 7. Our civilization has already launched probes into interstellar 
space and broadcast our presence to our neighbors. (T/F)

 8. The chemical elements that form the basic molecules needed 
for life are found (a) in the cores of Sun-like stars; (b) com-
monly throughout the cosmos; (c) only on planets that have liq-
uid water; (d) only on Earth.

 9. Fossil records of early life-forms on Earth suggest that life 
began about (a) 6000 years ago; (b) 65 million years ago;  
(c) 3.5 billion years ago; (d) 14 billion years ago.

 10. The least well-known factor in the Drake equation is (a) the 
rate of star formation; (b) the fraction of stars having planetary 

systems; (c) the average lifetime of a technologically competent 
civilization; (d) the diameter of the Milky Way Galaxy.

 11. We don’t expect life on planets orbiting B-type stars because 
the star (a) has too much gravity; (b) is too short-lived for life 
to evolve; (c) is at too low a temperature to sustain life;  
(d) would have only gas giant planets.

 12. NASA’s Space Shuttle orbits Earth at about 17,500 mph. If it trav-
eled to the next Sun-like star at that speed, the trip would take at 
least (a) 1 week; (b) 1 decade; (c) 1 century; (d) 100 millennia.

 13. The strongest radio-wavelength emission in the solar system 
comes from (a) human-made signals from Earth; (b) the Sun; 
(c) the Moon; (d) Jupiter.

 14. ViS From the data shown in Figure 18.11 (Stellar Habitable 
Zones), the habitable zone surrounding a main sequence K-
type star (a) cannot be determined; (b) extends from roughly 1 
to 2 AU from the star; (c) is larger than that of an F-type star; 
(d) is larger than that of an M-type star.

 15. ViS If Figure 18.15 (Earth’s Radio Leakage) were to be redrawn 
for a planet spinning twice as fast, the new jagged line would 
be (a) unchanged; (b) taller; (c) stretched out horizontally;  
(d) compressed horizontally.
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PrOBLeMS
the number of squares preceding each problem indicates its approximate level of difficulty.

 1.  As described in the text, imagine that Earth’s 4.6-billion-year 
age is compressed to just 46 years. What would be your age, in 
seconds? How long ago (in seconds) was the end of World War 
II, the Declaration of Independence, Columbus’s discovery of 
the New World? How long ago did the extinction of the dino-
saurs occur (in days)?

 2.  According to the inverse-square law, a planet receives energy 
from its parent star at a rate proportional to the star’s luminosity 
and inversely proportional to the square of the planet’s distance 
from the star.  (Sec. 10.2) According to Stefan’s law, the rate 
at which the planet radiates energy into space is proportional to 
the fourth power of its surface temperature.  (Sec. 2.4) In 
equilibrium, the two rates are equal. Based on this information 
and given the fact that (taking into account the greenhouse effect) 
the Sun’s habitable zone extends from 0.6 AU to 1.5 AU, estimate 
the extent of the habitable zone surrounding a K-type main-se-
quence star of luminosity one-tenth the luminosity of the Sun.

 3.  Based on the numbers presented in the text, and assuming an 
average lifetime of 5 billion years for suitable stars, estimate 
the total number of habitable planets in the Galaxy.

 4.  A planet orbits one component of a binary star system at a 
distance of 1 AU (see Figure 18.13a). If both stars have the 
same mass and their orbit is circular, estimate the minimum 
distance between the stars for the tidal force due to the com-
panion not to exceed a “safe” 0.01 percent of the gravitational 
force between the planet and its parent star.

 5.  Suppose that each of the “fraction” terms in the Drake 
equation turns out to have a value of 1/10, that stars form at 
an average rate of 20 per year, and that each star with a 
planetary system has exactly one habitable planet orbiting it. 

Estimate the present number of technological civilizations in 
the Milky Way Galaxy if the average lifetime of a civilization is 
(a) 100 years, (b) 10,000 years, (c) 1 million years.

 6.  Adopting the estimate from the text that the number of 
technological civilizations in the Milky Way Galaxy is equal to 
the average lifetime of a civilization, in years, it follows that 
the distance to our nearest neighbor decreases as the average 
lifetime increases. Assuming that civilizations are uniformly 
spread over a two-dimensional Galactic disk of radius 15 kpc, 
and all have the same lifetime, calculate the minimum lifetime 
for which a two-way radio communication with our nearest 
neighbor would be possible before our civilization ends. 
Repeat the calculation for a round-trip personal visit, using 
current-technology spacecraft that travel at 50 km/s.

 7.  How fast would a spacecraft have to travel in order to com-
plete the trip from Earth to Alpha Centauri (a distance of 1.3 pc) 
and back in less than an average human lifetime (80 years, say)?

 8.  Assuming that there are 10,000 FM radio stations on Earth, each 
transmitting at a power level of 50 kW, calculate the total radio lu-
minosity of Earth in the FM band. Compare this value with the 
roughly 106 W radiated by the Sun in the same frequency range.

 9.  Convert the water hole’s wavelengths to frequencies. For prac-
tical reasons, any search of the water hole must be broken up 
into channels, much as you find on a television, except these 
channels are very narrow in radio frequency, about 100 Hz wide. 
How many channels must astronomers search in the water hole?

 10.  There are 20,000 stars within 100 light-years that are to be 
searched for radio communications. How long will the search 
take if 1 hour is spent looking at each star? What if 1 day is 
spent per star?

AcTiViTieS
collaborative
 1. As a group, compose a paragraph everyone agrees with that 

defines life. It should clearly show that rocks are not alive and 
that plants are alive. According to your definition, are stars 
alive? What about viruses? Compare and contrast your group’s 
definition with that from another group.

 2. Independently, each person in your group should estimate the av-
erage lifetime of a technologically competent civilization, as used 
in the Drake equation. Explain the variation in your estimates.

 3. If your group was appointed to “speak for Earth” upon establish-
ing communication with an extraterrestrial world, what would 
you say? What questions would you ask, and what aspects of our 
planet would you choose to present? Write your group’s speech 
and annotate it with explanations of why you chose to say this.

individual
 1. It has been suggested that if extraterrestrial life is discovered, 

it will have a profound effect on human culture. Interview as 

many people as you can and ask the following two questions: 
(1) Do you think that extraterrestrial life exists? (2) Why? 
From your results, try to decide whether the discovery of ex-
traterrestrial life would indeed profoundly affect life on Earth.

 2. Conduct another poll separately, or do it at the same time as 
the first one. Ask the following question: What one question 
would you like to ask an extraterrestrial life-form in a radio 
communication? How many responses do you receive that in-
dicate “Earth-centered” thinking? How many responses sug-
gest a lack of understanding of how alien an extraterrestrial 
life-form might be? Does this change your conclusion from the 
first project in any way?

 3. The Drake equation should be able to “predict” at least one 
civilization in our Galaxy: us. Try changing the values of vari-
ous factors so that you end up with at least one. What do these 
various combinations of factors imply about how life arises 
and develops? Are there some combinations that just don’t 
make any sense?
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Appendix 1
Scientific Notation

The objects studied by astronomers range in size from the smallest par-
ticles to the largest expanse of matter we know—the entire universe. 
Subatomic particles have sizes of about 0.000000000000001 meter, 
while galaxies typically measure some 1,000,000,000,000,000,000,000 
meters across. The most distant known objects in the universe lie on 
the order of 100,000,000,000,000,000,000,000,000 meters from Earth.

Obviously, writing all those zeros is both cumbersome and 
inconvenient. More important, it is also very easy to make an error—
write down one zero too many or too few and your calculations 
become hopelessly wrong! To avoid this, scientists always write large 
numbers using a shorthand notation in which the number of zeros 
following or preceding the decimal point is denoted by a superscript 
power, or exponent, of 10. The exponent is simply the number of 
places between the first significant (nonzero) digit in the number 
(reading from left to right) and the decimal point. Thus 1 is 100, 10 is 
101, 100 is 102, 1000 is 103, and so on. For numbers less than 1, with 
zeros between the decimal point and the first significant digit, the 
exponent is negative: 0.1 is 10-1, 0.01 is 10-2, 0.001 is 10-3, and so on. 
Using this notation we can shorten the number describing subatomic 
particles to 10-15 meter and write the number describing the size of 
a galaxy as 1021 meters.

More complicated numbers are expressed as a combination of 
a power of 10 and a multiplying factor. This factor is conventionally 
chosen to be a number between 1 and 10, starting with the first 
significant digit in the original number. For example, 150,000,000,000 
meters (the distance from Earth to the Sun, in round numbers) can 
be more concisely written at 1.5 * 1011 meters, 0.000000025 meters 
as 2.5 * 10-8 meter, and so on. The exponent is simply the number 
of places the decimal point must be moved to the left to obtain the 
multiplying factor.

Some other examples of scientific notation are:

 the approximate distance to the Andromeda Galaxy
=  2,500,000 light@years = 2.5 * 106 light@years

 the size of a hydrogen atom = 0.00000000005 meter
=  5 * 10-11 meter

 the diameter of the Sun = 1,392,000 kilometers
=  1.392 * 106 kilometers

 the U.S. national debt (as of June 1, 2015)
=  $18,152,841,000.00 = $18.152841 trillion
=  1.8152841 * 1013 dollars.

In addition to providing a simpler way of expressing very 
large or very small numbers, this notation also makes it easier to 
do basic arithmetic. The rule for multiplication of numbers ex-
pressed in this way is simple: Just multiply the factors and add the 
exponents. Similarly for division, divide the factors and subtract 
the exponents. Thus, 3.5 * 10-2 multiplied by 2.0 * 103 is sim-
ply (3.5 * 2.0) * 10-2+3 = 7.0 * 101—that is, 70. Again, 5 * 106 
divided by 2 * 104  is just (5/2) * 106-4, or 2.5 * 102 (=  250). 
Applying these rules to unit conversions, 200,000 nanometers 
is 200,000 * 10-9 meter (since 1 nanometer = 10-9 meter; see 
Appendix 2), or (2 * 105) * 10-9 meter, or 2 * 105-9 = 2 *
10-4 meter = 0.2 mm. Verify these rules yourself with a few exam-
ples of your own. The advantages of this notation when considering 
astronomical objects will soon become obvious.

Scientists often use “rounded-off” versions of numbers, both 
for simplicity and for ease of calculation. For example, we will 
usually write the diameter of the Sun as 1.4 * 106 kilometers, in-
stead of the more precise number given earlier. Similarly, the di-
ameter of Earth is 12,756 kilometers, or 1.2756 * 104 kilometers, 
but for “ballpark” estimates, we really don’t need so many digits, 
and the more approximate number 1.3 * 104 kilometers will suf-
fice. Very often, we perform rough calculations using only the first 
one or two significant digits in a number, and that may be all that 
is necessary to make a particular point. For example, to support 
the statement, “The Sun is much larger than Earth,” we need only 
say that the ratio of the two diameters is roughly 1.4 * 106 di-
vided by 1.3 * 104. Since 1.4/1.3 is close to 1, the ratio is approxi-
mately 106/104 = 102, or 100. The essential fact here is that the 
ratio is much larger than 1; calculating it to greater accuracy (to 
get 109.13) would give us no additional useful information. This 
technique of stripping away the arithmetic details to get to the es-
sence of a calculation is very common in astronomy, and we use it 
frequently throughout this text.

A-1
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Appendix 2
Astronomical Measurement

Astronomers use many different kinds of units in their work, 
simply because no single system of units will do. Rather than the 
Système Internationale (SI), or meter-kilogram-second (MKS), 
metric system used in most high school and college science classes, 
many professional astronomers still prefer the older centimeter-
gram-second (CGS) system. However, astronomers also commonly 
introduce new units when convenient. For example, when discussing 
stars, the mass and radius of the Sun are often used as reference 
points. The solar mass, written as M⊙ , is equal to 2.0 * 1033 g, or 
2.0 * 1030 kg (since 1 kg 5 1000 g). The solar radius, R⊙ , is equal 
to 700,000 km, or 7.0 * 108 m (1 km = 1000 m). The subscript ⊙  
always stands for Sun. Similarly, the subscript ⊕  always stands 
for Earth. In this book, we try to use the units that astronomers 
commonly use in any given context, but we also give the “standard” 
SI equivalents where appropriate.

Of particular importance are the units of length astrono-
mers use. On small scales, the angstrom (1Å 5 10−10 m 5 10−8 cm),  
the nanometer (1 nm = 10-9 m = 10-7 cm), and the micron  
(1 μm = 10-6 m = 10-4 cm) are used. Distances within the solar 
system are usually expressed in terms of the astronomical unit 

(AU), the mean distance between Earth and the Sun. One AU is 
approximately equal to 150,000,000 km, or 1.5 * 1011 m. On larg-
er scales, the light-year (1 ly = 9.5 * 1015 m = 9.5 * 1012 km) 
and the parsec (1 pc = 3.1 * 1016 m = 3.1 * 1013 km = 3.3 ly)  
are commonly used. Still larger distances use the regular pre-
fixes of the metric system: kilo for one thousand and mega for 
one million. Thus  1 kiloparsec (kpc) = 103 pc = 3.1 * 1019 m, 
10 megaparsecs (Mpc) = 107 pc = 3.1 * 1023 m, and so on.

Length:

1 angstrom (Å) =  10-10 m atomic physics,
1 nanometer (nm) =  10-9 m  spectroscopy

1 micron (μm) =  10-6 m interstellar dust  
 and gas

1 centimeter (cm) =  0.01 m in widespread use
1 meter (m) =  100 cm  throughout all
1 kilometer (km) =  1000 m = 105 cm  astronomy

Earth radius (R⊕) =  6378 km planetary astronomy

Solar radius (R⊙) 
1 astronomical

=  6.96 * 108 m solar system, stellar  
 evolution

unit (AU) =  1.496 * 1011 m 

1 light-year (ly) =  9.46 * 1015 m 
=  63,200 AU galactic astronomy,

1 parsec (pc) =  3.09 * 1016 m  stars and star clusters
=  206,000 AU
=  3.26 ly 

1 kiloparsec (kpc) =  1000 pc galaxies, galaxy
1 megaparsec (Mpc) =  1000 kpc  clusters, cosmology

A-2

Astronomers use units that make sense within a context, and 
as contexts change, so do the units. For example, we might measure 
densities in grams per cubic centimeter (g/cm3), in atoms per cubic 
meter (atoms/m3), or even in solar masses per cubic megaparsec 
(M⊙/Mpc3), depending on the circumstances. The important thing 
to know is that once you understand the units, you can convert free-
ly from one set to another. For example, the radius of the Sun could 
equally well be written as R⊙ = 6.96 * 108 m, or 6.96 * 1010 cm, 
or 109 R⊕ , or 4.65 * 10-3 AU, or even 7.36 * 10-8 ly—whichever 
happens to be most useful. Some of the more common units used 
in astronomy, and the contexts in which they are most likely to be 
encountered, are listed below.

Mass:

1 gram (g) in widespread use in
1 kilogram (kg) =1000 g  many different areas

Earth mass (M⊕) =5.98 * 1024 kg planetary astronomy

Solar mass (M⊙) =1.99 * 1030 kg “standard” unit for all 
mass scales larger than 
Earth

Time:

1 second (s) in widespread use  
 throughout astronomy

1 hour (h) =3600 s planetary and stellar
1 day (d) =86,400 s  scales

1 year (yr) =3.16 * 107 s virtually all processes  
 occurring on scales  
 larger than a star
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Appendix 3
Tables

A-3

Table 1 Some Useful Constants and physical Measurements1

Conversions Between Common English and Metric Units

English Metric

1 inch = 2.54 centimeters (cm)

1 foot (ft) = 0.3048 meters (m)

1 mile = 1.609 kilometers (km)

1 pound (lb) = 453.6 grams (g) or 0.4536 kilograms (kg) (on Earth)

astronomical unit 1 AU = 1.496 * 108 km (1.5 * 108 km)

light-year 1 ly = 9.46 * 1012 km (1013 km; about 6 trillion miles)

parsec 1 pc = 3.09 * 1013 km = 3.3 ly

speed of light c = 299,792.458 km/s (3 * 105 km/s)

Stefan-Boltzmann constant s = 5.67 * 10-8 W/m2 # K4 

gravitational constant G = 6.67 * 10-11 N m2/kg2 

mass of Earth M⊕ = 5.97 * 1024 kg (6 * 1024 kg; 6000 billion tons)

radius of Earth R⊕ = 6378 km (6500 km)

mass of the Sun M⊙ = 1.99 * 1030 kg (2 * 1030 kg)

radius of the Sun R⊙ = 6.96 * 105 km (7 * 105 km)

luminosity of the Sun L⊙ = 3.90 * 1026 W (4 * 1026 W)

effective temperature of the 
Sun

T⊙ = 5778 K (5800 K)

Hubble constant H0 ≈ 70 km/s/Mpc

mass of an electron me = 9.11 * 10-31 kg

mass of a proton mp = 1.67 * 10-27 kg
1 The rounded-off values used in the text are shown above in parentheses.

Table 2 Main-Sequence Stellar properties by Spectral Class

Spectral  
Class

Typical Surface 
Temperature Color Mass* Luminosity* Lifetime*

Familiar  
Examples

(K) (M⊙) (L⊙) (106 yr)

O .30,000 Electric Blue .20 .100,000 ,2 Mintaka (O9)

B 20,000 Blue 7 500 140 Spica (B2)

A 10,000 White 3 60 500 Vega (A0) Sirius (A1)

F 7000 Yellow-white 1.5 7 2000 Procyon (F5)

G 6000 Yellow 1.0 1.0 10,000 Sun (G2) Alpha 
Centauri (G2)

K 4000 Orange 0.8 0.3 30,000 Epsilon Eridani (K2)

M 3000 Red 0.1 0.00006 16,000,000 Proxima Centauri (M5) 
Barnard’s Star (M5)

*Approximate values for stars of solar composition
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Table 3a planetary data: Orbital properties

Planet
Semimajor Axis

Sidereal  
Period  

(tropical years)
Mean Orbital 
Speed (km/s)

Orbital  
Eccentricity

Inclination to 
the Ecliptic 
(degrees)(AU) (106 km)

Mercury 0.39 57.9 0.241 47.9 0.206 7.00

Venus 0.72 108.2 0.612 35.0 0.007 3.39

Earth 1.00 149.6 1.00 29.8 0.017 0.01

Mars 1.52 227.9 1.88 24.1 0.093 1.85

Jupiter 5.20 778.4 11.86 13.1 0.048 1.31

Saturn 9.54 1427 29.42 9.65 0.054 2.49

Uranus 19.19 2871 83.75 6.80 0.047 0.77

Neptune 30.07 4498 163.7 5.43 0.009 1.77

Table 3b planetary data: physical properties

Planet

Equatorial  
Radius Mass Mean Density

Sidereal  
Rotation Period  

(solar days)1(km) (Earth 5 1) (kg) (Earth 5 1) (kg/m3)

Mercury 2440 0.38 3.30 * 1023 0.055 5430 58.6

Venus 6052 0.95 4.87 * 1024 0.82 5240 -243.0

Earth 6378 1.00 5.97 * 1024 1.00 5520 0.9973

Mars 3394 0.53 6.42 * 1023 0.11 3930 1.026

Jupiter 71,492 11.21 1.90 * 1027 317.8 1330 0.41

Saturn 60,268 9.45 5.68 * 1026 95.2 690 0.44

Uranus 25,559 4.01 8.68 * 1025 14.5 1270 -0.72

Neptune 24,766 3.88 1.02 * 1026 17.1 1640 0.67

Planet
Axial Tilt 
(degrees)

Surface  
Gravity  

(Earth 5 1)
Escape Speed 

(km/s)
Surface  

Temperature (K)2
Number of 

Moons3

Mercury 0.0 0.38 4.2 100 to 700 0

Venus 177.4 0.91 10.4 730 0

Earth 23.5 1.00 11.2 290 1

Mars 24.0 0.38 5.0 180 to 270 2

Jupiter 3.1 2.53 60 124 16

Saturn 26.7 1.07 36 97 18

Uranus 97.9 0.91 21 58 27

Neptune 29.6 1.14 24 59 13
1A negative sign indicates retrograde rotation.
2Temperature is effective temperature for jovian planets.
3Moons more than 10 km in diameter

A-4 Appendix 3  Tables
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Table 4 The 20 Brightest Stars in earth’s night Sky

Spectral Type* Parallax Distance Apparent Visual Magnitude*
Name Star A B (arc seconds)  (pc) A B

Sirius a CMa A1V wd† 0.379 2.6 -1.44 +8.4

Canopus a Car F0Ib–II 0.010 96 -0.62

Arcturus a Boo K2III 0.089 11 -0.05

Rigel Kentaurus a Cen G2V K0V 0.742 1.3 -0.01 +1.4

(Alpha Centauri)

Vega a Lyr A0V 0.129 7.8 +0.03

Capella a Aur GIII M1V 0.077 13 +0.08 +10.2

Rigel b Ori B8Ia B9 0.0042 240 +0.18 +6.6

Procyon a CMi F5IV–V Wd† 0.286 3.5 +0.40 +10.7

Betelgeuse a Ori M2Iab 0.0076 130 +0.45

Achernar a Eri B5V 0.023 44 +0.45

Hadar a Cen B1III ? 0.0062 160 +0.61 +4

Altair a Aq1 A7IV–V 0.194 5.1 +0.76

Acrux a Cru B1IV B3 0.010 98 +0.77 +1.9

Aldebaran a Tau K5III M2V 0.050 20 +0.87 +13

Spica a Vir B1V B2V 0.012 80 +0.98 2.1

Antares a Sco M1Ib B4V 0.005 190 +1.06 +5.1

Pollux b Gem K0III 0.097 10 +1.16

Formalhaut a PsA A3V ? 0.130 7.7 +1.17 +6.5

Deneb a Cyg A2Ia 0.0010 990 +1.25

Mimosa b Cru B1IV 0.0093 110 +1.25

Name

Visual Luminosity*  
(Sun 5 1)

Absolute Visual  
Magnitude1 Proper Motion 

(arc seconds/yr)
Transverse  

Velocity (km/s)
Radial  

Velocity (km/s)A B A B

Sirius 22 0.0025 +1.5 +11.3 1.33 16.7 27.6‡

Canopus 4.1 * 104 25.5 0.02 9.1 20.5

Arcturus 110 20.3 2.28 119 25.2

Rigel Kentaurus 1.6 0.45 +4.3 +5.7 3.68 22.7 224.6

Vega 50 +0.6 0.34 12.6 213.9

Capella 130 0.01 20.5 +9.6 0.44 27.1 30.2‡

Rigel 4.1 * 104 110 26.7 −0.3 0.00 1.2 20.7

Procyon 7.2 0.0006 +2.7 +13.0 1.25 20.7 23.2

Betelgeuse 9700 25.1 0.03 18.5 21.0

Achernar 1100 22.8 0.10 20.9 19

Hadar 1.3 * 104 560 25.4 22.0 0.04 30.3 212

Altair 11 +2.2 0.66 16.3 226.3

Acrux 4100 2200 24.2 23.5 0.04 22.8 211.2

Aldebaran 150 0.002 20.6 +11.5 0.20 19.0 54.1

Spica 2200 780 23.5 22.4 0.05 19.0 1.0

Antares 1.1 * 104 290 25.3 21.3 0.03 27.0 23.2

Pollux 31 +1.1 0.62 29.4 3.3

Formalhaut 17 0.13 +1.7 +7.1 0.37 13.5 6.5

Deneb 2.6 * 105 28.7 0.003 14.1 24.6

Mimosa 3200 23.9 0.05 26.1 2

* Energy output in the visible part of the spectrum; A and B columns identify individual components of binary star systems.
† “wd” stands for “white dwarf.”
‡ Average value of variable velocity

 Appendix 3  Tables A-5
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Table 5 The 20 nearest Stars

Name
Spectral Type* Parallax  

(arc seconds)
Distance  

(pc)

Apparent Visual  
Magnitude*

A B A B

Sun G2V 226.74

Proxima Centauri M5 0.772 1.30 +11.01

Alpha Centauri G2V K1V 0.742 1.35 20.01 +1.35

Barnard’s Star M5V 0.549 1.82 +9.54

Wolf 359 M8V 0.421 2.38 +13.53

Lalande 21185 M2V 0.397 2.52 +7.50

UV Ceti M6V M6V 0.387 2.58 +12.52 +13.02

Sirius A1V wd† 0.379 2.64 −1.44 +8.4

Ross 154 M5V 0.345 2.90 +10.45

Ross 248 M6V 0.314 3.18 +12.29

e Eridani K2V 0.311 3.22 +3.72

Ross 128 M5V 0.298 3.36 +11.10

61 Cygni K5V K7V 0.294 3.40 +5.22 +6.03

e Indi K5V 0.291 3.44 +4.68

Grm 34 M1V M6V 0.290 3.45 +8.08 +11.06

Luyten 789-6 M6V 0.290 3.45 +12.18

Procyon F5IV–V wd† 0.286 3.50 +0.40 +10.7

g  2398 M4V M5V 0.285 3.55 +8.90 +9.69

Lacaille 9352 M2V 0.279 3.58 +7.35

G51-15 MV 0.278 3.60 +14.81

Name

Visual Luminosity*  
(Sun 5 1)

Absolute Visual  
Magnitude* Proper Motion  

(arc seconds/yr)

Transverse 
Velocity 
(km/s)

Radial 
Velocity 
(km/s)A B A B

Sun 1.0 14.83

Proxima Centauri 5.6 * 10 - 5 115.4 3.86 23.8 216

Alpha Centauri 1.6 0.45 14.3 15.7 3.68 23.2 222

Barnard’s Star 4.3 * 10 - 4 113.2 10.34 89.7 2108

Wolf 359 1.8 * 10 - 5 116.7 4.70 53.0 113

Lalande 21185 0.0055 110.5 4.78 57.1 284

UV Ceti 5.4 * 10 - 4 0.00004 115.5 116.0 3.36 41.1 130

Sirius 22 0.0025 11.5 111.3 1.33 16.7 28

Ross 154 4.8 * 10 - 4 113.3 0.72 9.9 24

Ross 248 1.1 * 10 - 4 114.8 1.58 23.8 281

e Eridani 0.29 16.2 0.98 15.3 116

Ross 128 3.6 * 10 - 4 +13.5 1.37 21.8 213

61 Cygni 0.082 0.039 +7.6 +8.4 5.22 84.1 264

e Indi 0.14 +7.0 4.69 76.5 240

Grm 34 0.0061 0.00039 +10.4 +13.4 2.89 47.3 117

Luyten 789-6 1.4 * 10 - 4 +14.6 3.26 53.3 260

Procyon 7.2 0.00055 +2.7 +13.0 1.25 2.8 23

g  2398 0.0030 0.0015 +11.2 +11.9 2.28 38.4 15

Lacaille 9352 0.013 +9.6 6.90 117 110

G51-15 1.4 * 10 - 5 +17.0 1.26 21.5 —

* A and B columns identify individual components of binary star systems.
† “wd” stands for “white dwarf.”
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Glossary
Key terms that are boldface in the text are followed by a page reference in the Glossary.

A
A ring One of three Saturnian rings visible from Earth. The A ring is 
farthest from the planet and is separated from the B ring by the Cas-
sini Division. (p. 238)
aberration of starlight Small shift in the observed direction to a 
star, caused by Earth’s motion perpendicular to the line of sight.
absolute brightness The apparent brightness a star would have if it 
were placed at a standard distance of 10 parsecs from Earth.
absolute magnitude The apparent magnitude a star would have if it 
were placed at a standard distance of 10 parsecs from Earth. (p. 284)
absolute zero The lowest possible temperature that can be obtained; 
all thermal motion ceases at this temperature.
absorption line Dark line in an otherwise continuous bright spec-
trum, where light within one narrow frequency range has been re-
moved. (p. 57)
abundance Relative amounts of different elements in a gas.
acceleration The rate of change of velocity of a moving object. (p. 38)
accretion Gradual growth of bodies, such as planets, by the accumu-
lation of other, smaller bodies. (p. 123)
accretion disk Flat disk of matter spiraling down onto the surface 
of a neutron star or black hole. Often, the matter originated on the 
surface of a companion star in a binary star system. (p. 341)
active galactic nucleus Region of intense emission at the center of 
an active galaxy responsible for virtually all of the galaxy’s nonstellar 
luminosity. (p. 433)
active galaxies The most energetic galaxies, which can emit hun-
dreds or thousands of times more energy per second than the Milky 
Way, mostly in the form of long-wavelength nonthermal radiation. 
(p. 432)
active optics  Collection of techniques used to increase the resolu-
tion of ground-based telescopes. Minute modifications are made to the 
overall configuration of an instrument as its temperature and orienta-
tion change; used to maintain the best possible focus at all times. (p. 84)
active region Region of the photosphere of the Sun surrounding a sun-
spot group, which can erupt violently and unpredictably. During sunspot 
maximum, the number of active regions is also a maximum. (p. 266)
active Sun The unpredictable aspects of the Sun’s behavior, such as 
sudden explosive outbursts of radiation in the form of prominences 
and flares.
adaptive optics Technique used to increase the resolution of a tele-
scope by deforming the shape of the mirror’s surface under computer 
control while a measurement is being taken; used to undo the effects 
of atmospheric turbulence. (p. 84)
aerosol Suspension of liquid or solid particles in air.
alpha particle A helium-4 nucleus.
alpha process  Process occurring at high temperatures, in which 
high-energy photons split heavy nuclei to form helium nuclei.
ALSEP Acronym for Apollo Lunar Surface Experiments Package.
altimeter Instrument used to determine altitude.
amino acids Organic molecules that form the basis for building the 
proteins that direct metabolism in living creatures. (p. 505)
Amor asteroid Asteroid that crosses only the orbit of Mars.
amplitude The maximum deviation of a wave above or below zero 
point. (p. 47)

G-1

angstrom Distance unit equal to 0.1 nanometers, or one 10-billionth 
of a meter.
angular diameter Angle made between the top (or one edge) of an 
object, the observer and the bottom (or opposite edge) of the object.
angular distance Angular separation between two objects as seen 
by some observer.
angular momentum Tendency of an object to keep rotating; pro-
portional to the mass, radius, and rotation speed of the body.
angular resolution The ability of a telescope to distinguish between 
adjacent objects in the sky. (p. 81)
annular eclipse Solar eclipse occurring at a time when the Moon 
is far enough away from Earth that it fails to cover the disk of the 
Sun completely, leaving a ring of sunlight visible around its edge. 
(p. 16)
antiparallel Configuration of the electron and proton in a hydrogen 
(or other) atom when their spin axes are parallel but the two rotate in 
opposite directions.
antiparticle A particle of the same mass but opposite in all other 
respects (e.g., charge) to a given particle; when a particle and its anti-
particle come into contact, they annihilate and release energy in the 
form of gamma rays.
aphelion The point on the elliptical path of an object in orbit about 
the Sun that is most distant from the Sun. (p. 35)
Apollo asteroid See Earth-crossing asteroid.
apparent brightness The brightness that a star appears to have, as 
measured by an observer on Earth. (p. 282)
apparent magnitude The apparent brightness of a star, expressed 
using the magnitude scale. (p. 284)
association  Small grouping of (typically 100 or less) bright stars, 
spanning up to a few tens of parsecs across, usually rich in very young 
stars. (p. 324)
Assumption of Mediocrity Statements suggesting that the devel-
opment of life on Earth did not require any unusual circumstances, 
suggesting that extraterrestrial life may be common.
asteroid One of thousands of very small members of the solar sys-
tem orbiting the Sun between the orbits of Mars and Jupiter. Often 
referred to as “minor planets.” (p. 107)
asteroid belt Region of the solar system, between the orbits of Mars 
and Jupiter, in which most asteroids are found. (p. 108)
asthenosphere Layer of Earth’s interior, just below the lithosphere, 
over which the surface plates slide.
astrology  Pseudoscience that purports to use the positions of the 
planets, sun, and moon to predict daily events and human destiny.
astronomical unit (AU) The average distance of Earth from the Sun. 
Precise radar measurements yield a value for the AU of 149,603,500 
km. (p. 35)
astronomy Branch of science dedicated to the study of everything in 
the universe that lies above Earth’s atmosphere. (p. 6)
asymptotic giant branch  Path on the Hertzsprung–Russell dia-
gram corresponding to the changes that a star undergoes after helium 
burning ceases in the core. At this stage, the carbon core shrinks and 
drives the expansion of the envelope, and the star becomes a swollen 
red giant for a second time.
aten asteroid  Earth-crossing asteroid with semimajor axis less 
than 1 AU.
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G-2 GlossAry 

atmosphere Layer of gas confined close to a planet’s surface by the 
force of gravity. (p. 140)
atom Building block of matter, composed of positively charged pro-
tons and neutral neutrons in the nucleus surrounded by negatively 
charged electrons. (p. 60)
atomic epoch Period after decoupling when the first simple atoms 
and molecules formed.
aurora Event that occurs when atmospheric molecules are excited by 
incoming charged particles from the solar wind, then emit energy as 
they fall back to their ground states. Aurorae generally occur at high 
latitudes, near the north and south magnetic poles. (p. 160)
autumnal equinox Date on which the Sun crosses the celestial equa-
tor moving southward, occurring on or near September 22. (p. 12)

B
B ring One of three Saturnian rings visible from Earth. The B ring is 
the brightest of the three and lies just past the Cassini Division, closer 
to the planet than the A ring. (p. 238)
background noise  Unwanted light in an image, from unresolved 
sources in the telescope’s field of view, scattered light from the atmos-
phere, or instrumental “hiss” in the detector itself.
barred-spiral galaxy Spiral galaxy in which a bar of material passes 
through the center of the galaxy, with the spiral arms beginning near 
the ends of the bar. (p. 422)
basalt Solidified lava; an iron-magnesium-silicate mixture.
baseline The distance between two observing locations used for the 
purposes of triangulation measurements. The larger the baseline, the 
better the resolution attainable. (p. 19)
belt Dark, low-pressure region in the atmosphere of a jovian planet, 
where gas flows downward. (p. 209)
Big Bang Event that cosmologists consider the beginning of the uni-
verse, in which all matter and radiation in the entire universe came 
into being. (p. 478)
Big Crunch Point of final collapse of a bound universe.
binary asteroid Asteroids that have a partner in orbit around it.
binary pulsar Binary system in which both components are pulsars.
binary-star system A system that consists of two stars in orbit about 
their common center of mass, held together by their mutual gravita-
tional attraction. Most stars are found in binary-star systems. (p. 295)
biological evolution Change in a population of biological organisms 
over time.
bipolar flow Jets of material expelled from a protostar perpendicular 
to the surrounding protostellar disk.
blackbody curve The characteristic way in which the intensity of ra-
diation emitted by a hot object depends on frequency. The frequency at 
which the emitted intensity is highest is an indication of the tempera-
ture of the radiating object. Also referred to as the Planck curve. (p. 53)
black dwarf The endpoint of the evolution of an isolated, low-mass 
star. After the white dwarf stage, the star cools to the point where it is 
a dark “clinker” in interstellar space. (p. 339)
black hole  A region of space where the pull of gravity is so great 
that nothing—not even light—can escape. A possible outcome of the 
evolution of a very massive star. (p. 373)
blazar Particularly intense active galactic nucleus in which the ob-
server’s line of sight happens to lie directly along the axis of a high-
speed jet of particles emitted from the active region. (p. 437)
blue giant Large, hot, bright star at the upper-left end of the main 
sequence on the Hertzsprung–Russell diagram. Its name comes from 
its color and size. (p. 290)
blueshift Motion-induced changes in the observed wavelength from 
a source that is moving toward us. Relative approaching motion be-

tween the object and the observer causes the wavelength to appear 
shorter (and hence bluer) than if there were no motion at all.
blue straggler Star found on the main sequence of the Hertzsprung–
Russell diagram, but which should already have evolved off the main 
sequence, given its location on the diagram; thought to have formed 
from mergers of lower mass stars.
blue supergiant The very largest of the large, hot, bright stars at the 
uppermost-left end of the main sequence on the Hertzsprung–Russell 
diagram. (p. 290)
Bohr model  First theory of the hydrogen atom to explain the ob-
served spectral lines. This model rests on three ideas: that there is a 
state of lowest energy for the electron, that there is a maximum en-
ergy beyond which the electron is no longer bound to the nucleus, and 
that within these two energies the electron can only exist in certain 
energy levels. (p. 60)
bok globule Dense, compact cloud of interstellar dust and gas on its 
way to forming one or more stars.
boson  Particle that exerts or mediates forces between elementary 
particles in quantum physics.
bound trajectory Path of an object with launch speed low enough 
that it cannot escape the gravitational pull of a planet.
brown dwarf Remnants of fragments of collapsing gas and dust that 
did not contain enough mass to initiate core nuclear fusion. Such 
objects are then frozen somewhere along their pre-main-sequence 
contraction phase, continually cooling into compact dark objects. Be-
cause of their small size and low temperature, they are extremely dif-
ficult to detect observationally. (p. 322)
brown oval  Feature of Jupiter’s atmosphere that appears only at 
latitudes near 20 degrees N, this structure is a long-lived hole in the 
clouds that allows us to look down into Jupiter’s lower atmosphere. 
(p. 211)

C
C ring One of three Saturnian rings visible from Earth. The C ring 
lies closest to the planet and is relatively thin compared to the A and 
B rings. (p. 238)
caldera Crater that forms at the summit of a volcano.
capture theory (Moon) Theory suggesting that the Moon formed 
far from Earth but was later captured by it.
carbonaceous asteroid The darkest, or least reflective, type of as-
teroid, containing large amounts of carbon.
carbon-based molecule Molecule containing atoms of carbon.
carbon-detonation supernova See Type I supernova. (p. 346)
cascade Process of deexcitation in which an excited electron moves 
down through energy states one at a time.
Cassegrain telescope  A type of reflecting telescope in which in-
coming light hits the primary mirror and is then reflected upward 
toward the prime focus, where a secondary mirror reflects the light 
back down through a small hole in the main mirror into a detector or 
eyepiece. (p. 74)
Cassini Division A relatively empty gap in Saturn’s ring system, dis-
covered in 1675 by Giovanni Cassini. It is now known to contain a 
number of thin ringlets. (p. 238)
cataclysmic variable Collective name for novae and supernovae.
catalyst Something that causes or helps a reaction to occur, but is 
not itself consumed as part of the reaction.
catastrophic theory  A theory that invokes statistically unlikely 
accidental events to account for observations.
celestial coordinates  Pair of quantities—right ascension and 
declination—similar to longitude and latitude on Earth, used to 
pinpoint locations of objects on the celestial sphere. (p. 8)
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the ratio of its blue intensity (B) to its visual intensity (V) is a measure 
of the object’s surface temperature.
color–magnitude diagram A way of plotting stellar properties, in 
which absolute magnitude is plotted against color index.
coma An effect occurring during the formation of an off-axis image 
in a telescope. Stars whose light enters the telescope at a large an-
gle acquire comet-like tails on their images. The brightest part of a 
comet, often referred to as the “head.” (p. 112)
comet A small body, composed mainly of ice and dust, in an elliptical 
orbit about the Sun. As it comes close to the Sun, some of its material 
is vaporized to form a gaseous head and extended tail. (p. 107)
common envelope Outer layer of gas in a contact binary.
comparative planetology The systematic study of the similarities 
and differences among the planets, with the goal of obtaining deeper 
insight into how the solar system formed and has evolved in time.
composition The mixture of atoms and molecules that make up an 
object.
condensation nuclei  Dust grains in the interstellar medium that 
act as seeds around which other material can cluster. The presence of 
dust was very important in causing matter to clump during the forma-
tion of the solar system. (p. 123)
condensation theory Currently favored model of solar system for-
mation that combines features of the old nebular theory with new 
information about interstellar dust grains, which acted as condensa-
tion nuclei. (p. 122)
conjunction Orbital configuration in which a planet lies in the same 
direction as the Sun, as seen from Earth.
conservation of mass and energy See law of conservation of mass 
and energy.
constellation A human grouping of stars in the night sky into a rec-
ognizable pattern. (p. 6)
constituents See composition.
contact binary  A binary star system in which both stars have 
expanded to fill their Roche lobes, and the surfaces of the two stars 
merge. The binary system now consists of two nuclear burning stellar 
cores surrounded by a continuous common envelope.
continental drift The movement of the continents around Earth’s 
surface.
continuous spectra Spectra in which the radiation is distributed 
over all frequencies, not just a few specific frequency ranges. A 
prime example is the blackbody radiation emitted by a hot, dense 
body. (p. 56)
convection Churning motion resulting from the constant upwelling 
of warm fluid and the concurrent downward flow of cooler material 
to take its place. (p. 144)
convection cell Circulating region of upwelling hot fluid and sink-
ing cooler fluid in convective motion. (p. 144)
convection zone Region of the Sun’s interior, lying just below the 
surface, where the material of the Sun is in constant convection mo-
tion. This region extends into the solar interior to a depth of about 
20,000 km. (p. 254)
co-orbital satellites Satellites sharing the same orbit around a planet.
Copernican principle The removal of Earth from any position of 
cosmic significance.
Copernican revolution The realization, toward the end of the 16th 
century, that Earth is not at the center of the universe. (p. 31)
core The central region of Earth, surrounded by the mantle. (p. 256)
The central region of any planet or star. (p. 256)
core-accretion theory Theory that the jovian planets formed when 
icy protoplanetary cores became massive enough to capture gas 
directly from the solar nebula. See gravitational instability theory.

celestial equator The projection of Earth’s equator onto the celestial 
sphere. (p. 8)
celestial mechanics Study of the motions of bodies, such as planets 
and stars, that interact via gravity.
celestial pole  Projection of Earth’s North or South pole onto the 
celestial sphere.
celestial sphere Imaginary sphere surrounding Earth to which all 
objects in the sky were once considered to be attached. (p. 7)
Celsius Temperature scale in which the freezing point of water is 0 
degrees and the boiling point of water is 100 degrees.
center of mass  The “average” position in space of a collection of 
massive bodies, weighted by their masses. For an isolated system this 
point moves with constant velocity, according to Newtonian mechan-
ics. (p. 40)
centigrade See Celsius.
centripetal force (literally “center seeking”) Force directed toward 
the center of a body’s orbit.
centroid Average position of the material in an object; in spectros-
copy, the center of a spectral line.
Cepheid variable Star whose luminosity varies in a characteristic 
way, with a rapid rise in brightness followed by a slower decline. The 
period of a Cepheid variable star is related to its luminosity, so a de-
termination of this period can be used to obtain an estimate of the 
star’s distance. (p. 394)
Chandrasekhar mass Maximum possible mass of a white dwarf.
chaotic rotation Unpredictable tumbling motion that nonspherical 
bodies in eccentric orbits, such as Saturn’s satellite Hyperion, can ex-
hibit. No amount of observation of an object rotating chaotically will 
ever show a well-defined period.
charge-coupled device (CCD) An electronic device used for data 
acquisition; composed of many tiny pixels, each of which records a 
buildup of charge to measure the amount of light striking it. (p. 78)
chemical bond Force holding atoms together to form a molecule.
chemosynthesis  Analog of photosynthesis that operates in total 
darkness.
chromatic aberration The tendency for a lens to focus red and blue 
light differently, causing images to become blurred.
chromosphere The Sun’s lower atmosphere, lying just above the vis-
ible atmosphere. (p. 254)
circumnavigation Traveling all the way around an object.
cirrus High-level clouds composed of ice or methane crystals.
closed universe Geometry that the universe as a whole would have 
if the density of matter is above the critical value. A closed universe 
is finite in extent and has no edge, like the surface of a sphere. It has 
enough mass to stop the present expansion and will eventually col-
lapse. (p. 481)
CNO cycle  Chain of reactions that converts hydrogen into helium 
using carbon, nitrogen, and oxygen as catalysts.
cocoon nebula Bright infrared source in which a surrounding cloud 
of gas and dust absorb ultraviolet radiation from a hot star and ree-
mits it in the infrared.
cold dark matter Class of dark-matter candidates made up of very 
heavy particles, possibly formed in the very early universe.
collecting area The total area of a telescope capable of capturing 
incoming radiation. The larger the telescope, the greater its collecting 
area and the fainter the objects it can detect. (p. 79)
collisional broadening  Broadening of spectral lines due to colli-
sions between atoms, most often seen in dense gases.
color index  A convenient method of quantifying a star’s color by 
comparing its apparent brightness as measured through different fil-
ters. If the star’s radiation is well described by a blackbody spectrum, 
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core-collapse supernova See Type II supernova.
core hydrogen burning  The energy-burning stage for main-
sequence stars, in which the helium is produced by hydrogen fusion 
in the central region of the star. A typical star spends up to 90 percent 
of its lifetime in hydrostatic equilibrium brought about by the balance 
between gravity and the energy generated by core hydrogen burning. 
(p. 332)
cornea (eye) The curved transparent layer covering the front part of 
the eye. (p. 171)
corona One of numerous large, roughly circular regions on the sur-
face of Venus, thought to have been caused by upwelling mantle ma-
terial causing the planet’s crust to bulge outward (plural, coronae). 
(p. 178)
The tenuous outer atmosphere of the Sun, which lies just above the 
chromosphere and, at great distances, turns into the solar wind.  
(p. 246)
coronal hole Vast regions of the Sun’s atmosphere where the density 
of matter is about 10 times lower than average. The gas there streams 
freely into space at high speeds, escaping the Sun completely. (p. 268)
coronal mass ejection Giant magnetic “bubble” of ionized gas that 
separates from the rest of the solar atmosphere and escapes into in-
terplanetary space. (p. 267)
corpuscular theory Early particle theory of light.
cosmic density parameter Ratio of the universe’s actual density to 
the critical value corresponding to zero curvature.
cosmic distance scale Collection of indirect distance-measurement 
techniques that astronomers use to measure distances in the universe. 
(p. 18)
cosmic evolution The collection of the seven major phases of the 
history of the universe, namely particulate, galactic, stellar, planetary, 
chemical, biological, and cultural evolution. (p. 504)
cosmic microwave background  The almost perfectly isotropic 
radio signal that is the electromagnetic remnant of the Big Bang.  
(p. 487)
cosmic ray Very energetic subatomic particle arriving at Earth from 
elsewhere in the Galaxy.
cosmological constant Quantity originally introduced by Einstein 
into general relativity to make his equations describe a static universe. 
Now one of several candidates for the repulsive “dark energy” force 
responsible for the observed cosmic acceleration. (p. 484)
cosmological distance Distance comparable to the scale of the uni-
verse.
cosmological principle Two assumptions that make up the basis 
of cosmology, namely that the universe is homogeneous and isotropic 
on sufficiently large scales. (p. 477)
cosmological redshift The component of the redshift of an object 
that is due only to the Hubble flow of the universe. (p. 431)
cosmology  The study of the structure and evolution of the entire 
universe. (p. 477)
cosmos The universe.
coudé focus Focus produced far from the telescope using a series 
of mirrors. Allows the use of heavy and/or finely tuned equipment to 
analyze the image.
crater Bowl-shaped depression on the surface of a planet or moon, 
resulting from a collision with interplanetary debris. (p. 156)
crescent Appearance of the Moon (or a planet) when less than half of 
the body’s hemisphere is visible from Earth.
crest Maximum departure of a wave above its undisturbed state.
critical density The cosmic density corresponding to the dividing 
line between a universe that recollapses and one that expands forever. 
(p. 480)

critical universe Universe in which the density of matter is exact-
ly equal to the critical density. The universe is infinite in extent and 
has zero curvature. The expansion will continue forever, but will ap-
proach an expansion speed of zero. (p. 482)
crust Layer of Earth that contains the solid continents and the sea-
floor. (p. 140)
C-type asteroid See carbonaceous asteroid.
cultural evolution  Change in the ideas and behavior of a society 
over time.
current sheet Flat sheet on Jupiter’s magnetic equator where most 
of the charged particles in the magnetosphere lie due to the planet’s 
rapid rotation.

D
D ring Collection of very faint, thin rings, extending from the inner edge 
of the C ring down nearly to the cloud tops of Saturn. This region con-
tains so few particles that it is completely invisible from Earth. (p. 240)
dark dust cloud A large cloud, often many parsecs across, which 
contains gas and dust in a ratio of about 1012 gas atoms for every 
dust particle. Typical densities are a few tens or hundreds of millions 
of particles per cubic meter. (p. 311)
dark energy Generic name given to the unknown cosmic force field 
thought to be responsible for the observed acceleration of the Hubble 
expansion. (p. 483)
dark halo  Region of a galaxy beyond the visible halo where dark 
matter is believed to reside. (p. 406)
dark matter Term used to describe the mass in galaxies and clusters 
whose existence we infer from rotation curves and other techniques, 
but that has not been confirmed by observations at any electromag-
netic wavelength. (p. 406)
dark matter particle Particle undetectable at any electromagnetic 
wavelength, but can be inferred from its gravitational influence.
daughter/fission theory Theory suggesting that the Moon originat-
ed out of Earth.
declination Celestial coordinate used to measure latitude above or 
below the celestial equator on the celestial sphere. (p. 8)
decoupling  Event in the early universe when atoms first formed, 
after which photons could propagate freely through space. (p. 491)
deferent A construct of the geocentric model of the solar system that 
was needed to explain observed planetary motions. A deferent is a 
large circle encircling Earth, on which an epicycle moves. (p. 29)
degree  Unit of angular measure. There are 360 degrees in one 
complete circle.
density A measure of the compactness of the matter within an object, 
computed by dividing the mass of the object by its volume. Units are 
kilograms per cubic meter (kg/m3), or grams per cubic centimeter (g/
cm3). (p. 105)
detached binary Binary system where each star lies within its re-
spective Roche lobe.
detector noise Readings produced by an instrument even when it 
is not observing anything; produced by the electronic components 
within the detector itself.
deuterium A form of hydrogen with an extra neutron in its nucleus.
deuterium bottleneck  Period in the early universe between the 
start of deuterium production and the time when the universe was 
cool enough for deuterium to survive.
deuteron An isotope of hydrogen in which a neutron is bound to the 
proton in the nucleus. Often called “heavy hydrogen” because of the 
extra mass of the neutron. (p. 271)
differential rotation The tendency for a gaseous sphere, such as a 
jovian planet or the Sun, to rotate at a different rate at the equator 
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earthquake A sudden dislocation of rocky material near Earth’s sur-
face. (p. 149)
eccentricity A measure of the flatness of an ellipse, equal to the dis-
tance between the two foci divided by the length of the major axis. 
(p. 35)
eclipse Event during which one body passes in front of another, so 
that the light from the occulted body is blocked. (p. 14)
eclipse season Times of the year when the Moon lies in the same 
plane as Earth and Sun, so that eclipses are possible.
eclipse year Time interval between successive orbital configurations 
in which the line of nodes of the Moon’s orbit points toward the Sun.
eclipsing binary Rare binary star system that is aligned in such a 
way that from Earth we observe one star pass in front of the other, 
eclipsing the other star. (p. 300)
ecliptic The apparent path of the Sun, relative to the stars on the 
celestial sphere, over the course of a year. (p. 10)
effective temperature Temperature of a blackbody of the same ra-
dius and luminosity as a given star or planet.
ejecta (planetary) Material thrown outward by a meteoroid impact.
ejecta (stellar) Material thrown into space by a nova or supernova.
electric field  A field extending outward in all directions from a 
charged particle, such as a proton or an electron. The electric field de-
termines the electric force exerted by the particle on all other charged 
particles in the universe; the strength of the electric field decreases 
with increasing distance from the charge according to an inverse-
square law. (p. 48)
electromagnetic energy Energy carried in the form of rapidly fluc-
tuating electric and magnetic fields.
electromagnetic radiation Another term for light, electromagnetic 
radiation transfers energy and information from one place to another. 
(p. 46)
electromagnetic spectrum  The complete range of electromag-
netic radiation, from radio waves to gamma rays, including the vis-
ible spectrum. All types of electromagnetic radiation are basically the 
same phenomenon, differing only by wavelength, and all move at the 
speed of light. (p. 50)
electromagnetism The union of electricity and magnetism, which 
do not exist as independent quantities but are in reality two aspects of 
a single physical phenomenon. (p. 49)
electron An elementary particle with a negative electric charge; one 
of the components of the atom. (p. 48)
electron degeneracy pressure The pressure produced by the re-
sistance of electrons to further compression once they are squeezed 
to the point of contact.
electrostatic force Force between electrically charged objects.
electroweak force Unification of the weak electromagnetic forces.
element Matter made up of one particular atom. The number of pro-
tons in the nucleus of the atom determines which element it repre-
sents. (p. 63)
elementary particle  Technically, a particle that cannot be subdi-
vided into component parts; however, the term is also often used to 
refer to particles such as protons and neutrons, which are themselves 
made up of quarks.
ellipse Geometric figure resembling an elongated circle. An ellipse is 
characterized by its degree of flatness, or eccentricity, and the length 
of its long axis. In general, bound orbits of objects moving under grav-
ity are elliptical. (p. 34)
elliptical galaxy Category of galaxy in which the stars are distrib-
uted in an elliptical shape on the sky, ranging from highly elongated 
to nearly circular in appearance. (p. 422)
elongation Angular distance between a planet and the Sun.

than at the poles. More generally, a condition where the angular 
speed varies with location within an object. (p. 207)
differentiation Variation in the density and composition of a body, 
such as Earth, with low-density material on the surface and higher-
density material in the core. (p. 150)
diffraction The ability of waves to bend around corners. The diffrac-
tion of light establishes its wave nature. (p. 48)
diffraction grating Sheet of transparent material with many closely 
spaced parallel lines ruled on it, designed to separate white light into 
a spectrum.
diffraction-limited resolution  Theoretical resolution that a tel-
escope can have due to diffraction of light at the telescope’s aperture. 
Depends on the wavelength of radiation and the diameter of the tel-
escope’s mirror. (p. 81)
direct motion See prograde motion.
distance modulus  Difference between the apparent and absolute 
magnitude of an object; equivalent to distance, by the inverse-square 
law.
diurnal motion Apparent daily motion of the stars caused by Earth’s 
rotation. (p. 9)
DNA Deoxyribonucleic acid, the molecule that carries genetic infor-
mation and determines the characteristics of a living organism.
Doppler effect Any motion-induced change in the observed wave-
length (or frequency) of a wave. (p. 64)
double-line spectroscopic binary Binary system in which spectral 
lines of both stars can be distinguished and seen to shift back and 
forth as the stars orbit one another.
double-star system  System containing two stars in orbit around 
one another.
Drake equation Expression that gives an estimate of the probability 
that intelligence exists elsewhere in the Galaxy, based on a number 
of supposedly necessary conditions for intelligent life to develop. 
(p. 511)
dust grain  An interstellar dust particle, roughly 10−7 m in size, 
comparable to the wavelength of visible light. (p. 305)
dust lane A lane of dark, obscuring interstellar dust in an emission 
nebula or galaxy. (p. 309)
dust tail The component of a comet’s tail that is composed of dust 
particles. (p. 113)
dwarf Any star with radius comparable to, or smaller than, that of 
the Sun (including the Sun itself). (p. 289)
dwarf elliptical  Elliptical galaxy as small as 1 kiloparsec across, 
containing only a few million stars.
dwarf galaxy Small galaxy containing a few million stars.
dwarf irregular Small irregular galaxy containing only a few mil-
lion stars.
dwarf planet A body that orbits the Sun, is massive enough that its 
own gravity has caused its shape to be approximately spherical, but 
is insufficiently massive to have cleared other bodies from “the neigh-
borhood” of its orbit. (p. 107)
dynamo theory Theory that explains planetary and stellar magnetic 
fields in terms of rotating, conducting material flowing in an object’s 
interior. (p. 161)

E
E ring  A faint ring, well outside the main ring system of Saturn, 
which was discovered by Voyager and is believed to be associated with 
volcanism on the moon Enceladus. (p. 241)
Earth-crossing asteroid  An asteroid whose orbit crosses that of 
Earth. Earth-crossing asteroids are also called Apollo asteroids, after 
the first asteroid of this type discovered. (p. 108)
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false vacuum Region of the universe that remained in the “unified” 
state after the strong and electroweak forces separated; one possible 
cause of cosmic inflation at very early times.
fault line  Dislocation on a planet’s surface, often indicating the 
boundary between two plates.
field line  Imaginary line indicating the direction of an electric or 
magnetic field.
fireball Large meteor that burns up brightly and sometimes explo-
sively in Earth’s atmosphere.
firmament Old-fashioned term for the heavens (i.e., the sky).
flare  Explosive event occurring in or near an active region on the 
Sun. (p. 267)
flatness problem One of two conceptual problems with the standard 
Big Bang model, which is that there is no natural way to explain why 
the density of the universe is so close to the critical density. (p. 492)
fluidized ejecta The ejecta blankets around some Martian craters, 
which apparently indicate that the ejected material was liquid at the 
time the crater formed.
fluorescence Phenomenon in which an atom absorbs energy, then 
radiates photons of lower energy as it cascades back to the ground 
state; in astronomy, often produced as ultraviolet photons from a hot 
young star that are absorbed by a neutral gas, causing some of the gas 
atoms to become excited and give off an optical (red) glow.
flyby  Unbound trajectory of a spacecraft around a planet or other 
body.
focal length Distance from a mirror or the center of a lens to the 
focus.
focus One of two special points within an ellipse, whose separation 
from each other indicates the eccentricity. (p. 34)
In a bound orbit, planets orbit in ellipses with the Sun at one focus. 
(p. 34)
forbidden line  A spectral line seen in emission nebulae, but not 
seen in laboratory experiments because, under laboratory conditions, 
collisions kick the electron in question into some other state before 
emission can occur.
force Action on an object that causes its momentum to change. The 
rate at which the momentum changes is numerically equal to the 
force. (p. 37)
fragmentation The breaking up of a large object into many smaller 
pieces (for example, as the result of high-speed collisions between 
planetesimals and protoplanets in the early solar system). (p. 124)
Fraunhofer lines The collection of over 600 absorption lines in the 
spectrum of the Sun, first categorized by Joseph Fraunhofer in 1812.
frequency The number of wave crests passing any given point per 
unit time. (p. 47)
full When the full hemisphere of the Moon or a planet can be seen 
from Earth.
full Moon  Phase of the Moon in which it appears as a complete 
circular disk in the sky. (p. 14)
fusion See nuclear fusion.

G
G ring Faint, narrow ring of Saturn, discovered by Pioneer 11 and 
lying just outside the F ring.
galactic bulge Thick distribution of warm gas and stars around the 
galactic center. (p. 392)
galactic cannibalism  A galaxy merger in which a larger galaxy 
consumes a smaller one.
galactic center The center of the Milky Way, or any other galaxy. 
The point about which the disk of a spiral galaxy rotates. (p. 396)

emission line Bright line in a specific location of the spectrum of 
radiating material, corresponding to emission of light at a certain fre-
quency. A heated gas in a glass container produces emission lines in 
its spectrum. (p. 57)
emission nebula  A glowing cloud of hot interstellar gas. The gas 
glows as a result of one or more nearby young stars that ionize the 
gas. Since the gas is mostly hydrogen, the emitted radiation falls pre-
dominantly in the red region of the spectrum, because of the hydro-
gen-alpha emission line. (p. 308)
emission spectrum The pattern of spectral emission lines produced 
by an element. Each element has its own unique emission spectrum. 
(p. 57)
empirical  Discovery based on observational evidence (rather than 
from theory).
Encke Gap A small gap in Saturn’s A ring. (p. 238)
energy flux Energy per unit area per unit time radiated by a star (or 
recorded by a detector).
epicycle A construct of the geocentric model of the solar system that 
was necessary to explain observed planetary motions. Each planet 
rides on a small epicycle whose center in turn rides on a larger circle 
(the deferent). (p. 29)
epoch of inflation  Short period of unchecked cosmic expansion 
early in the history of the universe. During inflation, the universe 
swelled in size by a factor of about 1050. (p. 492)
equinox See autumnal equinox, vernal equinox. (p. 12)
escape speed  The speed necessary for one object to escape the 
gravitational pull of another. Anything that moves away from a 
gravitating body with more than the escape speed will never return. 
(p. 140)
euclidean geometry Geometry of flat space.
event horizon  Imaginary spherical surface surrounding a collapsing 
star with radius equal to the Schwarzschild radius, within which no 
event can be seen, heard, or known about by an outside observer. (p. 374)
evolutionary theory A theory that explains observations in a series 
of gradual steps, explainable in terms of well-established physical 
principles.
evolutionary track A graphical representation of a star’s life as a 
path on the Hertzsprung–Russell diagram. (p. 319)
excited state State of an atom when one of its electrons is in a higher 
energy orbital than the ground state. Atoms can become excited by 
absorbing a photon of a specific energy or by colliding with a nearby 
atom. (p. 59)
exposure time Time spent gathering light from a source. (p. 79)
extinction The dimming of starlight as it passes through the inter-
stellar medium.
extrasolar planet Planet orbiting a star other than the Sun. (p. 119)
extremophilic  Adjective describing organisms that can survive in 
very harsh environments. (p. 510)
eyepiece Secondary lens through which an observer views an image. 
This lens is often chosen to magnify the image.

F
F ring Faint narrow outer ring of Saturn, discovered by Pioneer 11 
in 1979. The F ring lies just inside the Roche limit of Saturn and was 
found by Voyager 1 to be made up of several ring strands apparently 
braided together. (p. 240)
Fahrenheit Temperature scale in which the freezing point of water 
is 32 degrees and the boiling point of water is 212 degrees.
false color Representation of an image in which color does not rep-
resent true visual color, but rather an invisible wavelength of radia-
tion, or some other property, such as temperature. (p. 87)
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Grand Unified Theories Class of theories describing the behavior 
of the single force that results from unification of the strong, weak, 
and electromagnetic forces in the early universe. (p. 492)
granite Igneous rock, containing silicon and aluminum, that makes 
up most of Earth’s crust.
granulation Mottled appearance of the solar surface, caused by ris-
ing (hot) and falling (cool) material in convective cells just below the 
photosphere. (p. 259)
gravitational force Force exerted on one body by another due to the 
effect of gravity. The force is directly proportional to the masses of 
both bodies involved and inversely proportional to the square of the 
distance between them. (p. 38)
gravitational instability theory  Theory that the jovian planets 
formed directly from the solar nebula via instabilities in the gas lead-
ing to gravitational contraction. See core-accretion theory.
gravitational lensing The effect induced on the image of a distant 
object by a massive foreground object. Light from the distant object 
is bent into two or more separate images. (p. 407)
gravitational radiation Radiation resulting from rapid changes in 
a body’s gravitational field.
gravitational redshift  A prediction of Einstein’s general theory 
of relativity. Photons lose energy as they escape the gravitational 
field of a massive object. Because a photon’s energy is proportional 
to its frequency, a photon that loses energy suffers a decrease in 
frequency, which corresponds to an increase, or redshift, in wave-
length. (p. 381)
graviton Particle carrying the gravitational field in theories attempt-
ing to unify gravity and quantum mechanics.
gravity The attractive effect that any massive object has on all other 
massive objects. The greater the mass of the object, the stronger its 
gravitational pull. (p. 38)
gravity assist Using gravity to change the flight path of a satellite or 
spacecraft.
gravity wave Gravitational counterpart of an electromagnetic wave.
great attractor A huge accumulation of mass in the relatively nearby 
universe (within about 200 Mpc of the Milky Way).
Great Dark Spot  Prominent storm system in the atmosphere of 
Neptune observed by Voyager 2, near the equator of the planet. The 
system was comparable in size to Earth. (p. 215)
Great Red Spot A large, high-pressure, long-lived storm system vis-
ible in the atmosphere of Jupiter. The Red Spot is roughly twice the 
size of Earth. (p. 215)
great wall Extended sheet of galaxies measuring at least 200 mega-
parsecs across; one of the largest known structures in the universe.
greenhouse effect The partial trapping of solar radiation by a plan-
etary atmo-sphere, similar to the trapping of heat in a greenhouse. 
(p. 147)
greenhouse gas Gas (such as carbon dioxide or water vapor) that 
efficiently absorbs infrared radiation.
ground state The lowest energy state that an electron can have with-
in an atom. (p. 60)
GUT epoch Period when gravity separated from the other three forc-
es of nature.
gyroscope  System of rotating wheels that allows a spacecraft to 
maintain a fixed orientation in space.

H
habitable zone Three-dimensional zone of comfortable temperature 
(corresponding to liquid water) that surrounds every star. (p. 133)
half-life The amount of time it takes for half of the initial amount of 
a radioactive substance to decay into something else.

galactic disk  An immense, circular, flattened region containing 
most of a galaxy’s luminous stars and interstellar matter. (p. 392)
galactic epoch Period from 100 million to 3 billion years after the 
Big Bang when large agglomerations of matter (galaxies and galaxy 
clusters) formed and grew.
galactic habitable zone Region of a galaxy in which conditions are 
conducive to the development of life.
galactic halo Region of a galaxy extending far above and below the 
galactic disk, where globular clusters and other old stars reside. (p. 392)
galactic nucleus  Small, central, high-density region of a galaxy. 
Many galactic nuclei are thought to contain supermassive black holes, 
and almost all the radiation from active galaxies is generated within 
the nucleus. (pp. 410, 419)
galactic rotation curve Plot of rotation speed versus distance from 
the center of a galaxy.
galactic year Time taken for objects at the distance of the Sun (about 
8 kpc) to orbit the center of the Galaxy, roughly 225 million years.
galaxy Gravitationally bound collection of a large number of stars. 
The Sun is a star in the Milky Way Galaxy. (pp. 6, 392)
galaxy cluster A collection of galaxies held together by their mutual 
gravitational attraction. (p. 429)
Galilean moons  The four large moons of Jupiter discovered by 
Galileo Galilei.
Galilean satellites  The four brightest and largest moons of Jupi-
ter (Io, Europa, Ganymede, Callisto), named after Galileo Galilei, the 
17th-century astronomer who first observed them.
gamma ray Region of the electromagnetic spectrum, far beyond the 
visible spectrum, corresponding to radiation of very high frequency 
and very short wavelength. (p. 46)
gamma-ray burst  Object that radiates tremendous amounts of 
energy in the form of gamma rays, possibly due to the collision and 
merger of two neutron stars initially in orbit around one another.  
(p. 368)
gamma-ray spectrograph Spectrograph designed to work at gam-
ma-ray wavelengths. Used to map the abundances of certain elements 
on the Moon and Mars.
gaseous Composed of gas.
gas-exchange experiment Experiment to look for life on Mars. A 
nutrient broth was offered to Martian soil specimens. If there were 
life in the soil, gases would be created as the broth was digested.
gene Sequence of nucleotide bases in the DNA molecule that deter-
mines the characteristics of a living organism.
general theory of relativity Theory proposed by Einstein to incor-
porate gravity into the framework of special relativity (p. 373).
geocentric model A model of the solar system that holds that Earth 
is at the center of the universe and all other bodies are in orbit around 
it. The earliest theories of the solar system were geocentric. (p. 29)
giant A star with a radius between 10 and 100 times that of the Sun. 
(p. 289)
giant elliptical  Elliptical galaxy up to a few megaparsecs across, 
containing trillions of stars.
gibbous Appearance of the Moon (or a planet) when more than half 
(but not all) of the body’s hemisphere is visible from Earth.
globular cluster Tightly bound, roughly spherical collection of hun-
dreds of thousands, and sometimes millions, of stars spanning about 
50 parsecs. Globular clusters are distributed in the halos around the 
Milky Way and other galaxies. (p. 324)
gluon Particle that exerts or mediates the strong force in quantum 
physics.
gradient Rate of change of some quantity (e.g., temperature or com-
position) with respect to location in space.
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hot dark matter  A class of candidates for the dark matter in the 
universe, composed of lightweight particles such as neutrinos, much 
less massive than the electron.
hot Jupiter A massive, gaseous planet orbiting very close to its par-
ent star. (p. 130)
hot longitudes (Mercury) Two opposite points on Mercury’s equa-
tor where the Sun is directly overhead at perihelion.
Hubble classification scheme Method of classifying galaxies ac-
cording to their appearance, developed by Edwin Hubble. (p. 420)
Hubble diagram Plot of galactic recession velocity versus distance; 
evidence for an expanding universe.
Hubble flow Universal recession described by the Hubble diagram 
and quantified by Hubble’s law.
Hubble sequence Hubble’s arrangement of elliptical, S0, and spiral 
galaxies, often used to classify galaxies but not thought to represent a 
true evolutionary sequence in any sense. (p. 424)
Hubble’s constant  The constant of proportionality that gives the 
relation between recessional velocity and distance in Hubble’s law. 
(p. 431)
Hubble’s law Law that relates the observed velocity of recession of a 
galaxy to its distance from us. The velocity of recession of a galaxy is 
directly proportional to its distance away. (p. 430)
hydrocarbon Molecules consisting solely of hydrogen and carbon.
hydrogen envelope An invisible sheath of gas engulfing the coma 
of a comet, usually distorted by the solar wind and extending across 
millions of kilometers of space. (p. 112)
hydrogen shell burning Fusion of hydrogen in a shell that is driv-
en by contraction and heating of the helium core. Once hydrogen is 
depleted in the core of a star, hydrogen burning stops and the core 
contracts due to gravity, causing the temperature to rise, heating the 
surrounding layers of hydrogen in the star, and increasing the burn-
ing rate there. (p. 334)
hydrosphere Layer of Earth that contains the liquid oceans and ac-
counts for roughly 70 percent of Earth’s total surface area. (p. 140)
hydrostatic equilibrium Condition in a star or other fluid body in 
which gravity’s inward pull is exactly balanced by internal forces due 
to pressure. (p. 255)
hyperbola Curve formed when a plane intersects a cone at a small 
angle to the axis of the cone.
hypernova Explosion where a massive star undergoes core collapse 
and forms a black hole and a gamma-ray burst. See supernova.

I
igneous Rocks formed from molten material.
image  The optical representation of an object produced when the 
object is reflected or refracted by a mirror or lens. (p. 72)
impact theory (Moon) Combination of the capture and daughter 
theories, suggesting that the Moon formed after an impact that dis-
lodged some of Earth’s mantle and placed it in orbit.
inertia The tendency of an object to continue moving at the same 
speed and in the same direction, unless acted upon by a force. (p. 38)
inferior conjunction  Orbital configuration in which an inferior 
planet (Mercury or Venus) lies closest to Earth.
inflation See epoch of inflation.
infrared Region of the electromagnetic spectrum just outside the vis-
ible range, corresponding to light of a slightly longer wavelength than 
red light. (p. 46)
infrared telescope Telescope designed to detect infrared radiation. 
Many such telescopes are designed to be lightweight so that they can 
be carried above (most of) Earth’s atmosphere by balloons, airplanes, 
or satellites. (p. 90)

Hayashi track Evolutionary track followed by a protostar during the 
final premain-sequence phase before nuclear fusion begins.
heat Thermal energy, the energy of an object due to the random mo-
tion of its component atoms or molecules.
heat death End point of a bound universe, in which all matter and 
life are destined to be incinerated.
heavy element In astronomical terms, any element heavier than hy-
drogen and helium.
heliocentric model A model of the solar system that is centered on 
the Sun, with Earth in motion about the Sun. (p. 31)
helioseismology The study of conditions far below the Sun’s surface 
through the analysis of internal “sound” waves that repeatedly cross 
the solar interior. (p. 250)
helium-burning shell Shell of burning helium gas surrounding a 
nonburning stellar core of carbon ash.
helium capture The formation of heavy elements by the capture of 
a helium nucleus. For example, carbon can form heavier elements by 
fusion with other carbon nuclei, but it is much more likely to occur by 
helium capture, which requires less energy.
helium flash An explosive event in the post-main-sequence evolu-
tion of a low-mass star. When helium fusion begins in a dense stellar 
core, the burning is explosive in nature. It continues until the energy 
released is enough to expand the core, at which point the star achieves 
stable equilibrium again. (p. 335)
helium precipitation  Mechanism responsible for the low abun-
dance of helium of Saturn’s atmosphere. Helium condenses in the 
upper layers to form a mist that rains down toward Saturn’s interior, 
just as water vapor forms into rain in the atmosphere of Earth.
helium shell flash Condition in which the helium-burning shell in 
the core of a star cannot respond to rapidly changing conditions with-
in it, leading to a sudden temperature rise and a dramatic increase in 
nuclear reaction rates.
Hertzsprung–Russell (H–R) diagram A plot of luminosity against 
temperature (or spectral class) for a group of stars. (p. 289)
hierarchical merging Widely accepted galaxy-formation scenario 
in which galaxies formed as relatively small objects in the early uni-
verse and subsequently collided and merged to form the large galaxies 
observed today. The present Hubble type of a galaxy depends on the 
sequence of merger events in the galaxy’s past. (p. 453)
high-energy astronomy Astronomy using X- or gamma-ray radia-
tion rather than optical radiation.
high-energy telescope Telescope designed to detect X- and gamma-
ray radiation. (p. 94)
highlands Relatively light-colored regions on the surface of the Moon 
that are elevated several kilometers above the maria. Also called ter-
rae. (p. 155)
high-mass star Star with a mass more than 8 times that of the Sun; 
progenitor of a neutron star or black hole.
HI region Region of space containing primarily neutral hydrogen.
HII region Region of space containing primarily ionized hydrogen.
homogeneity Assumed property of the universe such that the num-
ber of galaxies in an imaginary large cube of the universe is the same 
no matter where in the universe the cube is placed. (p. 477)
horizon problem One of two conceptual problems with the stand-
ard Big Bang model, which is that some regions of the universe that 
have very similar properties are too far apart to have exchanged infor-
mation within the age of the universe. (p. 491)
horizontal branch  Region of the Hertzsprung–Russell diagram 
where post-main-sequence stars again reach hydrostatic equilibrium. 
At this point, the star is burning helium in its core and fusing hydro-
gen in a shell surrounding the core. (p. 335)
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isotropic Assumed property of the universe such that the universe 
looks the same in every direction. (p. 478)

J
jet stream Relatively strong winds in the upper atmosphere chan-
neled into a narrow stream by a planet’s rotation. Normally refers to 
a horizontal, high-altitude wind.
joule The SI unit of energy.
jovian planet  One of the four giant outer planets of the solar 
system, resembling Jupiter in physical and chemical composition. 
(p. 108)

K
Kelvin scale Temperature scale in which absolute zero is at 0 K; a 
change of 1 kelvin is the same as a change of 1 degree Celsius.
Kelvin-Helmholtz contraction phase Evolutionary track followed 
by a star during the protostar phase.
Kepler’s laws of planetary motion Three laws, based on precise 
observations of the motions of the planets by Tycho Brahe that sum-
marize the motions of the planets about the Sun.
kinetic energy Energy of an object due to its motion.
Kirchhoff’s laws Three rules governing the formation of different 
types of spectra. (p. 59)
Kirkwood gaps Gaps in the spacings of orbital semimajor axes of 
asteroids in the asteroid belt, produced by dynamical resonances with 
nearby planets, especially Jupiter.
Kuiper belt A region in the plane of the solar system outside the or-
bit of Neptune where most short-period comets are thought to origi-
nate. (p. 115)
Kuiper belt object Small icy body orbiting in the Kuiper belt. (p. 112)

l
labeled-release experiment Experiment to look for life on Mars. 
Radioactive carbon compounds were added to Martian soil speci-
mens. Scientists looked for indications that the carbon had been eat-
en or inhaled.
Lagrangian point One of five special points in the plane of two mas-
sive bodies orbiting one another, where a third body of negligible 
mass can remain in equilibrium.
lander Spacecraft that lands on the object it is studying.
laser ranging Method of determining the distance to an object by 
firing a laser beam at it and measuring the time taken for the light to 
return.
lava dome Volcanic formation formed when lava oozes out of fis-
sures in a planet’s surface, creating the dome, and then withdraws, 
causing the crust to crack and subside.
law of conservation of mass and energy A fundamental law of 
modern physics that states that the sum of mass and energy must 
always remain constant in any physical process. In fusion reactions, 
the lost mass is converted into energy, primarily in the form of elec-
tromagnetic radiation. (p. 270)
laws of planetary motion Three laws derived by Kepler describing 
the motion of the planets around the Sun. (p. 34)
leap year Year in which an additional day is inserted into the calen-
dar in order to keep the calendar year synchronized with Earth’s orbit 
around the Sun.
lens Optical instrument made of glass or some other transparent ma-
terial, shaped so that, as a parallel beam of light passes through it, the 
rays are refracted so as to pass through a single focal point.
lens (eye) The part of the eye that refracts light onto the retina.

infrared waves Electromagnetic radiation with wavelength in the 
infrared part of the spectrum. (p. 46)
inhomogeneity  Deviation from perfectly uniform density; in cos-
mology, inhomogeneities in the universe are ultimately due to quan-
tum fluctuations before inflation.
inner core The central part of Earth’s core, believed to be solid and 
composed mainly of nickel and iron. (p. 150)
instability strip  Part of the Hertzsprung–Russell diagram where 
pulsating post-main-sequence stars are found.
intensity A basic property of electromagnetic radiation that specifies 
the amount or strength of the radiation. (p. 51)
intercloud medium Superheated bubbles of hot gas extending far 
into interstellar space.
intercrater plains Regions on the surface of Mercury that do not 
show extensive cratering but are relatively smooth. (p. 175)
interference The ability of two or more waves to interact in such a 
way that they either reinforce or cancel each other. (p. 48)
interferometer  Collection of two or more telescopes working to-
gether as a team, observing the same object at the same time and at 
the same wavelength. The effective diameter of an interferometer is 
equal to the distance between its outermost telescopes. (p. 88)
interferometry  Technique in widespread use to dramatically im-
prove the resolution of radio and infrared maps. Several telescopes 
observe the object simultaneously, and a computer analyzes how the 
signals interfere with each other. (p. 88)
intermediate-mass black hole Black hole having a mass 100–1000 
times greater than the mass of the Sun.
interplanetary matter Matter in the solar system that is not part of 
a planet or moon—cosmic “debris.”
interstellar dust Microscopic dust grains that populate space between 
the stars, having their origins in the ejected matter of long-dead stars.
interstellar gas cloud  A large cloud of gas found in the space 
among the stars.
interstellar medium  The matter between stars, composed of two 
components, gas and dust, intermixed throughout all of space. (p. 304)
intrinsic variable Star that varies in appearance due to internal pro-
cesses (rather than, say, interaction with another star).
inverse-square law The law that a field follows if its strength de-
creases with the square of the distance. Fields that follow the inverse-
square law decrease rapidly in strength as the distance increases, but 
never quite reach zero. (p. 39)
Io plasma torus Doughnut-shaped region of energetic ionized par-
ticles emitted by the volcanoes on Jupiter’s moon Io and swept up by 
Jupiter’s magnetic field.
ion An atom that has lost one or more of its electrons. (p. 60)
ionization state Term describing the number of electrons missing 
from an atom: I refers to a neutral atom, II refers to an atom missing 
one electron, and so on.
ionosphere Layer in Earth’s atmosphere above about 100 km where 
the atmosphere is significantly ionized and conducts electricity. (p. 
144)
ion tail Thin stream of ionized gas that is pushed away from the head 
of a comet by the solar wind. It extends directly away from the Sun. 
Often referred to as a plasma tail. (p. 113)
irregular galaxy A galaxy that does not fit into any of the other ma-
jor categories in the Hubble classification scheme. (p. 424)
isotopes Nuclei containing the same number of protons but differ-
ent numbers of neutrons. Most elements can exist in several isotopic 
forms. A common example of an isotope is deuterium, which differs 
from normal hydrogen by the presence of an extra neutron in the 
nucleus.
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M
macroscopic Large enough to be visible by the unaided eye.
Magellanic Clouds  Two small irregular galaxies that are gravita-
tionally bound to the Milky Way Galaxy. (p. 424)
magnetic field Field that accompanies any changing electric field and 
governs the influence of magnetized objects on one another. (p. 49)
magnetic poles  Points on a planet where the planetary magnetic 
field lines intersect the planet’s surface vertically.
magnetism The presence of a magnetic field.
magnetometer Instrument that measures magnetic field strength.
magnetopause Boundary between a planet’s magnetosphere and the 
solar wind.
magnetosphere  A zone of charged particles trapped by a planet’s 
magnetic field, lying above the atmosphere. (p. 140)
magnitude scale  A system of ranking stars by apparent bright-
ness, developed by the Greek astronomer Hipparchus. Originally, the 
brightest stars in the sky were categorized as being of first magnitude, 
while the faintest stars visible to the naked eye were classified as sixth 
magnitude. The scheme has since been extended to cover stars and 
galaxies too faint to be seen by the unaided eye. Increasing magnitude 
means fainter stars, and a difference of five magnitudes corresponds 
to a factor of 100 in apparent brightness. (p. 284)
main sequence Well-defined band on the Hertzsprung–Russell dia-
gram on which most stars are found, running from the top left of the 
diagram to the bottom right. (p. 290)
main-sequence turnoff Special point on the Hertzsprung–Russell 
diagram for a cluster, indicative of the cluster’s age. If all the stars in 
the cluster are plotted, the lower-mass stars will trace out the main 
sequence up to the point where stars begin to evolve off the main 
sequence toward the red giant branch. The point where stars are just 
beginning to evolve off is the main-sequence turnoff. (p. 351)
major axis The long axis of an ellipse.
mantle Layer of Earth just interior to the crust. (p. 140)
marginally bound universe Universe that will expand forever but 
at an increasingly slow rate.
maria Relatively dark-colored and smooth regions on the surface of 
the Moon (singular: mare). (p. 155)
mass A measure of the total amount of matter contained within an 
object. (p. 38)
mass function Relation between the component masses of a single-
line spectroscopic binary.
massive compact halo object (MACHO)  Collective name for 
“stellar” candidates for dark matter, including brown dwarfs, white 
dwarfs, and low-mass red dwarfs.
mass–luminosity relation The dependence of the luminosity of a 
main-sequence star on its mass. The luminosity increases roughly as 
the mass raised to the third power.
mass–radius relation The dependence of the radius of a main-se-
quence star on its mass. The radius rises roughly in proportion to the 
mass.
mass transfer Process by which one star in a binary system trans-
fers matter onto the other.
mass-transfer binary See semidetached binary.
matter Anything having mass.
matter–antimatter annihilation  Reaction in which matter and 
antimatter annihilate to produce high energy gamma rays. See also 
antiparticle.
matter-dominated universe  A universe in which the density of 
matter exceeds the density of radiation. The present-day universe is 
matter dominated.

lepton Greek word for light, referring in particle physics to low-mass 
particles such as electrons, muons, and neutrinos that interact via the 
weak force.
lepton epoch Period when the light elementary particles (leptons) 
were in thermal equilibrium with the cosmic radiation field.
lidar Light Detection and Ranging—a device that uses laser-ranging 
to measure distance.
light See electromagnetic radiation.
light curve The variation in brightness of a star with time. (p. 295)
light element In astronomical terms, hydrogen and helium.
light-gathering power  Amount of light a telescope can view and 
focus, proportional to the area of the primary mirror.
lighthouse model  The leading explanation for pulsars. A small 
region of the neutron star, near one of the magnetic poles, emits a 
steady stream of radiation that sweeps past Earth each time the star 
rotates. The period of the pulses is the star’s rotation period. (p. 364)
light-year The distance that light, moving at a constant speed of 300,000 
km/s, travels in 1 year. One light-year is about 10 trillion kilometers.
limb Edge of a lunar, planetary, or solar disk.
linear momentum  Tendency of an object to keep moving in a 
straight line with constant velocity; the product of the object’s mass 
and velocity.
line of nodes  Intersection of the plane of the Moon’s orbit with 
Earth’s orbital plane.
line of sight technique Method of probing interstellar clouds by 
observing their effects on the spectra of background stars.
lithosphere Earth’s crust and a small portion of the upper mantle 
that make up Earth’s plates. This layer of Earth undergoes tectonic 
activity.
Local Bubble  The particular low-density intercloud region sur-
rounding the Sun.
Local Group The small galaxy cluster that includes the Milky Way 
Galaxy. (p. 428)
local supercluster Collection of galaxies and clusters centered on 
the Virgo cluster. See also supercluster.
logarithm The power to which 10 must be raised to produce a given 
number.
logarithmic scale  Scale using the logarithm of a number rather 
than the number itself; commonly used to compress a large range of 
data into more manageable form.
look-back time Time in the past when an object emitted the radia-
tion we see today.
low-mass star Star with a mass less than 8 times that of the Sun; 
progenitor of a white dwarf.
luminosity One of the basic properties used to characterize stars, lu-
minosity is defined as the total energy radiated by a star each second, 
at all wavelengths. (p. 255)
luminosity class A classification scheme that groups stars according 
to the width of their spectral lines. For a group of stars with the same 
temperature, luminosity class differentiates between supergiants, gi-
ants, main-sequence stars, and subdwarfs. (p. 294)
lunar dust See regolith.
lunar eclipse Celestial event during which the moon passes through 
the shadow of Earth, temporarily darkening its surface. (p. 14)
lunar phase The appearance of the Moon at different points along 
its orbit.
Lyman-alpha forest Collection of lines in an object’s spectra start-
ing at the redshifted wavelength of the object’s own Lyman-alpha 
emission line and extending to shorter wavelengths; produced by gas 
in galaxies along the line of sight.
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mosaic (photograph)  Composite photograph made up of many 
smaller images.
M-type asteroid  Asteroid containing large fractions of nickel and 
iron.
multiple star system Group of two or more stars in orbit around 
one another.
muon A type of lepton (along with the electron and tau).

N
naked singularity A singularity that is not hidden behind an event 
horizon.
nanobacterium Very small bacterium with diameter in the nanom-
eter range.
nanometer One billionth of a meter.
neap tide The smallest tides, occurring when the Earth–Moon line 
is perpendicular to the Earth–Sun line at the first and third quarters.
nebula General term used for any “fuzzy” patch on the sky, either 
light or dark. (pp. 121, 306)
nebular theory One of the earliest models of solar system forma-
tion, dating back to Descartes, in which a large cloud of gas began to 
collapse under its own gravity to form the Sun and planets. (p. 121)
nebulosity ”Fuzziness,” usually in the context of an extended or gas-
eous astronomical object.
neon–oxygen white dwarf White dwarf formed from a low-mass 
star with a mass close to the “high-mass” limit, in which neon and 
oxygen form in the core.
neutrino Virtually massless and chargeless particle that is one of the 
products of fusion reactions in the Sun. Neutrinos move at close to 
the speed of light and interact with matter hardly at all. (p. 274)
neutrino oscillations Possible solution to the solar neutrino prob-
lem, in which the neutrino has a very tiny mass. In this case, the cor-
rect number of neutrinos can be produced in the solar core, but on 
their way to Earth some can “oscillate,” or become transformed into 
other particles, and thus go undetected. (p. 274)
neutron  An elementary particle with roughly the same mass as a 
proton, but which is electrically neutral. Along with protons, neutrons 
form the nuclei of atoms. (p. 63)
neutron capture  The primary mechanism by which very massive 
nuclei are formed in the violent aftermath of a supernova. Instead of 
fusion of like nuclei, heavy elements are created by the addition of 
more and more neutrons to existing nuclei.
neutron degeneracy pressure  Pressure due to the Pauli exclu-
sion principle, arising when neutrons are forced to come into close 
contact.
neutronization Process occurring at high densities, in which protons 
and electrons are crushed together to form neutrons and neutrinos.
neutron spectrometer Instrument designed to search for water ice 
by looking for hydrogen.
neutron star A dense ball of neutrons that remains at the core of 
a star after a supernova explosion has destroyed the rest of the star. 
Typical neutron stars are about 20 km across and contain more mass 
than the Sun. (p. 362)
new Moon Phase of the moon during which none of the lunar disk 
is visible. (p. 14)
Newtonian mechanics  The basic laws of motion postulated by 
Newton, which are sufficient to explain and quantify virtually all of 
the complex dynamical behavior found on Earth and elsewhere in the 
universe. (p. 37)
Newtonian telescope A reflecting telescope in which incoming light 
is intercepted before it reaches the prime focus and is deflected into 
an eyepiece at the side of the instrument. (p. 74)

matter era (Current) era following the radiation era when the uni-
verse is larger and cooler and matter is the dominant constituent of 
the universe.
Maunder minimum Lengthy period of solar inactivity that extended 
from 1645 to 1715.
mean solar day Average length of time from one noon to the next, 
taken over the course of a year—24 hours.
medium Material through which a wave, such as sound, travels.
meridian  An imaginary line on the celestial sphere through the 
north and south celestial poles, passing directly overhead at a given 
location.
mesosphere Region of Earth’s atmosphere lying between the strato-
sphere and the ionosphere, 50–80 km above Earth’s surface. (p. 144)
Messier object Member of a list of “fuzzy” objects compiled by as-
tronomer Charles Messier in the 18th century.
metabolism The daily utilization of food and energy by which organ-
isms stay alive.
metallic Composed of metal or metal compounds.
metamorphic  Rocks created from existing rocks exposed to ex-
tremes of temperature or pressure.
meteor Bright streak in the sky, often referred to as a “shooting star,” 
resulting from a small piece of interplanetary debris entering Earth’s 
atmosphere and heating air molecules, which emit light as they re-
turn to their ground states. (p. 115)
meteorite Any part of a meteoroid that survives passage through the 
atmosphere and lands on the surface of Earth. (p. 116)
meteoroid  Chunk of interplanetary debris prior to encountering 
Earth’s atmo-sphere. (p. 107)
meteoroid swarm Pebble-sized cometary fragments dislodged from 
the main body, moving in nearly the same orbit as the parent comet. 
(p. 116)
meteor shower Event during which many meteors can be seen each 
hour, caused by the yearly passage of Earth through the debris spread 
along the orbit of a comet.
microlensing Gravitational lensing by individual stars in a galaxy.
micrometeoroid  Relatively small chunks of interplanetary debris 
ranging from dust-particle size to pebble-sized fragments. (p. 116)
microsphere Small droplet of protein-like material that resists dis-
solution in water.
midocean ridge Place where two plates are moving apart, allowing 
fresh magma to well up.
Milky Way Galaxy The spiral galaxy in which the Sun resides. The 
disk of our Galaxy is visible in the night sky as the faint band of light 
known as the Milky Way. (p. 392)
millisecond pulsar A pulsar whose period indicates that the neu-
tron star is rotating nearly 1000 times each second. The most likely 
explanation for these rapid rotators is that the neutron star has been 
spun up by drawing in matter from a companion star. (p. 366)
molecular cloud  A cold, dense interstellar cloud that contains a 
high fraction of molecules. It is widely believed that the relatively high 
density of dust particles in these clouds plays an important role in the 
formation and preservation of the molecules. (p. 314)
molecular cloud complex  Collection of molecular clouds that 
spans as much as 50 parsecs and may contain enough material to 
make millions of Sun-size stars. (p. 314)
molecule A tightly bound collection of atoms held together by the 
atoms’ electromagnetic fields. Molecules, like atoms, emit and absorb 
photons at specific wavelengths. (p. 62)
molten In liquid form due to high temperatures.
moon A small body in orbit around a planet.
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organic compound  Chemical compound (molecule) containing a 
significant fraction of carbon atoms; the basis of living organisms.
outer core The outermost part of Earth’s core, believed to be liquid 
and composed mainly of nickel and iron. (p. 150)
outflow channel Surface feature on Mars, evidence that liquid wa-
ter once existed there in great quantity; believed to be the relics of 
catastrophic flooding about 3 billion years ago. Found only in the 
equatorial regions of the planet. (p. 184)
outgassing Production of atmospheric gases (carbon dioxide, water 
vapor, methane, and sulphur dioxide) by volcanic activity.
ozone layer Layer of Earth’s atmosphere at an altitude of 20–50 km 
where incoming ultraviolet solar radiation is absorbed by oxygen, 
ozone, and nitrogen in the atmosphere. (p. 145)

P
parallax  The apparent motion of a relatively close object with re-
spect to a more distant background as the location of the observer 
changes. (p. 19)
parsec The distance at which a star must lie in order for its meas-
ured parallax to be exactly 1 arc second; 1 parsec equals 206,000 AU.  
(p. 280)
partial eclipse Celestial event during which only a part of the oc-
culted body is blocked from view. (p. 16)
particle A body with mass but of negligible dimension.
particle accelerator Device used to accelerate subatomic particles 
to relativistic speeds.
particle–antiparticle pair Pair of particles (e.g., an electron and a 
positron) produced by two photons of sufficiently high energy.
particle detector Experimental equipment that allows particles and 
antiparticles to be detected and identified.
Pauli exclusion principle A rule of quantum mechanics that pro-
hibits electrons in dense gas from being squeezed too closely together.
penumbra Portion of the shadow cast by an eclipsing object in which 
the eclipse is seen as partial. (p. 15)
The outer region of a sunspot, surrounding the umbra, which is not as 
dark and not as cool as the central region. (p. 254)
perihelion The closest approach to the Sun of any object in orbit 
about it. (p. 35)
period The time needed for an orbiting body to complete one revolu-
tion about another body. (p. 35)
period–luminosity relation A relation between the pulsation peri-
od of a Cepheid variable and its absolute brightness. Measurement of 
the pulsation period allows the distance of the star to be determined. 
(p. 395)
permafrost Layer of permanently frozen water ice believed to lie just 
under the surface of Mars. (p. 185)
phase Appearance of the sunlit face of the Moon at different points 
along its orbit, as seen from Earth. (p. 14)
photodisintegration  Process occurring at high temperatures, in 
which individual photons have enough energy to split a heavy nucleus 
(e.g., iron) into lighter nuclei.
photoelectric effect Emission of an electron from a surface when a 
photon of electromagnetic radiation is absorbed.
photoevaporation Process in which a cloud in the vicinity of a new-
born hot star is dispersed by the star’s radiation.
photometer  A device that measures the total amount of light re-
ceived in all or part of the image.
photometry Branch of observational astronomy in which the bright-
ness of a source is measured through each of a set of standard filters.
photomicrograph Photograph taken through a microscope.

nodes Two points on the Moon’s orbit when it crosses the ecliptic.
nonrelativistic Speeds that are much less than the speed of light.
nonthermal spectrum Continuous spectrum not well described by 
a blackbody.
north celestial pole  Point on the celestial sphere directly above 
Earth’s North Pole. (p. 8)
Northern and Southern Lights Colorful displays produced when 
atmospheric molecules, excited by charged particles from the Van 
Allen belts, fall back to their ground state.
nova A star that suddenly increases in brightness, often by a factor of 
as much as 10,000, then slowly fades back to its original luminosity. 
A nova is the result of an explosion on the surface of a white-dwarf 
star, caused by matter falling onto its surface from the atmosphere of 
a binary companion. (p. 340)
nuclear binding energy Energy that must be supplied to split an 
atomic nucleus into neutrons and protons.
nuclear epoch  Period when protons and neutrons fused to form 
heavier nuclei.
nuclear fusion Mechanism of energy generation in the core of the 
Sun, in which light nuclei are combined, or fused, into heavier ones, 
releasing energy in the process. (p. 270)
nuclear reaction  Reaction in which two nuclei combine to form 
other nuclei, often releasing energy in the process. See also fusion.
nucleotide base An organic molecule, the building block of genes 
that pass on hereditary characteristics from one generation of living 
creatures to the next. (p. 505)
nucleus Dense, central region of an atom containing both protons 
and neutrons and orbited by one or more electrons. (p. 60)
The solid region of ice and dust that composes the central region of 
the head of a comet. (p. 112)
The dense central core of a galaxy. (p. 433)

o
obscuration Blockage of light by pockets of interstellar dust and gas.
Olbers’s paradox A thought experiment suggesting that if the uni-
verse were homogeneous, infinite, and unchanging, the entire night 
sky would be as bright as the surface of the Sun. (p. 477)
Oort cloud Spherical halo of material surrounding the solar system 
out to a distance of about 50,000 AU; where most comets reside. (p. 
115)
opacity A quantity that measures a material’s ability to block electro-
magnetic radiation. Opacity is the opposite of transparency. (p. 52)
open cluster Loosely bound collection of tens to hundreds of stars, 
a few parsecs across, generally found in the plane of the Milky Way. 
(p. 324)
open universe Geometry that the universe would have if the density 
of matter were less than the critical value. In an open universe there 
is not enough matter to halt the expansion of the universe. An open 
universe is infinite in extent. (p. 482)
opposition Orbital configuration in which a planet lies in the oppo-
site direction from the Sun, as seen from Earth.
optical double Chance superposition in which two stars appear to 
lie close together but are actually widely separated.
optical telescope Telescope designed to observe electromagnetic ra-
diation at optical wavelengths.
orbital One of several energy states in which an electron can exist in 
an atom.
orbital period  Time taken for a body to complete one full orbit 
around another.
orbiter Spacecraft that orbits an object to make observations.
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principle of cosmic censorship A proposition to separate the un-
explained physics near a singularity from the rest of the well-behaved 
universe. The principle states that nature always hides any singular-
ity, such as a black hole, inside an event horizon, which insulates the 
rest of the universe from seeing it.
progenitor  ”Ancestor” star of a given object; for example, the 
star that existed before a supernova explosion is the supernova’s 
progenitor.
prograde motion Motion across the sky in the eastward direction.
prominence  Loop or sheet of glowing gas ejected from an active 
region on the solar surface that then moves through the inner parts 
of the corona under the influence of the Sun’s magnetic field. (p. 267)
proper motion The angular movement of a star across the sky, as 
seen from Earth, measured in seconds of arc per year. This movement 
is a result of the star’s actual motion through space. (p. 282)
protein Molecule made up of amino acids that controls metabolism.
proton An elementary particle carrying a positive electric charge, a 
component of all atomic nuclei. The number of protons in the nucleus 
of an atom dictates what type of atom it is. (p. 48)
proton–proton chain The chain of fusion reactions, leading from 
hydrogen to helium, that powers main-sequence stars. (p. 271)
protoplanet Clump of material, formed in the early stages of solar 
system formation, that was the forerunner of the planets we see to-
day. (p. 123)
protostar Stage in star formation when the interior of a collapsing 
fragment of gas is sufficiently hot and dense that it becomes opaque 
to its own radiation. The protostar is the dense region at the center of 
the fragment. (p. 316)
protosun The central accumulation of material in the early stages of 
solar system formations, the forerunner of the present-day Sun. (p. 124)
Ptolemaic model Geocentric solar system model, developed by the 
second century astronomer Claudius Ptolemy. It predicted with great 
accuracy the positions of the then known planets. (p. 29)
pulsar Object that emits radiation in the form of rapid pulses with a 
characteristic pulse period and duration. Charged particles, accelerat-
ed by the magnetic field of a rapidly rotating neutron star, flow along 
the magnetic field lines, producing radiation that beams outward as 
the star spins on its axis. (p. 362)
pulsating variable star A star whose luminosity varies in a predict-
able, periodic way. (p. 393)
P-waves  Pressure waves from an earthquake that travel rapidly 
through liquids and solids.
pyrolific-release experiment Experiment to look for life on Mars. 
Radioactively tagged carbon dioxide was added to Martian soil speci-
mens. Scientists looked for indications that the radioactive material 
had been absorbed.

Q
quantization The fact that light and matter on small scales behave in 
a discontinuous manner and manifest themselves in the form of tiny 
“packets” of energy, called quanta.
quantum fluctuation Temporary random change in the amount of 
energy at a point in space.
quantum gravity Theory combining general relativity with quantum 
mechanics.
quantum mechanics The laws of physics as they apply on atomic 
scales.
quark  A fundamental matter particle that interacts via the strong 
force; basic constituent of protons and neutrons.
quark epoch Period when all heavy elementary particles (composed 
of quarks) were in thermal equilibrium with the cosmic radiation field.

photon Individual packet of electromagnetic energy that makes up 
electromagnetic radiation. (p. 61)
photosphere  The visible surface of the Sun, lying just above the 
uppermost layer of the Sun’s interior and just below the chromosphere. 
(p. 254)
photosynthesis  Process by which plants manufacture carbohy-
drates and oxygen from carbon dioxide and water, using chlorophyll 
and sunlight as the energy source.
pixel  One of many tiny picture elements, organized into an array, 
making up a digital image.
Planck curve See blackbody curve.
Planck epoch Period from the beginning of the universe to roughly 
10−43 second, when the laws of physics are not understood.
Planck’s constant Fundamental physical constant relating the en-
ergy of a photon to its radiation frequency (color).
planet One of eight major bodies that orbit the Sun, visible to us by 
reflected sunlight. (p. 6)
planetary nebula The ejected envelope of a red-giant star, spread 
over a volume roughly the size of our solar system. (p. 335)
planetary ring system Material organized into thin, flat rings encir-
cling a giant planet, such as Saturn.
planetesimal Term given to objects in the early solar system that had 
reached the size of small moons, at which point their gravitational 
fields were strong enough to begin influencing their neighbors. (p. 123)
plasma A gas in which the constituent atoms are completely ionized.
plate tectonics The motions of regions of Earth’s lithosphere, which 
drift with respect to one another. Also known as continental drift.  
(p. 152)
plutino Kuiper belt object whose orbital period (like that of Pluto) is 
in a 3:2 resonance with the orbit of Neptune.
plutoid A dwarf planet orbiting beyond Neptune. (p. 246)
polarity A measure of the direction of the solar magnetic field in a 
sunspot. Conventionally, lines coming out of the surface are labeled 
“S,” while those going into the surface are labeled “N.” (p. 264)
polarization The alignment of the electric fields of emitted photons, 
which are generally emitted with random orientations.
Population I and II stars Classification scheme for stars based on 
the abundance of heavy elements. Within the Milky Way, Population 
I refers to young disk stars, and Population II refers to old halo stars.
positron Atomic particle with properties identical to those of a nega-
tively charged electron, except for its positive charge. This positron 
is the antiparticle of the electron. Positrons and electrons annihilate 
one another when they meet, producing pure energy in the form of 
gamma rays. (p. 271)
prebiotic compound  Molecule that can combine with others to 
form the building blocks of life.
precession The slow change in the direction of the rotation axis of a 
spinning object, caused by some external gravitational influence. (p. 12)
primary mirror Mirror placed at the prime focus of a telescope. See 
prime focus.
prime focus  The point in a reflecting telescope where the mirror 
focuses incoming light to a point. (p. 72)
prime-focus image Image formed at the prime focus of a telescope.
primeval fireball Hot, dense state of the universe at very early times, 
just after the Big Bang. (p. 478)
primordial matter Matter created during the early, hot epochs of 
the universe.
primordial nucleosynthesis  The production of elements heavier 
than hydrogen by nuclear fusion in the high temperatures and densi-
ties that existed in the early universe. (p. 489)

Z04_CHAI7702_08_SE_GLOSS.indd   13 20/11/15   10:31 PM



G-14 GlossAry 

ray The path taken by a beam of radiation.
Rayleigh scattering  Scattering of light by particles in the atmos-
phere.
recession velocity Rate at which two objects are separating from 
one another.
recurrent nova Star that “goes nova” several times over the course 
of a few decades.
reddening Dimming of starlight by interstellar matter, which tends 
to scatter higher-frequency (blue) components of the radiation more 
efficiently than the lower-frequency (red) components. (p. 305)
red dwarf Small, cool, faint star at the lower-right end of the main 
sequence on the Hertzsprung–Russell diagram. (p. 290)
red giant A giant star whose surface temperature is relatively low so 
that it glows red. (p. 289)
red giant branch The section of the evolutionary track of a star cor-
responding to intense hydrogen shell burning, which drives a steady 
expansion and cooling of the outer envelope of the star. As the star 
gets larger in radius and its surface temperature cools, it becomes a 
red giant. (p. 334)
red giant region The upper-right corner of the Hertzsprung–Russell 
diagram, where red giant stars are found. (p. 291)
redshift Motion-induced change in the wavelength of light emitted 
from a source moving away from us. The relative recessional motion 
causes the wave to have an observed wavelength longer (and hence 
redder) than it would if it were not moving.
redshift survey Three-dimensional survey of galaxies, using redshift 
to determine distance.
red supergiant An extremely luminous red star. Often found on the as-
ymptotic giant branch of the Hertzsprung–Russell diagram. (pp. 289, 342)
reflecting telescope A telescope that uses a mirror to gather and 
focus light from a distant object. (p. 72)
reflection nebula Bluish nebula caused by starlight scattering from 
dust particles in an interstellar cloud located just off the line of sight 
between Earth and a bright star.
refracting telescope A telescope that uses a lens to gather and focus 
light from a distant object. (p. 72)
refraction  The tendency of a wave to bend as it passes from one 
transparent medium to another. (p. 72)
regolith Surface dust on the moon, several tens of meters thick in 
places, caused by billions of years of meteoritic bombardment.
relativistic Speeds comparable to the speed of light.
relativistic fireball Leading explanation of a gamma-ray burst in 
which an expanding region of superhot gas radiates in the gamma-ray 
part of the spectrum.
residual cap Portion of Martian polar ice caps that remains perma-
nently frozen, undergoing no seasonal variations.
resonance Circumstance in which two characteristic times are relat-
ed in some simple way, e.g., an asteroid with an orbital period exactly 
half that of Jupiter.
retina (eye) The back part of the eye onto which light is focused by 
the lens.
retrograde motion Backward, westward loop traced out by a planet 
with respect to the fixed stars. (p. 28)
revolution Orbital motion of one body about another, such as Earth 
about the Sun. (p. 9)
revolving See revolution.
Riemannian geometry Geometry of positively curved space (such 
as the surface of a sphere).
right ascension Celestial coordinate used to measure longitude on 
the celestial sphere. The zero point is the position of the Sun at the 
vernal equinox. (p. 8)

quarter Moon  Lunar phase in which the Moon appears as a half 
disk. (p. 14)
quasar Starlike radio source with an observed redshift that indicates 
an extremely large distance from Earth. The brightest nucleus of a 
distant active galaxy. (p. 439)
quasar feedback  The idea that some of the energy released by a 
quasar in an active galactic nucleus heats and ejects the gas in the 
surrounding galaxy, shutting off the quasar fuel supply and suppress-
ing star formation in the galaxy, connecting the growth of the central 
black hole to the properties of the host galaxy. (p. 461)
quasi-stellar object (QSO) See quasar.
quiescent prominence Prominence that persists for days or weeks, 
hovering high above the solar photosphere.
quiet Sun  The underlying predictable elements of the Sun’s be-
havior, such as its average photospheric temperature, which do not 
change in time.

r
radar Acronym for RAdio Detection And Ranging. Radio waves are 
bounced off an object, and the time taken for the echo to return indi-
cates its distance. (p. 36)
radial motion Motion along a particular line of sight, which induces 
apparent changes in the wavelength (or frequency) of radiation re-
ceived.
radial velocity Component of a star’s velocity along the line of sight.
radian Angular measure equivalent to 180/p = 57.3 degrees.
radiant Constellation from which a meteor shower appears to come.
radiation A way in which energy is transferred from place to place 
in the form of a wave. Light is a form of electromagnetic radiation.
radiation darkening  The effect of chemical reactions that result 
when high-energy particles strike the icy surfaces of objects in the outer 
solar system. The reactions lead to a buildup of a dark layer of material.
radiation-dominated universe Early epoch in the universe, when 
the equivalent density of radiation in the cosmos exceeded the density 
of matter. (p. 489)
radiation era The first few thousand years after the Big Bang when 
the universe was small, dense, and dominated by radiation.
radiation zone Region of the Sun’s interior where extremely high 
temperatures guarantee that the gas is completely ionized. Photons 
only occasionally interact with electrons and travel through this re-
gion with relative ease. (p. 254)
radio  Region of the electromagnetic spectrum corresponding to 
radiation of the longest wavelengths. (p. 46)
radioactivity  The release of energy by rare, heavy elements when 
their nuclei decay into lighter nuclei. (p. 151)
radio galaxy Type of active galaxy that emits most of its energy in 
the form of long-wavelength radiation. (p. 434)
radiograph Image made from observations at radio wavelengths.
radio lobe  Roundish extended region of radio-emitting gas, lying 
well beyond the center of a radio galaxy. (p. 434)
radio telescope Large instrument designed to detect radiation from 
space at radio wavelengths. (p. 84)
radio wave Electromagnetic radiation with wavelength in the radio 
part of the spectrum (p. 46)
radius–luminosity–temperature relationship  A mathematical 
proportionality, arising from Stefan’s law, that allows astronomers 
to indirectly determine the radius of a star once its luminosity and 
temperature are known. (p. 289)
rapid mass transfer Mass transfer in a binary system that proceeds 
at a rapid and unstable rate, transferring most of the mass of one star 
onto the other.
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collapses within this radius, light cannot escape and the object is no 
longer visible. (p. 374)
science A step-by-step process for investigating the physical world 
based on natural laws and observed phenomena. (p. 20)
scientific method The set of rules used to guide science, based on 
the idea that scientific “laws” be continually tested and modified or 
replaced if found inadequate. (p. 20)
scientific notation Expressing large and small numbers using pow-
er-of-10 notation.
seasonal cap  Portion of Martian polar ice caps that is subject to 
seasonal variations, growing and shrinking once each Martian year.
seasons  Changes in average temperature and length of day that 
result from the tilt of Earth’s (or any planet’s) axis with respect to the 
plane of its orbit. (p. 11)
secondary atmosphere  The chemicals that composed Earth’s 
atmosphere after the planet’s formation, once volcanic activity 
outgassed chemicals from the interior. (p. 193)
sedimentary Rocks formed from the buildup of sediment.
seeing A term used to describe the ease with which good telescopic 
observations can be made from Earth’s surface, given the blurring ef-
fects of atmospheric turbulence. (p. 83)
seeing disk Roughly circular region on a detector over which a star’s 
pointlike images is spread, due to atmospheric turbulence. (p. 83)
seismic wave A wave that travels outward from the site of an earth-
quake through Earth. (p. 149)
seismology The study of earthquakes and the waves they produce in 
Earth’s interior.
seismometer  Equipment designed to detect and measure the 
strength of earthquakes (or quakes on any other planet).
selection effect Observational bias in which a measured property 
of a collection of objects is due to the way in which the measure-
ment was made, rather than being intrinsic to the objects themselves.  
(p. 131)
self-propagating star formation Mode of star formation in which 
shock waves produced by the formation and evolution of one genera-
tion of stars triggers the formation of the next. (p. 403)
semidetached binary Binary system where one star lies within its 
Roche lobe but the other fills its Roche lobe and is transferring matter 
onto the first star.
semimajor axis One-half of the major axis of an ellipse. The semi-
major axis is the way in which the size of an ellipse is usually quanti-
fied. (p. 34)
SETI Acronym for Search for Extraterrestrial Intelligence.
Seyfert galaxy Type of active galaxy whose emission comes from a 
very small region within the nucleus of an otherwise normal-looking 
spiral system. (p. 433)
shepherd satellite  Satellite whose gravitational effect on a ring 
helps preserve the ring’s shape. Examples are two satellites of Saturn, 
Prometheus and Pandora, whose orbits lie on either side of the F ring. 
(p. 241)
shield volcano A volcano produced by repeated nonexplosive erup-
tions of lava, creating a gradually sloping, shield-shaped low dome. 
Often contains a caldera at its summit. (p. 177)
shock wave Wave of matter, which may be generated by a newborn 
star or supernova, that pushes material outward into the surround-
ing molecular cloud. The material tends to pile up, forming a rapidly 
moving shell of dense gas.
short-period comet Comet with orbital period less than 200 years.
SI Système International d’unitès, the international system of metric 
units used to define mass, length, time, etc.

rille A ditch on the surface of the Moon where molten lava flowed in 
the past.
ring See planetary ring system.
ringlet Narrow region in Saturn’s planetary ring system where the 
density of ring particles is high. Voyager discovered that the rings vis-
ible from Earth are actually composed of tens of thousands of ring-
lets. (p. 240)
Roche limit  Often called the tidal stability limit, the Roche limit 
gives the distance from a planet at which the tidal force (due to the 
planet) between adjacent objects exceeds their mutual attraction. Ob-
jects within this limit are unlikely to accumulate into larger objects. 
The rings of Saturn occupy the region within Saturn’s Roche limit. 
(p. 239)
Roche lobe An imaginary surface around a star. Each star in a bina-
ry system can be pictured as being surrounded by a teardrop-shaped 
zone of gravitational influence, the Roche lobe. Any material within 
the Roche lobe of a star can be considered to be part of that star. Dur-
ing evolution, one member of the binary system can expand so that it 
overflows its own Roche lobe and begins to transfer matter onto the 
other star.
rock Material made predominantly from compounds of silicon and 
oxygen.
rock cycle Process by which surface rock on Earth is continuously 
redistributed and transformed from one type into another.
rotation Spinning motion of a body about an axis. (p. 7)
rotation curve Plot of the orbital speed of disk material in a galaxy 
against its distance from the galactic center. Analysis of rotation 
curves of spiral galaxies indicates the existence of dark matter.  
(p. 406)
R-process ”Rapid” process in which many neutrons are captured by 
a nucleus during a supernova explosion.
RR Lyrae variable  Variable star whose luminosity changes in a 
characteristic way. All RR Lyrae stars have more or less the same 
average luminosity. (p. 394)
runaway greenhouse effect  A process in which the heating of a 
planet leads to an increase in its atmosphere’s ability to retain heat 
and thus to further heating, causing extreme changes in the tempera-
ture of the surface and the composition of the atmosphere. (p. 194)
runoff channel Riverlike surface feature on Mars, evidence that liq-
uid water once existed there in great quantities. They are found in the 
southern highlands and are thought to have been formed by water 
that flowed nearly 4 billion years ago. (p. 184)

s
S0 galaxy Galaxy that shows evidence of a thin disk and a bulge, but 
that has no spiral arms and contains little or no gas. (p. 423)
Sagittarius A/Sgr A Strong radio source corresponding to the super-
massive black hole at the center of the Milky Way.
Saros cycle  Time interval between successive occurrences of the 
“same” solar eclipse, equal to 18 years, 11.3 days.
satellite A small body orbiting another larger body.
SB0 galaxy An S0-type galaxy whose disk shows evidence of a bar. 
(p. 423)
scarp Surface feature on Mercury believed to be the result of cooling 
and shrinking of the crust forming a wrinkle on the face of the planet. 
(p. 175)
Schmidt telescope  Type of telescope having a very wide field of 
view, allowing large areas of the sky to be observed at once.
Schwarzschild radius  The distance from the center of an object 
such that, if all the mass were compressed within that region, the 
escape speed would equal the speed of light. Once a stellar remnant 
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spatial resolution The dimension of the smallest detail that can be 
seen in an image.
special relativity Theory proposed by Einstein to deal with the pre-
ferred status of the speed of light.
speckle interferometry Technique whereby many short-exposure 
images of a star are combined to make a high-resolution map of the 
star’s surface.
spectral class Classification scheme, based on the strength of stellar 
spectral lines, which is an indication of the temperature of a star. (p. 287)
spectral window Wavelength range in which Earth’s atmosphere is 
transparent.
spectrograph Instrument used to produce detailed spectra of stars. 
Usually, a spectrograph records a spectrum on a CCD detector, for 
computer analysis.
spectrometer Instrument used to produce detailed spectra of stars. 
Usually, a spectrograph records a spectrum on a photographic plate, 
or more recently, in electronic form on a computer.
spectroscope Instrument used to view a light source so that it is split 
into its component colors. (p. 56)
spectroscopic binary A binary-star system that appears as a single 
star from Earth, but whose spectral lines show back-and-forth Dop-
pler shifts as two stars orbit one another. (p. 295)
spectroscopic parallax  Method of determining the distance to a 
star by measuring its temperature and then determining its absolute 
brightness by comparing with a standard Hertzsprung–Russell dia-
gram. The absolute and apparent brightness of the star give the star’s 
distance from Earth. (p. 293)
spectroscopy The study of the way in which atoms absorb and emit 
electromagnetic radiation. Spectroscopy allows astronomers to deter-
mine the chemical composition of stars. (p. 58)
spectrum The separation of light into its component colors.
speed Distance moved per unit time, independent of direction. See 
also velocity.
speed of light The fastest possible speed, according to the currently 
known laws of physics. Electromagnetic radiation exists in the form 
of waves or photons moving at the speed of light. (p. 49)
spicule Small solar storm that expels jets of hot matter into the Sun’s 
lower atmosphere.
spin–orbit resonance State that a body is said to be in if its rotation 
period and its orbital period are related in some simple way.
spiral arm Distribution of material in a galaxy forming a pinwheel-
shaped design, beginning near the galactic center. (p. 401)
spiral density wave  A wave of matter formed in the plane of 
planetary rings, similar to ripples on the surface of a pond, that 
wraps around the rings, forming spiral patterns similar to grooves 
in a record disk. Spiral density waves can lead to the appearance of 
ringlets. (p. 402)
A proposed explanation for the existence of galactic spiral arms, in 
which coiled waves of gas compression move through the galactic 
disk, triggering star formation.
spiral galaxy  Galaxy composed of a flattened, star-forming disk 
component that may have spiral arms and a large central galactic 
bulge. (p. 421)
spiral nebula Historical name for spiral galaxies, describing their 
appearance.
spring tide The largest tides, occurring when the Sun, Moon, and 
Earth are aligned at new and full Moon.
S-process  ”Slow” process in which neutrons are captured by a 
nucleus; the rate is typically one neutron capture per year.
standard candle Any object with an easily recognizable appearance 
and known luminosity, which can be used in estimating distances. 

sidereal day The time needed between successive risings of a given 
star. (p. 9)
sidereal month Time required for the Moon to complete one trip 
around the celestial sphere. (p. 14)
sidereal year The time required for the constellations to complete 
one cycle around the sky and return to their starting points, as seen 
from a given point on Earth. Earth’s orbital period around the Sun is 
1 sidereal year. (p. 12)
single-line spectroscopic binary Binary system in which one star 
is too faint for its spectrum to be distinguished, so only the spectrum 
of the brighter star can be seen to shift back and forth as the stars 
orbit one another.
singularity A point in the universe where the density of matter and 
the gravitational field are infinite, such as at the center of a black 
hole. (p. 382)
sister/coformation theory (Moon)  Theory suggesting that the 
Moon formed as a separate object close to Earth.
soft landing Use of rockets, parachutes, or packaging to break the 
fall of a space probe as it lands on a planet.
solar activity Unpredictable, often violent events on or near the so-
lar surface, associated with magnetic phenomena on the Sun. (p. 262)
solar constant The amount of solar energy reaching Earth per unit 
area per unit time, approximately 1400 W/m2. (p. 255)
solar core The region at the center of the Sun, with a radius of nearly 
200,000 km, where powerful nuclear reactions generate the Sun’s en-
ergy output.
solar cycle The 22-year period that is needed for both the average 
number of spots and the Sun’s magnetic polarity to repeat them-
selves. The Sun’s polarity reverses on each new 11-year sunspot cycle. 
(p. 265)
solar day  The period of time between the instant when the Sun is 
directly overhead (i.e., noon) to the next time it is directly overhead. (p. 9)
solar eclipse  Celestial event during which the new Moon passes 
directly between Earth and the Sun, temporarily blocking the Sun’s 
light. (p. 16)
solar interior The region of the Sun between the solar core and the 
photosphere.
solar maximum Point of the sunspot cycle during which many spots 
are seen. They are generally confined to regions in each hemisphere, 
between about 15 and 20 degrees latitude.
solar minimum Point of the sunspot cycle during which only a few 
spots are seen. They are generally confined to narrow regions in each 
hemisphere at about 25–30 degrees latitude.
solar nebula The swirling gas surrounding the early Sun during the 
epoch of solar system formation, also referred to as the primitive so-
lar system. (p. 121)
solar neutrino problem The discrepancy between the theoretically 
predicted flux of neutrinos streaming from the Sun as a result of 
fusion reactions in the core and the flux that is actually observed. 
The observed number of neutrinos is only about half the predicted 
number. (p. 274)
solar system  The Sun and all the bodies that orbit it—Mercury, 
Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, their moons, 
the asteroids, the Kuiper belt, and the comets. (p. 104)
solar wind An outward flow of fast-moving charged particles from 
the Sun. (pp. 113, 254)
solstice See summer solstice; winter solstice.
south celestial pole  Point on the celestial sphere directly above 
Earth’s South Pole. (p. 8)
spacetime  Single entity combining space and time in special and 
general relativity.
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sunspot cycle The fairly regular pattern that the number and dis-
tribution of sunspots follows, in which the average number of spots 
reaches a maximum every 11 or so years, then falls off to almost zero. 
(p. 265)
supercluster Grouping of several clusters of galaxies into a larger, 
but not necessarily gravitationally bound unit. (p. 463)
super-Earth  An extrasolar planet with a mass between 2 and 10 
times that of Earth. (p. 130)
superforce An attempt to combine the strong and electroweak forces 
into one single force.
supergiant A star with a radius between 100 and 1000 times that of 
the Sun. (p. 289)
supergranulation  Large-scale flow pattern on the surface of the 
Sun, consisting of cells measuring up to 30,000 km across, believed 
to be the imprint of large convective cells deep in the solar interior. 
(p. 259)
superior conjunction  Orbital configuration in which an inferior 
planet (Mercury or Venus) lies farthest from Earth (on the opposite 
side of the Sun).
supermassive black hole Black hole having a mass a million to a 
billion times greater than the mass of the Sun; usually found in the 
central nucleus of a galaxy.
supernova  Explosive death of a star, caused by the sudden onset 
of nuclear burning (Type I), or an enormously energetic shock wave 
(Type II). One of the most energetic events of the universe, a super-
nova may temporarily outshine the rest of the galaxy in which it re-
sides. (p. 344)
supernova remnant The scattered glowing remains from a super-
nova that occurred in the past. The Crab Nebula is one of the best-
studied supernova remnants. (p. 347)
supersymmetric relic Massive particles that should have been cre-
ated in the Big Bang if supersymmetry is correct.
surface gravity The acceleration due to gravity at the surface of a 
star or planet. (p. 140)
S-waves  Shear waves from an earthquake, which can travel only 
through solid material and move more slowly than p-waves.
synchronous orbit State of an object when its period of rotations is 
exactly equal to its average orbital period. The Moon is in a synchro-
nous orbit and so presents the same face toward Earth at all times. 
(p. 142)
synchrotron radiation Type of nonthermal radiation produced by 
high-speed charged particles, such as electrons, as they are acceler-
ated in a strong magnetic field. (p. 441)
synodic month Time required for the Moon to complete a full cycle 
of phases. (p. 14)
synodic period Time required for a body to return to the same ap-
parent position relative to the Sun, taking Earth’s own motion into 
account; the time between one closest approach to Earth and the next 
(for a planet).

T
T Tauri phase star  Protostar in the late stages of formation, of-
ten exhibiting violent surface activity. T Tauri phase stars have been 
observed to brighten noticeably in a short period of time, consistent 
with the idea of rapid evolution during this final phase of stellar for-
mation. (p. 319)
tail Component of a comet that consists of material streaming away 
from the main body, sometimes spanning hundreds of millions of 
kilometers. May be composed of dust or ionized gases. (p. 112)
tau A type of lepton (along with the electron and muon).
tectonic fracture Cracks on a planet’s surface, in particular on the 
surface of Mars, caused by internal geological activity.

Supernovae, which all have the same peak luminosity (depending on 
type), are good examples of standard candles and are used to deter-
mine distances to other galaxies. (p. 426)
standard solar model  A self-consistent picture of the Sun, 
developed by incorporating the important physical processes that are 
believed to be important in determining the Sun’s internal structure 
into a computer program. The results of the program are then 
compared with observations of the Sun, and modifications are made 
to the model. The standard solar model, which enjoys widespread 
acceptance, is the result of this process. (p. 255)
standard time System of dividing Earth’s surface into 24 time zones, 
with all clocks in each zone keeping the same time.
star A glowing ball of gas held together by its own gravity and pow-
ered by nuclear fusion in its core. (pp. 6, 254)
starburst galaxy Galaxy in which a violent event, such as near col-
lision, has caused an intense episode of star formation in the recent 
past. (p. 451)
star cluster A grouping of anywhere from a dozen to a million stars that 
formed at the same time from the same cloud of interstellar gas. Stars in 
clusters are useful to aid our understanding of stellar evolution because, 
within a given cluster, stars are all roughly the same age and chemical 
composition and lie at roughly the same distance from Earth. (p. 323)
Stefan’s law Relation that gives the total energy emitted per square 
centimeter of its surface per second by an object of a given temper-
ature. Stefan’s law shows that the energy emitted increases rapidly 
with an increase in temperature, proportional to the temperature 
raised to the fourth power. (p. 54)
stellar epoch Most recent period, when stars, planets, and life have 
appeared in the universe.
stellar nucleosynthesis  The formation of heavy elements by the 
fusion of lighter nuclei in the hearts of stars. Except for hydrogen 
and helium, all other elements in our universe resulted from stellar 
nucleosynthesis.
stellar occultation The dimming of starlight produced when a solar 
system object such as a planet, moon, or ring passes directly in front 
of a star. (p. 241)
stratosphere  The portion of Earth’s atmosphere lying above the 
troposphere, extending up to an altitude of 40–50 km. (p. 144)
string theory Theory that interprets all particles and forces in terms 
of particular modes of vibration of submicroscopic strings.
strong nuclear force  Short-range force responsible for binding 
atomic nuclei together. The strongest of the four fundamental forces 
of nature. (p. 271)
S-type asteroid  Asteroid made up mainly of silicate or rocky 
material.
subatomic particle  Particle smaller than the size of an atomic 
nucleus.
subduction zone Place where two plates meet and one slides under 
the other.
subgiant branch The section of the evolutionary track of a star that 
corresponds to changes that occur just after hydrogen is depleted in 
the core, and core hydrogen burning ceases. Shell hydrogen burning 
heats the outer layers of the star, which causes a general expansion of 
the stellar envelope. (p. 334)
sublimation Process by which element changes from the solid to the 
gaseous state, without becoming liquid.
summer solstice Point on the ecliptic where the Sun is at its north-
ernmost point above the celestial equator, occurring on or near June 
21. (p. 10)
sunspot  An Earth-sized dark blemish found on the surface of the 
Sun. The dark color of the sunspot indicates that it is a region of lower 
temperature than its surroundings. (p. 262)
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transit Orbital configuration where a planet (i.e., Mercury or Venus) 
passes between Earth and the Sun.
transition zone  The region of rapid temperature increases that 
separates the Sun’s chromosphere from the corona. (p. 254)
transverse motion  Motion perpendicular to a particular line of 
sight, which does not result in Doppler shift in radiation received.
transverse velocity Component of star’s velocity perpendicular to 
the line of sight.
triangulation Method of determining distance based on the princi-
ples of geometry. A distant object is sighted from two well-separated 
locations. The distance between the two locations and the angle be-
tween the line joining them and the line to the distant object are all 
that are necessary to ascertain the object’s distance. (p. 18)
triple-alpha process The creation of carbon-12 by the fusion of three 
helium-4 nuclei (alpha particles). Helium-burning stars occupy a region 
of the Hertzsprung–Russell diagram known as the horizontal branch.
triple star system Three stars that orbit one another, bound togeth-
er by gravity.
Trojan asteroid  One of two groups of asteroids that orbit at the 
same distance from the Sun as Jupiter, 60 degrees ahead of and be-
hind the planet. (p. 108)
tropical year The time interval between one vernal equinox and the 
next. (p. 12)
troposphere The portion of Earth’s atmosphere from the surface to 
about 15 km. (p. 144)
trough Maximum departure of a wave below its undisturbed state.
true space motion  True motion of a star, taking into account 
both its transverse and radial motion according to the Pythagorean 
theorem.
Tully-Fisher relation  A relation used to determine the absolute 
luminosity of a spiral galaxy. The rotational velocity, measured from 
the broadening of spectral lines, is related to the total mass, and hence 
the total luminosity. (p. 427)
turnoff mass The mass of a star that is just now evolving off the 
main sequence in a star cluster.
21-centimeter line Spectral line in the radio region of the electro-
magnetic spectrum associated with a change of spin of the electron in 
a hydrogen atom. (p. 313)
21-centimeter radiation Radio radiation emitted when an electron 
in the ground state of a hydrogen atom flips its spin to become paral-
lel to the spin of the proton in the nucleus.
twin quasar Quasar that is seen twice at different locations in the 
sky due to gravitational lensing.
Type I supernova One possible explosive death of a star. A white 
dwarf in a binary star system can accrete enough mass that it cannot 
support its own weight. The star collapses and temperatures become 
high enough for carbon fusion to occur. Fusion begins throughout the 
white dwarf almost simultaneously, and an explosion results. (p. 345)
Type II supernova One possible explosive death of a star, in which 
the highly evolved stellar core rapidly implodes and then explodes, 
destroying the surrounding star. (p. 345)

U
ultraviolet Region of the electromagnetic spectrum, just beyond the 
visible range, corresponding to wavelengths slightly shorter than blue 
light. (p. 46)
ultraviolet telescope A telescope that is designed to collect radia-
tion in the ultraviolet part of the spectrum. Earth’s atmosphere is par-
tially opaque to these wavelengths, so ultraviolet telescopes are put 
on rockets, balloons, and satellites to get high above most or all of the 
atmosphere. (p. 92)
umbra Central region of the shadow cast by an eclipsing body.

telescope Instrument used to capture as many photons as possible 
from a given region of the sky and concentrate them into a focused 
beam for analysis. (p. 72)
temperature A measure of the amount of heat in an object, and an 
indication of the speed of the particles that comprise it. (p. 53)
tenuous Thin, having low density.
terminator The line separating night from day on the surface of the 
Moon or a planet.
terrae See highlands.
terrestrial planet  One of the four innermost planets of the solar 
system, resembling Earth in general physical and chemical proper-
ties. (p. 106)
theoretical model An attempt to construct a mathematical explana-
tion of a physical process or phenomenon within the assumptions and 
confines of a given theory. In addition to providing an explanation of 
the observed facts, the model generally also makes new predictions 
that can be tested by further observation or experimentation. (p. 20)
theories of relativity Einstein’s theories, on which much of modern 
physics rests. Two essential facts of the theory are that nothing can 
travel faster than the speed of light and that everything, including 
light, is affected by gravity.
theory A framework of ideas and assumptions used to explain some 
set of observations and make predictions about the real world. (p. 20)
thermal equilibrium Condition in which new particle–antiparticle 
pairs are created from photons at the same rate as pairs annihilate 
one another to produce new photons.
thick disk Region of a spiral galaxy where an intermediate popula-
tion of stars resides, younger than the halo stars but older than stars 
in the disk.
threshold temperature Critical temperature above which pair pro-
duction is possible and below which pair production cannot occur.
tidal bulge Elongation of Earth caused by the difference between 
the gravitational force on the side nearest the Moon and the force 
on the side farthest from the Moon. The long axis of the tidal bulge 
points toward the Moon. More generally, the deformation of any body 
produced by the tidal effect of a nearby gravitating object. (p. 141)
tidal force  The variation in one body’s gravitational force from 
place to place across another body—for example, the variation of the 
Moon’s gravity across Earth. (p. 141)
tidal locking  Circumstance in which tidal forces have caused a 
moon to rotate at exactly the same rate at which it revolves around 
its parent planet, so that the moon always keeps the same face turned 
toward the planet. (p. 142)
tidal stability limit The minimum distance within which a moon 
can approach a planet before being torn apart by the planet’s tidal 
force.
tidally locked Condition in which tidal forces have caused a body 
(such as a moon) to rotate at exactly the same rate at which it orbits 
another body so that it always keeps the same face toward the other 
body. (p. 142)
tides Rising and falling motion of terrestrial bodies of water, exhibit-
ing daily, monthly, and yearly cycles. Ocean tides on Earth are caused 
by the competing gravitational pull of the Moon and Sun on different 
parts of Earth. (p. 141)
time dilation A prediction of the theory of relativity, closely related 
to the gravitational reshift. To an outside observer, a clock lowered 
into a strong gravitational field will appear to run slow. (p. 381)
time zone Region on Earth in which all clocks keep the same time, 
regardless of the precise position of the Sun in the sky, for consistency 
in travel and communications.
total eclipse  Celestial event during which one body is completely 
blocked from view by another. (p. 16)
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wave period The amount of time required for a wave to repeat itself 
at a specific point in space. (p. 47)
wave theory of radiation Description of light as a continuous wave 
phenomenon, rather than as a stream of individual particles.
wax (referring to the Moon or a planet) To grow. The Moon appears 
to wax, or grow in size, for 2 weeks after new Moon.
weakly interacting massive particle (WIMP) Class of subatomic 
particles that might have been produced early in the history of the 
universe; dark-matter candidates.
weak nuclear force  Short-range force, weaker than both 
electromagnetism and the strong force, but much stronger than 
gravity; responsible for certain nuclear reactions and radioactive 
decays. (p. 271)
weight The gravitational force exerted on you by Earth (or the planet 
on which you happen to be standing).
weird terrain A region on the surface of Mercury with oddly rippled 
features. This feature is thought to be the result of a strong impact 
that occurred on the other side of the planet and sent seismic waves 
traveling around the planet, converging in the weird region.
white dwarf A dwarf star with sufficiently high surface temperature 
that it glows white. (p. 289)
white dwarf region  The bottom-left corner of the Hertzsprung–
Russell diagram, where white dwarf stars are found. (p. 291)
white oval Light-colored region near the Great Red Spot in Jupiter’s 
atmosphere. Like the red spot, such regions are apparently rotating 
storm systems. (p. 211)
Wien’s law Relation between the wavelength at which a blackbody 
curve peaks and the temperature of the emitter. The peak wavelength 
is inversely proportional to the temperature, so the hotter the object, 
the bluer its radiation. (p. 54)
winter solstice  Point on the ecliptic where the Sun is at its 
southernmost point below the celestial equator, occurring on or near 
December 21. (p. 11)
wispy terrain  Prominent light-colored streaks on Rhea, one of 
Saturn’s moons.

X
X-ray Region of the electromagnetic spectrum corresponding to ra-
diation of high frequency and short wavelength, far beyond the visible 
spectrum. (p. 46)
X-ray burster X-ray source that radiates thousands of times more 
energy than our Sun in short bursts lasting only a few seconds. A 
neutron star in a binary system accretes matter onto its surface until 
temperatures reach the level needed for hydrogen fusion to occur. 
The result is a sudden period of rapid nuclear burning and release of 
energy. (p. 366)
X-ray nova Nova explosion detected at X-ray wavelengths.

Z
Zeeman effect Broadening or splitting of spectral lines due to the 
presence of a magnetic field.
zero-age main sequence  The region on the Hertzsprung–Russell 
diagram, as predicted by theoretical models, where stars are located 
at the onset of nuclear burning in their cores. (p. 322)
zodiac The 12 constellations on the celestial sphere through which 
the Sun appears to pass during the course of a year. (p. 10)
zonal flow  Alternating regions of westward and eastward flow, 
roughly symmetrical about the equator of Jupiter, associated with the 
belts and zones in the planet’s atmosphere. (p. 209)
zone Bright, high-pressure region in the atmosphere of a jovian plan-
et, where gas flows upward. (p. 209)

The central region of a sunspot, which is its darkest and coolest part. 
(p. 16)
unbound An orbit that does not stay in a specific region of space, 
but where an object escapes the gravitational field of another. Typical 
unbound orbits are hyperbolic in shape.
unbound trajectory  Path of an object with launch speed high 
enough that it can escape the gravitational pull of a planet.
uncompressed density  The density a body would have in the 
absence of any compression due to its own gravity.
universal time Mean solar time at the Greenwich meridian.
universe The totality of all space, time, matter, and energy. (p. 6)
unstable nucleus Nucleus that cannot exist indefinitely, but rather 
must eventually decay into other particles or nuclei.
upwelling  Upward motion of material having temperature higher 
than the surrounding medium.

V
vacuum energy Property of empty space when it is excited above its 
normal zero-energy state. Astronomers think that the temporary ap-
pearance of vacuum energy was responsible for one or more periods 
of inflation during the early universe. (p. 492)
Van Allen belts At least two doughnut-shaped regions of magnetically 
trapped, charged particles high above Earth’s atmosphere. (p. 159)
variable star A star whose luminosity changes with time. (p. 394)
velocity  Displacement (distance plus direction) per unit time. See 
also speed.
vernal equinox Date on which the Sun crosses the celestial equator 
moving northward, occurring on or near March 21. (p. 12)
visible light The small range of the electromagnetic spectrum that 
human eyes perceive as light. The visible spectrum ranges from about 
400 to 700 nm, corresponding to blue through red light. (p. 46)
visible spectrum The small range of the electromagnetic spectrum 
that human eyes perceive as light. The visible spectrum ranges from 
about 4000 to 7000 angstroms, corresponding to blue through red light.
visual binary  A binary star system in which both members are 
resolvable from Earth. (p. 295)
void Large, relatively empty region of the universe around which su-
perclusters and “walls” of galaxies are organized. (p. 464)
volcano Upwelling of hot lava from below Earth’s crust to the plan-
et’s surface. (p. 150)

W
wane (referring to the Moon or a planet) To shrink. The Moon ap-
pears to wane, or shrink in size, for 2 weeks after full Moon.
warm longitudes (Mercury)  Two opposite points on Mercury’s 
equator where the Sun is directly overhead at aphelion. Cooler than 
the hot longitudes by 150 degrees.
water hole The radio interval between 18 cm and 21 cm, the respec-
tive wavelengths at which hydroxyl (OH) and hydrogen (H) radiate, 
in which intelligent civilizations might conceivably send their com-
munication signals. (p. 518)
water volcano  Volcano that ejects water (molten ice) rather than 
lava (molten rock) under cold conditions.
watt/kilowatt Unit of power: 1 watt (W) is the emission of 1 joule (J) 
per second; 1 kilowatt (kW) is 1000 watts.
wave A pattern that repeats itself cyclically in both time and space. 
Waves are characterized by the speed at which they move, their fre-
quency, and their wavelength. (p. 46)
wavelength The distance from one wave crest to the next, at a given 
instant in time. (p. 47)
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AK-1 Answers to CheCK Questions

ground state that has the lowest possible energy. Planetary orbits can have any 
energy. Planets can stay in any orbit indefinitely; in an atom the electron must 
eventually fall to the ground state, emitting electromagnetic radiation in the 
process. Planets may reasonably be thought of as having specific trajectories 
around the Sun—there is no ambiguity as to “where” a planet is. Electrons in 
an atom are smeared out into an electron cloud, and we can only talk of the 
electron’s location in probabilistic terms. 7. (p. 63) The wave theory could not 
explain why atoms emit and absorb radiation at specific, unique wavelengths, 
rather than as a continuous beam. The key new insight of quantum theory was 
that, on microscopic scales, the properties of both matter and radiation are 
quantized. Specifically, the energy of an electron in an atom can only take on 
certain definite values, unique to the type of atom, and radiation exists in the 
form of photons of specific energies. When an electron changes energy within 
an atom, it does so by emitting or absorbing a photon of a definite energy, and 
hence color, directly connecting observations of atomic spectra to the particular 
atoms producing them. 8. (p. 64) Spectral lines correspond to transitions 
between specific orbitals within an atom. The structure of an atom determines 
the energies of these orbitals, and hence the possible transitions, and thus 
the energies (colors) of the photons involved. 9. (p. 65) Measuring masses 
in astronomy usually entails measuring the orbital speed of one object—a 
companion star or a planet, perhaps—around another. In most cases, the 
Doppler effect is an astronomer’s only way of making such measurements. 10. 
(p. 66) Because, with few exceptions, spectral analysis is the only way we have 
of determining the physical conditions—composition, temperature, density, 
velocity, etc.—in a distant object. Without spectral analysis, astronomers would 
know next to nothing about the properties of stars and galaxies.

Chapter 3
1. (p. 80) Because large reflecting telescopes are easier to design, build, and 
maintain than refracting instruments. 2. (p. 83) The need to gather as much 
light as possible, and the need to achieve the highest possible angular resolution. 
3. (p. 84) The atmosphere absorbs some radiation arriving from space, and 
turbulent motion blurs the incoming rays. To reduce or overcome the effects 
of atmospheric absorption, instruments are placed on high mountains or in 
space. To compensate for atmospheric turbulence, adaptive optics techniques 
probe the air above the observing site and adjust the mirror surface accordingly 
to try to recover the undistorted image. 4. (p. 87) Radio astronomy opens up 
a new window on the universe, allowing astronomers to study known objects 
in new ways and to discover new objects that would otherwise be completely 
unobservable. The faintness of the sources is addressed by combining the 
largest available telescopes with sensitive detectors. Resolution can be greatly 
improved by the use of interferometry, which combines the signals from two 
or more separate telescopes to create the effect of a single instrument of much 
larger diameter. 5. (p. 93) The text presents multiwavelength observations of 
stars, star-forming regions, and galaxies. We must study astronomical objects 
at many wavelengths because most emit radiation across the entire spectrum, 
and much of what we know is learned from studies of invisible radiation.  
6. (p. 95) Benefits: They are above the atmosphere, so they are unaffected 
by seeing or absorption; they can also make round-the-clock observations of 
the entire sky. Drawbacks: Cost/smaller size, inaccessibility, vulnerability to 
damage by radiation and cosmic rays.

Chapter 4
1. (p. 107) Because the two classes of planets differ in almost every physical 
property—orbit, mass, radius, composition, existence of rings, number of 
moons. 2. (p. 111) Similarities: All orbit in the inner solar system, roughly in 
the ecliptic plane, and are solid bodies of generally “terrestrial” composition. 
Differences: Asteroids are much smaller than the terrestrial planets, are 
generally less evolved than the planets, and move on much less regular orbits. 
3. (p. 115) Most comets never come close enough to the Sun for us to see 
them. 4. (p. 118) Because it is thought to be much less evolved than material 
now found in planets, and hence it is a better indicator of conditions in the 
early solar system. 5. (p. 120) Because it must explain certain general features 
of solar system architecture, while accommodating the fact that there are 
exceptions to many of them. 6. (p. 127) Yes. If a star formed with a disk of 
matter around it, then even if it doesn’t have planets like Earth, the basic 
processes of condensation and accretion would probably have occurred 
there, too. 7. (p. 134) Because the search techniques are most sensitive to 

Chapter 0
1. (p. 8) (1) Because the celestial sphere provides a natural means of specifying 
the locations of stars on the sky. Celestial coordinates are directly related 
to Earth’s orientation in space but are independent of Earth’s rotation. (2) 
Distance information is lost. 2. (p. 13) Because of the tilt of Earth’s rotation 
axis, the Sun is highest in the northern sky during northern summer, and the 
days are longest. 3. (p. 17) (1) The angular size of the Moon would remain 
the same, but that of the Sun would be halved, making it easier for the Moon 
to eclipse the Sun. We would expect to see total or partial eclipses, but no 
annular ones. (2) If the distance were halved, the angular size of the Sun would 
double, and total eclipses would never be seen—only partial or annular ones.  
4. (p. 20) Because astronomical objects are too distant for direct (“measuring 
tape”) measurements, we must rely on indirect means and mathematical 
reasoning. 5. (p. 23) A theory can never become proven “fact,” because 
it can always be invalidated, or forced to change by a single contradictory 
observation. However, once a theory’s predictions have been repeatedly 
verified by experiments over many years, it is often widely regarded as “true.”

Chapter 1
1. (p. 32) In the geocentric view, retrograde motion is a real backward motion 
of a planet as it moves on its epicycle. In the heliocentric view, the backward 
motion is only apparent, caused by Earth “overtaking” the planet in its 
orbit. 2. (p. 31) Mainly simplicity and elegance. Both theories made testable 
predictions, and until Newton developed his laws, neither could explain why 
the planets move as they do. However, Copernicus’s model was much simpler 
than the Ptolemaic version, which became more and more convoluted as 
observations improved. 3. (p. 33) The discovery of the phases of Venus could 
not be reconciled with the geocentric model. Observations of Jupiter’s moons 
proved that some objects in the universe did not orbit Earth. 4. (p. 35) Galileo 
was an experimentalist; Kepler was a theorist. Galileo found observational 
evidence supporting the Copernican theory; Kepler found an empirical 
description of the motions of the planets within the Copernican picture that 
greatly simplified the theoretical view of the solar system. 5. (p. 36) Because 
those planets were unknown to Kepler. The fact that the laws apply to the outer 
planets then constitutes a prediction subsequently verified by observation.  
6. (p. 36) Because Kepler determined the overall geometry of the solar system 
by triangulation using Earth’s orbit as a baseline, all distances were known 
only relative to the scale of Earth’s orbit—the astronomical unit (AU). 7. (p. 39) 
In the absence of any force, a planet would move in a straight line with constant 
velocity (Newton’s first law) and therefore tends to move along the tangent to 
its orbital path. The Sun’s gravity causes the planet to accelerate toward the 
Sun (Newton’s second law), bending its trajectory into the orbit we observe. 
8. (p. 41) Kepler’s laws were accurate descriptions of planetary motion based 
on observations, but they contained no insight into why the planets orbited 
the Sun or why the orbits are as they are. Newtonian mechanics explained the 
orbits in terms of universal laws, and in addition made detailed predictions 
about the motion of other bodies in the cosmos—moons, comets, other stars—
that were hitherto impossible to make.

Chapter 2
1. (p. 47) A wave is a way in which energy or information is transferred from 
place to place via a repetitive, regularly varying disturbance of some sort. A 
wave is characterized by its wavelength, frequency, velocity, and amplitude: 
the product of the first two always equals the third. 2. (p. 50) Light is an 
electromagnetic wave produced by accelerating charged particles. All waves on 
the list are characterized by their wave periods, frequencies, and wavelengths, 
and all carry energy and information from one location to another. Unlike 
waves in water or air, however, light waves require no physical medium 
through which to propagate. 3. (p. 53) All are electromagnetic radiation and 
travel at the speed of light. In physical terms, they differ only in frequency 
(or wavelength), although their effects on our bodies (or our detectors) differ 
greatly. 4. (p. 55) As the switch is turned and the temperature of the filament 
rises, the bulb’s brightness increases rapidly, by Stefan’s law, and it color 
shifts, by Wien’s law, from invisible infrared to red to yellow to white. 5. (p. 57) 
They are characteristic frequencies (wavelengths) at which matter absorbs or 
emits photons of electromagnetic radiation. They are unique to each atom or 
molecule and thus provide a means of identifying the gas producing them. 6. 
(p. 62) Electron orbits can occur only at certain specific energies, and there is a 
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massive planets orbiting close to their parent stars, which are exactly what 
have been observed.

Chapter 5
1. (p. 143) A tidal force is the variation in one body’s gravitational force from 
place to place across another. Tidal forces tend to deform a body rather than 
causing an overall acceleration, and they decrease rapidly with distance.  
2. (p. 147) It raises Earth’s average surface temperature above the freezing point 
of water, which was critical for the development of life on our planet. Should 
the greenhouse effect continue to strengthen, however, it may conceivably 
cause catastrophic climate changes on Earth. 3. (p. 150) Earthquakes and 
seismic waves are observed on Earth’s surface. These data are combined with 
models of how waves move through Earth’s interior to construct a model 
of our planet’s composition and physical state. We measure Earth’s mass, 
radius, and surface composition directly. However, the composition and 
temperature of our planet’s interior are inferred from models. 4. (p. 152) We 
would have far less detailed direct (from volcanoes) or indirect (from seismic 
studies following earthquakes) information on our planet’s interior. 5. (p. 155) 
Convection currents in the upper mantle cause portions of Earth’s crust—
plates—to slide around on the surface. As the plates move and interact, they 
are responsible for volcanism, earthquakes, the formation of mountain ranges 
and ocean trenches, and the creation and destruction of oceans and continents.  
6. (p. 157) The maria are younger, denser, and are much less heavily cratered 
than the highlands. 7. (p. 161) It tells us that the planet has a conducting, 
liquid core in which the magnetic field is continuously generated. 8. (p. 163) 
The Moon’s small size, which is the main reason that the Moon (1) has lost its 
initial heat, making it geologically dead today, and (2) has insufficient gravity 
to retain an atmosphere.

Chapter 6
1. (p. 172) The Sun’s tidal force has caused Mercury’s rotation period to become 
exactly 2/3 of the orbital period and the rotation axis to be oriented exactly 
perpendicular to the planet’s orbit plane. A synchronous orbit is not possible 
because of Mercury’s eccentric orbit around the Sun. 2. (p. 174) Venus’s 
atmosphere is much more massive, hotter, and denser than that of Earth, and 
is composed almost entirely of carbon dioxide. 3. (p. 175) Scarps are thought to 
have been formed when the planet’s iron core cooled and contracted, causing 
the crust to crack. Faults on Earth are the result of tectonic activity. 4. (p. 179) 
No. They are mainly shield volcanoes formed by lava upwelling through “hot 
spots” in the crust and are not associated with plate tectonics (which is not 
observed on Venus). 5. (p. 183) Mercury: improved observations of the planet’s 
surface led to a major revision of Mercury’s rotation rate. Venus: observations 
of the atmosphere initially suggested a relatively mild climate; however, later 
radio studies of the surface revealed a hot, dry, inhospitable world. Mars: 
with improving observations, astronomers’ ideas of the surface have evolved 
from an arid desert irrigated by canals built by intelligent beings, to a world 
now dry and geologically dead, but that once had liquid water and possibly 
even life on its surface. 6. (p. 190) Observations reveal evidence for dried-up 
rivers, outflow channels, and what may be ancient oceans, strongly suggesting 
that the surface was once warm enough and the atmosphere thick enough for 
large bodies of liquid water to exist on the planet’s surface. Today most of the 
remaining water on Mars is frozen, underground or at the poles. 7. (p. 193) 
Venus probably has a large liquid metal core, but it rotates too slowly for a 
planetary dynamo to operate. Mars rotates rapidly but lacks a liquid metal 
core. 8. (p. 196) Both might have climates quite similar to that on Earth, as the 
greenhouse effect would probably not have run away on Venus, and the water 
in the Martian atmosphere might not have frozen and become permafrost.

Chapter 7
1. (p. 206) Uranus’s orbit was observed to deviate from a perfect ellipse, leading 
astronomers to try to compute the mass and location of the body responsible 
for those discrepancies. That body was Neptune. 2. (p. 208) The magnetic field 
is generated by the motion of electrically conducting liquid in the deep interior 
and therefore presumably shares the rotation of that region of the planet. 3. 
(p. 214) Like weather systems on Earth, the belts and zones are regions of high 
and low pressure and are associated with convective motion. However, unlike 
storms on Earth, they wrap all the way around the planet because of Jupiter’s 
rapid rotation. In addition, the clouds are arranged in three distinct layers, and 
the bright colors are the result of cloud chemistry unlike anything operating 
in Earth’s atmosphere. Jupiter’s spots are somewhat similar to hurricanes 
on Earth, but they are far larger and longer-lived. 4. (p. 215) Uranus’s low 
temperature means that the planet’s clouds lie deeper in the atmosphere, 
making them harder to distinguish from Earth. 5. (p. 219) We have no direct 
observations of the interiors of these worlds. Everything we know is derived 
from theoretical models of their interiors, coupled with observations of their 
masses, radii, and surface properties. 6. (p. 221) They all combine the two 

essential ingredients needed to operate a planetary dynamo: (1) rapid rotation, 
in all cases faster than Earth’s rotation, and (2) conducting liquid interiors: 
metallic hydrogen in the cases of Jupiter and Saturn and “slushy” ice in the 
cases of Uranus and Neptune.

Chapter 8
1. (p. 230) Jupiter’s gravitational field, via its tidal effect on the moons.  
2. (p. 235) The haze layers high in the moon’s dense atmosphere are opaque to 
visible light. The Huygens probe landed on the surface, and Cassini’s radar and 
infrared sensors can penetrate the haze. 3. (p. 237) They are all very heavily 
cratered—a result of the heavy bombardment that marked the clearing of the 
comets from the outer solar system. 4. (p. 243) The Roche limit is the radius 
inside of which a moon will be torn apart by tidal forces. Planetary rings are 
found inside the Roche limit, (most) moons outside. 5. (p. 245) They have 
similar masses, radii, composition, and perhaps also similar origins in the 
Kuiper belt. 6. (p. 247) Pluto, like Ceres, Eris, and a few other bodies in the 
outer solar system, orbits the Sun and is large enough for its gravity to have 
caused it to assume an approximately spherical shape, but it is not massive 
enough to have cleared its orbital path of other solar system objects. In current 
terminology, it is called a dwarf planet, or a plutoid.

Chapter 9
1. (p. 255) When we multiply the solar constant by the total area to obtain the 
solar luminosity, we are implicitly assuming that the same amount of energy 
reaches every square meter of the large sphere in Figure 9.3. 2. (p. 259) The 
energy may be carried in the form of (1) radiation, where energy travels in the 
form of light, and (2) convection, where energy is carried by physical motion 
of upwelling solar gas. 3. (p. 201) The coronal spectrum shows (1) emission 
lines of (2) highly ionized elements, implying high temperature. 4. (p. 270) 
There is a strong field, with a well-defined east-west organization, just below 
the surface. The field direction in the southern hemisphere is opposite that 
in the north. However, the details of the fields are very complex. 5. (p. 273) 
Because the Sun shines by nuclear fusion, which converts mass into energy 
as hydrogen turns into helium. 6. (p. 274) The solar neutrino problem was the 
fact that theory predicted that significantly more neutrinos should be detected 
coming from the Sun than were actually observed experimentally. Both the 
theory of solar nuclear fusion and the experimental apparatus on Earth were 
carefully checked and tested, and neither was found to be at fault. In the end, 
a new piece of the theory, explaining how neutrinos could change from one 
type to another en route from the core of the Sun to the detectors on Earth, 
accounted for the discrepancy and solved the problem.

Chapter 10
1. (p. 281) Because stars are so far away that their parallaxes relative to any 
baseline on Earth are too small to measure accurately. 2. (p. 285) Nothing—We 
need to know their distances before the luminosities (or absolute magnitudes) 
can be determined. 3. (p. 288) Even though the theory behind the classification 
was incorrect, it provided a very useful way to organize and categorize the large 
database of stellar observations, making it easy for astronomers to adapt and 
interpret the data when an improved understanding of atomic physics emerged 
some three decades later. 4. (p. 288) Because temperature controls which excited 
states the star’s atoms and ions are in, and hence which atomic transitions 
are possible. 5. (p. 289) Yes, by using the radius–luminosity–temperature 
relationship, but only if we can find a method of determining the luminosity that 
doesn’t depend on the inverse-square law (Sec. 10.2). 6. (p. 292) Because giants 
are intrinsically very luminous and can be seen to much greater distances than 
the more common main-sequence or white dwarfs. 7. (p. 293) All stars would 
be further away, but their measured spectral types and apparent brightnesses 
would presumably be unchanged, so their luminosities would be greater than 
previously thought. The main sequence would therefore move vertically upward 
in the H–R diagram. We would then use larger luminosities in the method of 
spectroscopic parallax, so distances inferred by that method would also increase. 
8. (p. 294) We are assuming (1) that we can tell with some confidence whether 
or not an observed star lies on the main sequence, and (2) that the radius of 
a main-sequence star of a given spectral type is fairly well determined. Both 
assumptions are reasonable, although significant uncertainties exist, especially 
with assumption (2). 9. (p. 299) We don’t. We assume that their masses are the 
same as similar stars found in binaries.

Chapter 11
1. (p. 307) Because the scale of interstellar space is so large that even very 
low densities can accumulate to a large amount of obscuring matter along 
the line of sight to a distant star. 2. (p. 311) Because the UV light is absorbed 
by hydrogen gas in the surrounding cloud, ionizing it to form the emission 
nebulae. The red light is H radiation, part of the visible hydrogen spectrum 
emitted as electrons, and protons recombine to form hydrogen atoms.  
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Answers to CheCK Questions AK-3

3. (p. 314) Because the cloud’s main constituent, hydrogen, is very hard to 
observe, astronomers must use other molecules as tracers of the cloud’s 
properties. 4. (p. 321) (1) The existence of a photosphere, meaning that 
the inner part of the cloud becomes opaque to its own radiation, signaling 
the slowing of the collapse phase. (2) Nuclear fusion in the core, and 
equilibrium between pressure and gravity. 5. (p. 322) No. Different parts 
of the main sequence correspond to stars of different masses. A typical star 
stays at roughly the same location on the main sequence most of its lifetime.  
6. (p. 326) Because stars form at different rates—high-mass stars reach the 
main sequence and start disrupting the parent cloud long before lower-mass 
stars have finished forming.

Chapter 12
1. (p. 333) Hydrostatic equilibrium means that, if some property of the Sun 
changes a little, the star’s structure adjusts to compensate. Small changes 
in the Sun’s internal temperature or pressure will not lead to large changes 
in its radius or luminosity. 2. (p. 335) Because the nonburning inner core, 
unsupported by fusion, begins to shrink, releasing gravitational energy, 
heating the overlying layers, causing them to burn more vigorously, and 
increasing the luminosity. 3. (p. 341) No. It does not have a binary companion 
to provide mass after the Sun becomes a white dwarf, so our star will never 
become a nova or Type I supernova; it is too low in mass to become a Type 
II supernova. 4. (p. 344) Because iron cannot fuse to produce energy. As a 
result, no further nuclear reactions are possible, and the core’s equilibrium 
cannot be restored. 4. (p. 347) Because the two types of supernova differ in 
their spectra and their light curves, making it impossible to explain them in 
terms of a single phenomenon. 5. (p. 354) Because a star cluster gives us a 
“snapshot” of stars of many different masses—but of the same age and initial 
composition—allowing us to directly test the predictions of the theory. 6. 
(p. 355) Because it is responsible for creating and dispersing all the heavy 
elements out of which we are made. In addition, it may also have played an 
important role in triggering the collapse of the interstellar cloud from which 
our solar system formed.

Chapter 13
1. (p. 362) No. Only Type II supernovae. According to theory, the rebounding 
central core of the original star becomes a neutron star. 2. (p. 364) Because 
(1) not all supernovae form neutron stars, (2) the emission is beamed and 
may not be observable from Earth, and (3) pulsars spin down and become 
too faint to observe after a few tens of millions of years. 3. (p. 309) Some 
X-ray sources are binaries containing accreting neutron stars, which may be 
in the process of being spun up to form millisecond pulsars. 4. (p. 372) They 
are energetic bursts of gamma rays, roughly uniformly distributed on the sky, 
occurring roughly once per day. They pose a challenge because they are very 
distant, and hence extremely luminous, but their energy comes from a region 
less than a few hundred kilometers across. 5. (p. 374) Its gravity becomes so 
strong that even light cannot escape, and it becomes a black hole. 6. (p. 379) 
In Newton’s theory, gravity is a force that exists between all massive bodies. In 
relativity, the acceleration we call gravity is actually our perception of motion 
through a curved spacetime, whose curvature depends on the local density 
of material. Special relativity makes some quite counterintuitive predictions 
about the universe—for example, time dilation, length contraction, and the 
loss of simultaneity—which scientists initially found hard to accept. However, 
all of its predictions have been repeatedly verified in laboratory experiments, 
and many predictions of general relativity have been verified by astronomical 
observations. 7. (p. 382) Because the object would appear to take infinitely 
long to reach the event horizon, and its light would be infinitely redshifted 
by the time it got there. 8. (p. 384) By observing their gravitational effects on 
other objects, and from the X-rays emitted when matter falls into them.

Chapter 14
1. (p. 392) The Milky Way is the thin plane of the Galactic disk, seen from 
within. When our line of sight lies in the plane of the Galaxy, we see many 
stars blurring into a continuous band. In other directions we see darkness.  
2. (p. 395) No, because even the brightest Cepheids are unobservable 
at distances of more than a kiloparsec or so through the obscuration of 
interstellar dust. 3. (p. 396) The debate involved the size and location of the 
“spiral nebulae,” such as M31 in Andromeda. Today we know them as spiral 
galaxies, but at the time astronomers had insufficient data to determine their 
distances, and hence their sizes. Shapley thought that the spiral nebulae were 
small, relatively nearby objects contained within our Galaxy. Curtis argued 
that the nebulae were distant galaxies comparable in size to our own. Shapley 
used observations of variable stars to argue that our Galaxy is large; Curtis 
thought it was much smaller. In the end, neither scientist was completely right. 
Shapley was correct about the size of the Galaxy, but Curtis was right in his 
assertion that the spiral nebulae are distant galaxies like the Milky Way. The 

matter was resolved a few years later when Edwin Hubble used observations 
of variable stars to demonstrate that many spiral nebulae did indeed reside far 
outside our Galaxy. 4. (p. 399) They differ greatly in their spatial distributions 
of stars, the types and ages of stars found in each, the amount of interstellar 
gas they contain, and in the orbital motions of their component stars.  
5. (p. 401) Because all the gas and dust in the halo fell to the Galactic disk 
billions of years ago, halo star formation has long since ceased. 6. (p. 402) 
Because differential rotation would destroy the spiral structure within a few 
hundred million years. 7. (p. 407) Scientists are unwilling to suggest new 
physics to explain observations, and competing theories of galactic rotation 
curves and “missing mass” on large scales do exist. However, despite their 
reservations, most astronomers have concluded that dark matter, introduced 
as material with gravity but no interaction with electromagnetic radiation, best 
fits the observed facts. Several theories exist to explain how dark matter might 
have been formed in the early universe, and they lead to experimental tests 
that should some day detect dark matter if it exists. 8. (p. 408) Its emission has 
not been observed at any electromagnetic wavelength. Its presence is inferred 
from its gravitational effect on stars and gas orbiting the Galactic center.  
9. (p. 413) Observations of rapidly moving stars, gas, and the variability of the 
radiation emitted suggest the presence of a roughly 3 million-solar-mass black hole.

Chapter 15
1. (p. 425) Most galaxies are not large spirals—the most common galaxy types 
are dwarf ellipticals and dwarf irregulars. 2. (p. 426) Distance-measurement 
techniques ultimately rely upon the existence of very bright objects whose 
luminosities can be inferred by other means. Such objects become increasingly 
hard to find and calibrate the farther we look out into intergalactic space. 
3. (p. 430) It doesn’t use the inverse-square law. The other methods all 
provide a way of determining the luminosity of a distant object, which then 
is converted to a distance using the inverse-square law. Hubble’s law gives a 
direct connection between redshift and distance. 4. (p. 433) Because it means 
that the energy source cannot simply be the summed energy of a huge number 
of stars—some other mechanism must be at work. 5. (p. 439) When quasars 
were discovered, they were thought to be faint, relative nearby stars, or starlike 
objects, although their unusual spectra posed problems for astronomers. Once 
astronomers realized that their odd spectra actually meant that they had very 
large redshifts, it became clear that quasars were actually among the most 
distant—and hence most luminous—objects in the entire universe. 6. (p. 440) 
The energy is generated in an accretion disk in the central nucleus of the visible 
galaxy, then transported by jets out of the galaxy and into the lobes, where it 
is eventually emitted by the synchrotron process in the form of radio waves.

Chapter 16
1. (p. 450) First, that the galaxies are gravitationally bound to the cluster. Sec-
ond, and more fundamentally, that the laws of physics as we know them in the 
solar system—gravity, atomic structure, the Doppler effect—all apply on very 
large scales, and to systems possibly containing a lot of dark matter. 2. (p. 457) 
Galaxies in voids are much less likely to encounter other galaxies, so their evolu-
tion will be dictated more by “internal” processes—star formation and stellar 
evolution—than galaxies in clusters, which will be more affected by interactions 
with other galaxies. 3. (p. 457) The scenario makes predictions about how dif-
ferent types of galaxies were assembled over the history of the universe, and this 
has consequences for the types, compositions, and ages of the stars they contain. 
Astronomers can gauge the accuracy of the model by comparing its predictions 
with the properties of spiral and elliptical galaxies at different redshifts (that is, 
at different times in the past). 4. (p. 461) Astronomers think that the first black 
holes formed in young galaxies early in the history of the universe. The black 
holes grew by accretion of stars and gas from the surrounding galaxies, as well 
as mergers with other black holes when their parent galaxies merged. Eventu-
ally, they form the supermassive black holes observed in normal galaxies today. 
The galaxy mergers were often responsible for directing additional galactic gas 
onto the central black holes. The connection with active galaxies is that, dur-
ing the periods of accretion, the black holes emitted large amounts of energy, 
becoming the active galactic nuclei we see. 5. (p. 462) Probably not. There may 
well be galaxies that do not harbor central black holes, and in any case, only 
galaxies in clusters are likely to experience the encounters that trigger activity. 
6. (p. 464) Light traveling from these objects to Earth is influenced by cosmic 
structure all along the line of sight. Light rays are deflected by the gravitational 
field of intervening concentrations of mass, and gas along the line of sight pro-
duces absorption lines whose redshifts tell us the distance at which each feature 
formed. The light received on Earth thus gives astronomers a “core sample” 
through the universe, from which detailed information can be extracted.

Chapter 17
1. (p. 476) When viewed on very large scales—more than 300 Mpc—the 
distribution of galaxies seems to be roughly the same everywhere and in all 
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directions. (In addition, the microwave background radiation field is observed 
to be isotropic to very high precision.) 2. (p. 479) Because, tracing the motion 
backward in time, it implies that all galaxies, and in fact everything in the 
entire universe, were located at a single point at the same instant in the past. 
The cosmological principle does not allow that point to be special, leaving a 
Big Bang as the only possibility. 3. (p. 480) If there is enough matter in the 
universe for gravity to halt and reverse the current expansion, the universe 
will eventually recollapse in a “Big Crunch.” Otherwise, the universe will 
expand forever. 4. (p. 481) A low-density universe has negative curvature and 
is infinite in extent; a critical-density universe is spatially flat (Euclidean) 
and is also infinite in extent; a high-density universe has positive curvature 
and is finite in extent. 5. (p. 485) The observed acceleration of the expansion 
of the universe implies that some nongravitational force must be at work. 
Dark energy is our current best theory of the cause of that force. In addition, 
galactic and cosmological observations indicate that the universe is spatially 
flat, and hence has critical density, but that the density of matter (mostly 
dark) cannot account for the total. The amount of dark energy needed to 
account for the cosmic acceleration is in good agreement with the required 
extra density—about 70 percent of the critical value. 6. (p. 487) There doesn’t 
seem to be enough matter to halt the collapse, and in addition, the observed 
cosmic acceleration suggests the existence of a large-scale repulsive force in 
the cosmos that also opposes recollapse. 7. (p. 488) It was formed at the time 
of the Big Bang. It is the electromagnetic remnant of the primeval fireball. 
It started off as a blackbody curve because it was the thermal emission of 
the hot, young cosmos. It has retained this form because the cosmological 
redshift has stretched all photons by the same factor, preserving the shape 
of the blackbody curve. 8. (p. 490) The amount of deuterium observed in the 
universe today implies that the present density of normal matter is at most a 
few percent of the critical value—much less than the density of dark matter 
inferred from dynamical studies. 9. (p. 444) Not directly. Inflation implies that 
the universe is flat and hence that the total cosmic density equals the critical 

value. However, the matter density seems to be only about one-third of the 
critical value, and the density of electromagnetic radiation (the microwave 
background) is a tiny fraction of the critical density. Together, these statements 
suggest that the remaining density is in the form of “dark energy,” as described 
in Section 17.3. 10. (p. 497) Because dark matter is largely unaffected by the 
background radiation field, it was able to clump earlier than normal matter, 
forming the structures within which luminous matter subsequently formed 
the galaxies we see today. The gravity of the early dark-matter clumps caused 
tiny fluctuations in the temperature of the cosmic microwave background. 
The ripples we see today in the microwave background are the beginning of 
galaxy formation long ago.

Chapter 18
1. (p. 508) Not yet. The formation of complex molecules from simple ingre-
dients by nonbiological processes has been repeatedly demonstrated, but no 
living cell or self-replicating molecule has ever been created. 2. (p. 510) Mars 
remains the most likely site because of its generally Earthlike makeup and 
because several lines of evidence suggest that the planet was warmer in the 
past and may have had liquid water on its surface. Europa and Titan also 
have properties that might have been conducive to the emergence of living 
organisms—liquid water under Europa’s icy crust and an atmosphere and 
many complex molecules on Titan. 3. (p. 516) It breaks a complex problem up 
into simpler “astronomical,” “biochemical,” “anthropological,” and “cultural” 
pieces, which can be analyzed separately. The analysis itself helps identify the 
types of stars where a search might be most fruitful. 4. (p. 517) We assume that 
a technological civilization will opt to work in the radio part of the spectrum, 
where Galactic absorption is least, and will choose a region where natural Ga-
lactic background “static” is minimized. We also assume that the 21-cm line of 
hydrogen will have significance to them, since hydrogen is the most common 
element in the universe, and that hydroxyl will also have special meaning if 
they evolved in a water environment as we did.

AK-4 Answers to CheCK Questions
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Venus’s atmosphere 10) 16′, 2.7′; no—the minimum angular diameter of the 
Sun, as seen from Mars, is 19′

Chapter 7
True or False?/Multiple Choice 1) F 2) T 3) F 4) T 5) T 6) F 7) T 8) T 9) a 10) d 
11) d 12) b 13) c 14) a 15) b
Problems 1) 150 km, or 0.002 planetary radii; 1100 km, or 0.04 planetary radii 
2) 2.2 * 1017 newton; 1.4 * 1021 newton, or 6400 times larger 3) 4200 s = 1.17 
hours; 84,000 km 4) 6 * 10-5 Jupiter masses, or 0.019 Earth masses 5) — 6) 
1.5 percent of the actual mass 7) 10.5 days 8) 74 K 9) 1.7 * 1025 kg (2.8 Earth 
masses); 81 percent 10) 49 μm; infrared

Chapter 8
True or False?/Multiple Choice 1) T 2) T 3) T 4) T 5) F 6) T 7) T 8) F 9) a 10) c 
11) c 12) b 13) d 14) c 15) b
Problems 1) 20.3 km/s, 7.6 km/s; Saturn is much more massive than Earth! 2) 2.3 Jupi-
ter radii 3) For Io: acceleration difference = 6.3 * 10-3m/s2, surface gravity =
1.8 m/s2, ratio = 0.0035 = 0.35 percent; For Moon: acceleration 
difference = 2.2 * 10-5 m/s2, surface gravity = 1.6 m/s2, ratio = 1.4 * 10-5 
4) 1.35 m/s2 (Earth: 9.80 m/s2); 5) 2.6 km/s Io: 36′, Europa: 18′, Ganymede: 
18′, Callisto: 9′, Sun: 6′; Yes 6) 38 km radius 7) 1.1 * 1018 8) 6.8 times farther 
out 9) For a weight of 70 kg, 4.7 kg on Pluto, 2.1 kg on Charon 10) 11.1 hours; 
28.700 km; 2.8 orbits

Chapter 9
True or False?/Multiple Choice 1) T 2) F 3) F 4) F 5) T 6) F 7) F 8) c 9) c 10) a 
11) b 12) c 13) a 14) b 15) c
Problems 1) (a) 14,600 W/m2; (b) 52 W/m2 2) (a) 3000 km, (b) 1500, (c) 1/33 of 
the 167-minute orbital period 3) (a) 0.29 nm (hard X-ray), (b) 29 nm (far UV), 
(c) 290 nm (near UV) 4) 100 s = 17 min, comparable to the granule lifetime 
5) 36 percent of the average solar value (64 percent less) 6) (a) radiation mass 
loss = 4.3 million tons/s ≈ twice the mass loss due to the solar wind; (b) 30 
trillion years 7) 83 days 8) 300,000 years 9) 74 billion years 10) 4 * 1028

Chapter 10
True or False?/Multiple Choice 1) F 2) F 3) F 4) F 5) T 6) F 7) T 8) d 9) b 10) b 
11) c 12) d 13) c 14) b 15) b
Problems 1) 77 pc; 0.39″ 2) 47 km/s; 56 km/s 3) (a) 80 times the luminosity of 
the Sun; (b) 2 solar radii 4) B is 3 times farther away 5) A is 10 times farther 
away 6) 3.3 * 10-10 W/m2; 2.3 * 10-13 times the solar constant 7) factor of 16 
trillion 8) 320 pc 9) 3.5, 2.3 solar masses 10) (a) 200 billion years, (b) 1 billion 
years, (c) 100 million years

Chapter 11
True or False?/Multiple Choice 1) F 2) F 3) F 4) T 5) F 6) T 7) T 8) d 9) b 10) c 
11) d 12) b 13) b 14) c 15) b
Problems 1) 1.9 grams 2) 1428.6 MHz for a wavelength of 21 cm (but note 
that the precise wavelength is 21.11 cm, corresponding to frequency of 1420.4 
MHz); frequency: 1428.8–1428.2 MHz, wavelength: 20.9965–21.0053 cm 3) 
0.017 pc = 3500 AU 4) 4100, 9.0 5) escape speeds (km/s): 1.8, 1.1, 1.1, 0.80; 
average molecular speeds: 13.6, 14.0, 14.6, 14.2; No 6) yes, barely: the escape 
speed is 0.93 km/s, molecular speed is 0.35 km/s 7) (a) 200, (b) 2.3 solar radii 
8) 8 9) 10-6 solar luminosities 10) 37 pc

Chapter 12
True or False?/Multiple Choice 1) T 2) T 3) F 4) T 5) F 6) T 7) T 8) F 9) a 10) b 
11) a 12) b 13) b 14) c 15) d
Problems 1) 3.5 * 107 kg/m3; 5.7 * 10-4 kg/m3, smaller by a factor of 
1.6 * 10-11; solar central density is 150,000 kg/m3, smaller than the white 
dwarf density by a factor of 4.3 * 10-3 2) 220 pc 3) (a) 2.9 solar masses, (b) 1.7 
solar masses 4) 7.1 years, 63,000 years 5) 7300 km/s, 500,000 Earth gravities 
6) 20, 3.2 Mpc; 1000 Mpc 7) 0.4 pc; no—there are no O or B stars (in fact no 
stars at all) within that distance of the Sun 8) apparent magnitude is –14.1, 1.6 
magnitudes (4 times) brighter than the full Moon, 9.7 magnitudes (7600 times) 
brighter than Venus; yes—according to Appendix 3, several O and B stars, as 
well as Betelgeuse and some other red supergiants, lie within that distance 9) 
roughly 1000 km/s; not too bad an assumption—the Nebula is moving too fast 
to be affected much by gravity, although it is probably slowing down as it runs 
into the interstellar medium 10) 1.2 * 1044 J; 220 Earth masses

Chapter 0
True or False?/Multiple Choice 1) F 2) F 3) T 4) F 5) T 6) T 7) F 8) b 9) b 10) c 
11) a 12) c 13) d 14) b 15) a
Problems 1) Scorpius 2) 29.9 km, 1.08 * 105 km, 2.58 * 106 km 3) It would 
decrease by 8 minutes 4) (a) 33 arc minutes, (b) 33 arc seconds, (c) 0.55 arc 
seconds; 56.4 minutes 5) 1.0 km/s 6) It is! 7) 173 m 8) (a) 57,300 km, (b) 
3.44 * 106 km, (c) 2.06 * 108 km  9) 2.9°

Chapter 1
True or False?/Multiple Choice 1) F 2) F 3) F 4) F 5) F 6) F 7) F 8) T 9) d 10) c 
11) c 12) a 13) c 14) b 15) b
Problems 1) (a) 110 km, (b) 44,000 km, (c) 370,000 km 2) 700 s 3) 0.4 degrees 
retrograde 4) 3 AU, 0.333, 5.2 yr 5) 35 AU 6) Mercury’s perihelion and aphelion 
distances are 0.307 AU and 0.467 AU, respectively. The difference is 0.159 AU. 
Alternatively, Mercury’s aphelion distance is 52 percent larger than the peri-
helion distance. 7) 9.42 * 10-4 solar = 1.88 * 1027 kg 8) 9.50, 7.33, 1.49 m/s2 
9) For a 70-kg person, force = 684 N =  154 pounds; we call it the person’s 
weight 10) 1.7 km/s

Chapter 2
True or False?/Multiple Choice 1) F 2) T 3) T 4) F 5) T 6) T 7) T 8) a 9) d 10) a 
11) b 12) c 13) d 14) a 15) d
Problems 1) 1480 m/s 2) 3 m 3) 23 Hz; radio 4) A; 3.25; 112 5) 310; 9.4 microns; 
infrared 6) 6.4 * 107 W/m2; 3.9 * 1026 W 7) 3 * 1010 8) Second excited state: 
3 possibilities: 2 S 1 (Ha, 656 nm), 2 S  ground (Lyb, 103 nm), 1 S  ground 
(Lya, 122 nm); Third excited state: 6 possibilities: those already listed, plus 
3 S 2 (called Paschen a, 1876 nm), 3 S 1 (Hb, 486 nm), 3 S  ground (Lyg, 
97.3 nm) 9) 137 km/s approaching 10) 1.94 * 1027 kg

Chapter 3
True or False?/Multiple Choice 1) F 2) F 3) T 4) T 5) F 6) F 7) F 8) d 9) d 10) c 
11) a 12) d 13) b 14) b 15) c
Problems 1) 0.3 arc seconds; 6.8 pixels 2) 580 mm; longer than the 3 – 200 mm 
operating range 3) 6.7 minutes; 1.7 minutes 4) (a) 0.25″, (b) 0.01″ 5) 15 m 6) 
160 light-years, using the formula in the text to compute the resolution 7) 3.3 
minutes 8) (a) 36, (b) 0.61, (c) 0.012 light-years 9) 14.1 m, 16 m 10) (a) 0.003 
arc seconds, (b) 0.005 arc seconds

Chapter 4
True or False?/Multiple Choice 1) F 2) T 3) F 4) F 5) F 6) T 7) F 8) d 9) b 10) d 
11) a 12) c 13) b 14) a 15) c
Problems 1) 2 * 1021 kg, 0.03 percent of Earth’s mass; 40 km 2) 
1.1 AU, 2.0 AU 3) 3 kg 4) 1, 0.1, 0.01, 0.001 times Ceres’s mass, or 
1.6 * 1021 kg, 1.6 * 1020 kg, 1.6 * 1019 kg, 1.6 * 1018 kg. 5) (a) 11 mil-
lion years, (b) 50 AU 6) The orbital period is 0.00836 years = 3.05 days, so 
(for example) January 1, 2013, would be 14 * 365 + 4 (leap days) + 31 =  
5145 days = 1685 periods after discovery. 7) 1.7, 0.8 Earth gravity 8) 890 AU 
9) 2 * 108 ; once every 2.5 years 10) 0.25 AU

Chapter 5
True or False?/Multiple Choice 1) T 2) T 3) T 4) F 5) T 6) F 7) F 8) b 9) d 10) b 
11) b 12) d 13) d 14) a 15) c
Problems 1) 5.3 m/s2 = 0.55 times the actual value, 8.3 km/s 2) 30 kg 3) 21 m 
= 70 feet 4) 1.6 * 10-7 5) (a) 8.4 * 10-3, (b) 0.16, (c) 0.84, (d) 7.0 * 10-3 times 
Earth’s mass 7) 45 percent 8) 43 minutes 9) Need at least 4.8 * 105 such cra-
ters, requiring at least 4.8 trillion years; rate must have been greater by a factor 
of about 1000 10) 93 m

Chapter 6
True or False?/Multiple Choice 1) T 2) F 3) T 4) T 5) T 6) F 7) F 8) b 9) b 10) d 
11) c 12) b 13) b 14) a 15) c
Problems 1) 8.8 minutes 2) 4.0 * 1023 kg, (for a temperature of 700 K) or 
roughly 22 percent greater than it is now 3) 4.9 * 1020 kg, 98 times more mas-
sive than Earth’s atmosphere, 10-4 times the mass of Venus 4) 400 km/h, 250 
mph 5) (a) 12,100 km, (b) yes—the smallest detectable feature would be about 
20 km across, much smaller than the largest impact features 6) 197 minutes, 
94 minutes 7) 28 kg, assuming I weigh 70 kg on Earth 8) 10 m/s = 22 mph 9) 
2.7 * 1017 kg; 4.5 * 10-7 times the mass of Mars; 5.5 * 10-4 times the mass of 
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AK-6 Answers to self-test Questions

ties 9) 7200 km/s 10) Seyfert: ; Sirius A: ; smaller by a factor of 120; yes, if much 
of the emission from the nucleus is in the infrared

Chapter 16
True or False?/Multiple Choice 1) F 2) F 3) F 4) T 5) T 6) F 7) T 8) T 9) b 10) c 
11) d 12) a 13) d 14) b 15) a
Problems 1) 1.2 * 1012 solar masses 2) 5.6 * 1011 solar masses, assuming a 
velocity of 350 km/s 3) 9.3 * 1010 solar masses 4) 700 km/s, comparable to 
the 660 km/s speed of the galaxy in the cluster 5) 130 million years 6) -27.2; 
6.4 trillion solar luminosities; apparent magnitude of the Sun = -26.8; so the 
quasar at 10 pc is 0.4 magnitudes, or a factor of 1.4 times, brighter than the 
Sun at 1 AU 7) 2 22.5; 8.3 * 1010 solar luminosities 8) 11 million years 9) 21 
Mpc 10) 48 kpc

Chapter 17
True or False?/Multiple Choice 1) F 2) F 3) F 4) T 5) T 6) F 7) T 8) T 9) a 10) d 
11) c 12) d 13) b 14) c 15) a
Problems 1) 1000 Mpc 2) 4 * 108 3) 1200 km/s, directly away from the opposite 
corner 4) 20, 14, 12 billion years 5) (a) 30,000 tons, (b) 2.8 pc 6) 3 * 1015 solar 
masses; 1200 km/s 7) (a) 1.1 mm, (b) 0.0093, (c) 9.3 * 10-5, (d) 9.3 * 10-7 8) 
9 * 10-18 kg/m3; 5 * 10-19 kg/m3 9) 91 kpc 10) 74 kpc

Chapter 18
True or False?/Multiple Choice 1) F 2) F 3) T 4) F 5) T 6) T 7) T 8) b 9) c 10) c 
11) b 12) d 13) a 14) d 15) d
Problems 1) 6.3 seconds (for a 20-year-old reader); 18 seconds (in 2003); 72 
seconds; 161 seconds; 237 days 2) 0.19–0.47 AU 3) 5 billion 4) 27 AU 5) (a) 0.2, 
(b) 20, (c) 2000 6) 3100 years, 3.1 million years 7) 32,000 km/s 8) 5 * 108 W, 
500 times the emission of the Sun 9) 1.43 *  109 to 1.67 * 109 Hz; 2.4 * 106 
channels 10) 2.3 years; 55 years

Chapter 13
True or False?/Multiple Choice 1) T 2) T 3) T 4) F 5) T 6) F 7) F 8) b 9) a 10) b 
11) c 12) b 13) c 14) c 15) b
Problems 1) 1 million revolutions per day, or 11.6 revolutions per second 2) 
3 * 1044 times higher—2.1 * 1016 kg for a 70-kg human; Moon’s mass is 
greater by a factor of 3.5 million; asteroid mass is roughly 1.6 * 1012 kg (as-
suming spherical shape and density 3000 kg/m3), smaller by a factor of 13,000 
3) 1.9 * 1012 m/s2 or 190 billion Earth gravities; 190,000 km/s, or 64 percent 
of the speed of light; 300,000 km/s 4) 1.6 * 10-5, 1.6 * 103, 1.6 * 1011 so-
lar luminosities; ultraviolet, X-rays, gamma rays; they might be very bright 
immediately after formation, but would become very faint as they cool; the 
coolest could be plotted at the bottom left of the diagram, as a very faint O-
type “star” 5) 2.4 * 1044 J, roughly twice the Sun’s lifetime energy output; 
2.4 * 1034 J; 1.4 * 1025 J 6) 140 ms 7) 3 million km = 4.3 solar radii; 3 billion 
km = 20 AU 8) 2 * 1010 m/s2 = 2 * 109 g; 2 * 10-3 g; 2 * 10-9 g 9) 1760 km 
10) 3 * 107 km = 0.2 AU

Chapter 14
True or False?/Multiple Choice 1) T 2) T 3) F 4) F 5) F 6) T 7) F 8) T 9) b 10) c 
11) a 12) b 13) d 14) b 15) c
Problems 1) 2.0″, much less than the angular diameter of Andromeda 2) 100 
kpc 3) 10 times 4) 2 6.2; 17 Mpc 5) 0.014″/yr; proper motion has in fact been 
measured for several globular clusters 6) 2.7 * 1011 solar masses 7) 570 mil-
lion years 8) 18 9) 1 kpc 10) 1600 AU, 2.6 * 106 solar masses

Chapter 15
True or False?/Multiple Choice 1) F 2) T 3) T 4) T 5) T 6) T 7) T 8) a 9) c 10) b 
11) b 12) a 13) b 14) c 15) c
Problems 1) 3 billion years 2) 17 Mpc, taking the luminosity of the Cepheid to 
be 104 times that of the Sun 3) 320 Mpc 4) 14,000 km/s, 57 Mpc; 10,000 km/s, 
80 Mpc; 16,000 km/s, 50 Mpc 5) 14 billion years; 14 billion years 6) 1.8 * 108 
solar masses 7) 1.1 million years 8) 1.3 * 1036 W = 3.2 billion solar luminosi-
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1E 0657-56 (“bullet cluster”), 469
3C 84, 434
3C 175, 439
3C 273, 438

A
A0620-00, 383
A 2218, 468
Abell 1689, 429
Abell S0740, 420
Absolute brightness. See Luminosity(ies)
Absolute magnitude, 284, 285
Absolute zero, 52
Absorption lines, 57–59

quasars, 465
stellar spectra, 286

Acceleration, 38
cosmic, 483

Accretion disk, 341, 440
Acoustic oscillation, 496
Active galaxies (active galactic nuclei), 433, 440, 461.  

See also Quasar(s); Radio galaxies
black holes, 461–463
energy of, 439–442
radiation emitted by, 432–433
Seyfert, 433–434

Active regions, 266–268
Adams, John (mathematician), 206
Aldebaran, 283, 289, 291, 292
ALMA (Atacama Large Millimeter/submillimeter Array), 

Chile, 317
Alpha Centauri, 282, 298, 516
Alpha Orionis. See Betelgeuse
AM0644-741, 425
Amino acids, 505
Amplitude, 47
Andromeda Galaxy (M31), 384, 393, 453
Antarctic

extremophiles, 510
ozone depletion over, 146

Antares, 289
Antennae galaxies (NGC 4038/4039), 452
Apache Point Observatory, 466
Apennine mountains, 156
Aphelion, 35
Aphrodite Terra, 176–177
Apollo program, 158, 306
Apparent brightness, 282–283
Apparent magnitudes, 284
Archimedes crater, 156
Arcturus, 334
Arecibo telescope (National Astronomy and Ionospheric 

Center, Puerto Rico), 171, 367
Ariel, 236
A ring, 238
Aristarchus of Samos, 29
Aristotle, 28, 29, 38
Arp 273, 446–447
Associations, 323–324
Asteroids

formation of, 126–127
orbits, 108
properties of, 109, 111

Astrologers, Chinese, 30
Astronomical measurement, A2
Astronomical unit (AU), 35, 36, A3
Astronomy

in ancient societies, 30
birth of modern, 32–33
blackbody curves, 54–56
distance measurement

with geometry, 105
Islamic, 30
spectral lines, use in, 59

Asymptotic giant branch, 335, 335n
Atacama Large Millimeter/submillimeter Array (ALMA), 

Chile, 317
Atmosphere

of Earth, 140, 144–145

greenhouse effect and, 146–147
ozone hole in, 146
reddening in, 306
solar activity and, 262

of Jupiter, 209–212
of Mars, 174, 203–205
of Pluto, 245
solar, 260–262

chromosphere, 260–261
transition zone and corona, 261–262

of Titan, 232–233
of Uranus and Neptune, 214
of Venus, 174, 202–203

Atmospheric pressure, 145
Atom(s)

Bohr model of, 60
excitation of, 60
formation of, 490–491
motion in interstellar clouds, 315

AU (astronomical unit), 35
Aurora/aurorae

Earth, 160, 161
on Jupiter, 218

Aurora australis (Southern Lights), 160
Aurora borealis (Northern Lights), 160
Azimuth, 30

B
“Baby red spot,” 211, 212
Background radiation. See Cosmic microwave 

background
Barnard 68 cloud, 355
Barnard’s Star, 281–282, 289
Barred-spiral galaxies, 422
Barringer Crater, 157, 158
Bayer, Johann, 283
Bell, Jocelyn, 362
Belts, atmospheric, 209
Beta Orionis. See Rigel
Betelgeuse, 283, 285, 286, 288, 291, 343
B filter, 285–286
Big Bang, 478–479

cosmic microwave background and, 487–488
epoch of inflation and, 492–494
flatness problem, 492, 493
horizon problem and, 491–492

Big Horn Medicine Wheel, Wyoming, 30
Binary stars, 295–296

black holes in, 382–384
close, 341
double-pulsar, 371
gravity waves, 371
mass of

center, 39
measuring, 297

neutron star binaries, 366–368
millisecond pulsars, 366–367
pulsar planets, 367–368
X-ray sources, 366

Blackbody curve(s), 54–56
stellar temperatures and, 285–286

Blackbody spectrum, 53
Black dwarf, 339
Black holes, 373–384, 458–462

in active and normal galaxies, 461–463
curved space and, 378–379
Einstein’s theories

general relativity, 377–378
of relativity and, 374–379
special relativity, 374–377

escape speed and, 373–374
event horizon and, 374, 380–381
as final stage of stellar evolution, 373
observational evidence for, 382–384
space travel near, 380–382

approaching the event horizon, 380–381
singularity, 382
tidal forces, 380

supermassive, 409

Blazar, 437
Blue giants, 290, 291, 292, 298
Blue stragglers, 353
Blue supergiants, 290
Bode, Johann, 203
Bohr, Niels, 60
Bohr model of atom, 60
Boltzmann, Ludwig, 56
Bonner Durchmusterung (BD) catalogue, 283
Bootes, 430
Brahe, Tycho, 34
Brightness

apparent, 282–283
of planet, 31

B ring, 238
Brown dwarfs, 322–323

dark matter and, 407
gravitational lensing, 408

Brown oval, 211
Bug Nebula, 330–331
“Bullet cluster” (1E 0657-56), 469

C
Calcium, 287
Callisto, 226, 227, 230, 231
Caloris Basin, 175–176
Cannon, Annie, 397
Capella, 289
Caracol temple, Mexico, 30
Carbon

stellar spectra, 287
on Sun, 260

Carbon detonation (Type I) supernovae, 346–347, 346n
as standard candles, 426–427

Carbon dioxide
global warming and, 147
on Venus, 174

“Cartwheel” galaxy, 451
Cassini Division, 238
Cassini-Huygens mission, 509
Cassini mission, 201, 203, 208, 219–220, 231, 232, 234, 

235, 237, 239–242
Cassiopeia A supernova remnant, 360–361
Catalyst, 146
Cat’s Eye Nebula (NGC 6543), 338
Centaurus A, 434, 435
Cepheid variable stars, 394–395
Ceres, 245, 246
Chaco Canyon, New Mexico, 30
Chandrasekhar, Subramanyan, 345
Chandrasekhar mass, 345
Chandra X-Ray Observatory, 345–346, 360–361, 367, 383, 

384, 409, 410, 434, 459, 460
Charged particles, 48–49
Charon, 244–245
Chemical evolution, 507
Chinese astronomers, 30
Chitzen Itza, 30
Chlorine, ozone depletion and, 146
Chlorofluorocarbons (CFCs), 146
Chromosphere, 254
Close binary system, 341
Closed universe, 481, 481n
Cloud(s)

dark dust, 311–314
Horsehead Nebula, 313
L977, 312
molecular gas, 314
obscuration of visible light by, 311–313
Rho Ophiuchus, 312
star-forming regions in, 307–311

interstellar, 316–317
evolution of, 319
fragmentation of, 316–318

Clusters. See Galaxy clusters; Globular clusters; Star 
clusters

Collisions, galaxy, 451–453
Color index, 286
Color(s), blackbody curve, 285–286
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Coma Cluster, 464
Comet(s), 112–115

formation of, 126–127
orbits of, 115

Compton Gamma-Ray Observatory (CGRO), 368
Computers in observational astronomy, 397
Conamara Chaos, 229
Conservation, law of

of mass and energy, 270
Continental drift, 152–153. See also Plate tectonics
Continuous spectra, 56
Convection

on Earth, 144
on Jupiter, 209
plate movement and, 154
solar, 259

Convection cells, 144
Convection zone, 254
Copernican revolution, 27–43

defined, 31
modern astronomy, 32–33

ascendancy of Copernican system, 33
Galileo’s historic observations, 32–33

Newton’s laws (Newtonian mechanics), 37–41
of gravity, 38–39
of motion, 37–38
orbital motion, 39

planetary motions, 28–29, 31–32, 34–37
Brahe and, 34
dimensions of solar system, 36–37
geocentric universe, 28–29
heliocentric model of solar system, 31
Kepler’s Laws, 34–36, 39–40
retrograde motion, 28

scientific progress, circle of, 40–41
Copernicus, Nicholas, 31–32
Cordillera Mountains, 163
Core

of Earth, 140, 150
of Jovian moons, 226–227
of Jupiter, 216–217
lunar, 151–152
of Mars, 193
of Mercury, 191–193
stellar, 338

Core-collapse (Type II) supernovae, 344
Core-dominated radio galaxy, 435
Core hydrogen burning, 332
Corona Borealis, 430
Corona/coronae

changing, 270
solar, 254, 261

Coronal holes, 268–269
Coronal mass ejection, 267–268
Cosmic Background Explorer (COBE) satellite, 488, 495
Cosmic Background Imager, 496
Cosmic density parameter (W0), 481
Cosmic distance scale, 292–294, 432. See also Distance 

measurement
Cosmic evolution, 504–508
Cosmic microwave background, 487–488
Cosmological constant, 484–485
Cosmological principle, 477
Cosmological redshift, 431, 479
Cosmology, 475–501

age of universe, 486–487
Big Bang, 478–479
cosmic composition, 485–486
cosmic microwave background and, 487–488
cosmological redshift, 479
epoch of inflation and, 492–494
expanding universe, 477–479

Olbers’s paradox, 477
fate of universe, 482–487

cosmic acceleration/expansion, 483
dark energy, 483–485
density of universe and, 482

flatness problem, 492, 493
formation of nuclei and atoms, 489–491
horizon problem and, 491–492
large-scale structures in universe, 494–497
radiation in the universe, 488–489
shape of universe, 481–482
two futures, 480–481

Crab Nebula (M1), 347, 349, 364

Crab pulsar, 364
Crater(s)

on Enceladus, 237
impact

on Callisto, 230
on Ganymede, 230

lunar, 156–158, 163
on Venus, 178–179

C ring, 238
Critical density, 480
Critical universe, 482
Crust,

of Earth, 140, 151
lunar, 140

Cultural evolution, 507–508
Curve ball, Einstein’s, 481
Curved (warped) space, 378–379
Cygnus A, 435
Cygnus X-1, 383

D
Dark dust clouds, 311–314

Horsehead Nebula, 313
L977, 312
molecular gas, 314
obscuration of visible light, 311–313
Rho Ophiuchus, 312
star-forming regions in, 307–311
21-centimeter radiation, 313

Dark energy, 483–485
Dark halos, 406, 449
Dark matter, 406–407, 448–450

clumping of, 494–495
galaxy masses calculation and, 448
mapping, 468–476
search for, 407–408

Dark nebula, 307
Dawn probe, 205
Debris, solar system, 107
Decoupling, epoch of, 491, 496
Deferent, 29
Deneb, 283
Dense matter, 338
Density

of Earth, 141, 151
of interstellar medium, 306–307
of Moon, 141, 151
of Sun, 255, 258
of universe, 482

Deuterium, 489, 489n
Deuteron, 271
Differential force (tidal force), 141–142, 380
Differential rotation

of Galactic disk, 403
of Jovian planets, 207
of Sun, 263–265

Differentiation
of Earth, 150–151
of solar system, 125–126

Diffraction, 48
resolution and, 82

Dinosaurs, extinction of, 110
Dione, 235–236
Distance measurement,

extragalactic distance ladder, 427
with geometry, 105
Hubble’s law, 431–432
radar ranging, 36–37
spectroscopic parallax, 292–293
standard candles, 426–427
stellar parallax, 29, 280
Tully-Fisher relation, 427
variable stars, 394–395

DNA, 506
Doppler effect, 64–65, 171, 367
Doppler shift, 295, 441
Dorado constellation, 433
Double-line spectroscopic binary, 295
Double-pulsar binary system, 371
Drake, Frank, 511
Drake equation, 511–516

average lifetime of technological civilization, 515–516
fraction of habitable planets on which life arises, 514
fraction of life-bearing planets on which intelligence 

arises, 514

fraction of planets on which intelligent life develops 
and uses technology, 515

fraction of stars with planetary systems, 511–512
number of habitable planets per planetary system, 

512–513
rate of star formation, 511

D ring, 241
Dust, interstellar, 304–306, 311–314
Dust grain, 305
Dust lanes, 309
Dusty donut, 442
Dwarf planets, 246
Dwarf(s), 289, 298

black, 339
brown, 322–323, 407, 408
red, 290, 292, 298
white, 289, 338–340

Dynamo theory, 161

E
Eagle Nebula (M16), 310, 311
Earth, 139–167

Apollo 8 “blue marble” photo, 139
atmosphere of, 144–147

greenhouse effect and, 146–147
reddening in, 306
solar activity and, 262

geocentric model, 29
interior of, 149–152

differentiation of, 150–151
modeling, 150
seismology, 149

life on, 505–506
magnetosphere of, 159–161
orbital motion of, 36
overall structure of, 140
properties of, 140, 171, 207, A4

orbital, 36
surface activity on, 152–155

continental drift, 152–153
convection and plate movement, 144, 154

tides, 141–143
gravitational deformation and, 141–142
tidal locking, 142–143

Earthquakes, 149
Eccentricity of ellipse, 35
Eclipse(s)

Pluto and Charon, 244
solar, 254, 261

Eclipsing binaries, 295
Eddington, Sir Arthur, 379
Eddington Crater, 158
Einstein, Albert, 41, 61–62, 373–379, 484
Einstein Cross, 468
Einstein’s curve ball, 481
Ejecta blanket, 157
Electric field, 48
Electromagnetic force, 272
Electromagnetic radiation, 46. See also Light
Electromagnetic spectrum, 50–53

components of visible light, 50
full range of, 50–53

Electromagnetism, 49
Electron, 48
Elevator, Einstein’s, 377
Ellipse, 34, 35
Elliptical galaxies, 422–423
Emission lines, 56–57
Emission nebulae, 308–309
Emission spectrum, 57
Enceladus, 235, 236, 237, 509
Encke gap, 238
Energy

dark, 483–485
galaxy spectra, 432
jets from gamma-ray bursts, 368
law of conservation of mass and, 270
of Sun, transport, 258–259
Uranus and Neptune, 221

Energy flux, 56
English units, conversion to metric, A3
Epicycle, 29
Epicyclic motion, 31–32
Epoch of inflation, 492–493
Epsilon Eridani, 283
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 INDEX I-3

Equivalence principle, 377
Eratosthenes crater, 156
E ring, 241
Eris, 245n, 246
Erosion, lunar, 158
Escape speed, 140, 141, 145, 373–374, 480
Ethane, 233
Europa, 226, 227, 229, 509
Event horizon, 374, 380–381
“Evil Eye” (M64) galaxy, 448
Evolution. See also Stellar evolution

cultural, 507–508
of galaxies, 453–457

Evolutionary track of star, 319, 342
Excited state, 60
Exploration, 27
Extraterrestrial intelligence, 516–518
Extremophiles, 510

F
“Failed” stars, 322–323
Flamsteed, John, 283
Flares, solar, 267
Flatness problem, 492, 493
Fleming, Williamina, 397
Focus, of ellipse, 34
Force(s), 37–38

gravitational, 38
tidal (differential force), 141–142, 380

Formaldehyde, 314
Fossil fuels, 148
Fraunhofer, Joseph, 57
Fraunhofer lines, 57
Frequency(ies), 47
Friction, 38
Full Moon, 155, 156
Fusion, nuclear

after Big Bang, 489
of heavy elements, 342, 349–350

Fusion, solar, 272

G
G1 cluster, 384
Galactic bulge, 392
Galactic center, 396, 408–413

rotation curve, 406
Galactic disk, 392

orbital motion in, 399
Galactic halo, 392, 398
Galactic nucleus, 410, 432–435, 437
Galaxy clusters, 429
Galaxy(ies)

active, 419, 439–442
black holes in, 384, 458–462
collisions, 451–453
dark matter, 448–450
distribution in space, 426–429
energy

emission, 441–442
production, 440–441

formation and evolution of, 453–457
evolution and interaction, 454–457
Hubble sequence and, 457
mergers and acquisitions, 453–454

Hubble’s classification of, 420–425
Hubble’s law and, 430–432
normal (Hubble class), 419
quasar-hosting, 438–439
radiation from, 432–433
radio, 434–435, 437
rotation curves, 448
Seyfert, 433–434

Gale crater, 169
Galilean moons, 32, 202, 226–231

Europa, 226–227, 229–230
Ganymede and Callisto, 226, 227, 230–231, 509
Io, 226–229
as miniature solar system, 226–227

Galilei, Galileo, 32–33
Galileo mission, 203, 205, 210–211, 220, 225–229
Galle, Johann, 206
Gamma rays, 46

bursts, 368–370, 372
causes of, 370, 372
distances and luminosities of, 368–370

as energy jets, 368
pulsars, 365

Ganymede, 226, 227, 230–231, 509
Gas(es)

in Galactic disk, 401
galactic outflow, 412
greenhouse, 147
interstellar, 304–306, 398
intracluster, 449–450
primordial, 450

General relativity, 377–378
black holes and, 373, 377–378
tests of, 379

Genes, 505–506
Geocentric model, 28–29
Geometry

measuring sizes with, 105
of universe, 480–482

Georgium Sidus, 203
Giant ellipticals, 441
Giant(s), 289

blue, 290, 291, 292, 298
red, 289, 292, 333–334, 335–336, 346

Gliese 623, 323
Global Oscillations Network Group (GONG), 256
Global warming, greenhouse effect and, 148
Globular clusters, 324, 325

galactic system of, 396
RR Lyrae variables in, 394–395

Globules, interstellar, 507
GRAIL. See Gravity Recovery and Interior Laboratory 

mission
Grand Unified Theories (GUTs), 492, 493
Granulation, solar, 259
Gravitational constant, A3
Gravitational deformation, 141–142
Gravitational lensing, 407–408

of quasar, 467
Gravitational pull (force), 38–39, 272
Gravitational radiation, 371
Gravitational redshift, 381
Gravity

atmosphere and, 145
in general relativity, 377
Newton’s law of, 38–39
star death and, 343
star formation and, 315–316
of Sun, 39

Gravity Recovery and Interior Laboratory (GRAIL) 
mission, 152

Gravity waves, 371
GRB 030329, 372
GRB 080319B, 369
GRB 971214, 369
Great Dark Spot, 215, 216
Great Red Spot, 209, 210–212
Great Wall, Sloan, 476
Greece, ancient, 29, 30
Greenhouse effect, 146–147, 147n

global warming and, 148
on Venus, 202–203

Greenhouse gases, 147
Ground state, 60
G-type star, 336–337

H
H1N1 (Swine Flu) virus, 505
Habitable zone(s), 130

stellar, 512
Hale-Bopp comet, 507
Halley’s comet, 507
Halos, dark, 449
Harvard College Observatory, 397
Haumea, 246
Haze layer, on Titan, 231
Head-tail radio galaxies, 449, 450
Heat

black hole, 380
internal, of Jovian planets, 218–219
star formation and, 315–316

Heavy elements, formation of
formation, 342, 349–350
from supernovae explosions, 349–350

Heliocentric model, 31–32
Helioseismology, 256

Helium, 59
in core of star, 333–335
formation of, 489–490
fusion stage, 334–335
on Jovian planets, 212, 214, 219
missing from Saturn’s atmosphere, 219
solar composition change, 333
stellar spectra, 287
on Sun, 260, 271, 286

Helium flash, 335
Helium shell burning, 335
Helium white dwarf, 339
Henry Draper catalogue, 283
Herbig-Haro objects, 319
Herschel, William, 203, 393–394
Hertz (Hz), 47
Hertz, Heinrich, 47
Hertzsprung, Ejnar, 289
Hertzsprung–Russell diagram. See H–R diagram
Hewish, Anthony, 363
Hierarchical merging, 453–454
High-energy telescopes, 94–96
Highlands, lunar, 155–158
High-resolution astronomy, 82–84

atmospheric blurring and, 82–83
Hipparcos mission, 291, 293
Hollows, 175
Homogeneity of universe, 476
Horizon problem, 491–492
Horizontal branch, 335
Horsehead Nebula, 313
H–R diagram, 289–291

brightest stars, 291
cluster evolution on, 350, 352
of globular cluster, 325
horizontal branch on, 335
luminosity classes, 294
main sequence on, 290–291
multiple stellar generations, 353
newborn cluster, 351
of open cluster, 325
protostar on, 319
red giant branches on, 334, 336
red giant region on, 291
simplified version of most complete, 291
variable stars on, 395
well-known stars, 290
white dwarf on, 291, 339
young cluster, 352

HST. See Hubble Space Telescope
Hubble Deep Field, 454
Hubble diagrams, 430
Hubble flow, 430
Hubble galaxy classification, 420–426

ellipticals, 422–423
irregulars, 424
spirals, 421–422

Hubble’s constant, 431, A3
Hubble sequence, 424–425, 457

“tuning fork” diagram in, 425
Hubble’s law, 430–432
Hubble Space Telescope (HST)

crab pulsar, 364
dwarf(s), 339, 341
Galilean moons, 230
Jupiter, 211, 216
of Jupiter, 202
Neptune, 215, 243
neutron stars, 365
star cluster, 302–303
star clusters, 353
stars, 279, 288
Uranus, 215

Hubble’s “tuning fork” diagram, 425
Hulse, Russell, 371
Huygens probe, 232
Hyades cluster, 352
Hydra, 430
Hydrogen

absorption lines of, 286, 287
compression to metallic state, 217
emission spectrum of, 62–63
in interstellar space, 313
on Jovian planets, 212, 214
solar composition change, 333
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Hydrogen (continued)
stellar spectra, 287
on Sun, 260

Hydrogen 21-cm emission, 313
Hydrogen shell-burning stage, 334
Hydrosphere, 140
Hydrostatic equilibrium, 255–256, 332
Hydrothermal vents, 510

I
Iapetus, 235, 236, 237
IC 694, 452
IC 2163, 451
Ice

on Jovian moons, 229–230, 232, on Jupiter
on Pluto, 244–245
in Saturn’s atmosphere, 239

Impact craters. See also Crater(s)
on Callisto, 230

Inertia, 38
Inflation, epoch of, 492–493
Infrared Astronomy Satellite (IRAS), 321
Infrared astronomy/telescopes, 90–93
Infrared radiation

greenhouse effect and, 146–147
Infrared waves, 46
Inhomogeneities, 494
Inner core, 140, 150, 151
Inner planets. See Terrestrial planets
Inquisition, 33
Instability strip, 395
Intelligence, 514
Intensity, 53
Intercloud medium, 306
Intercrater plains, 175
Interference, 48
Interferometry, 88–90
Intermediate-mass black holes, 384
International Astronomical Union, 246, 283
Interplanetary matter, 107–118. See also Asteroids; 

Comets; Kuiper belt; Meteoroids
Interstellar cloud, 316–317

contraction of, 317
Interstellar globules, 507
Interstellar medium, 303–329

composition of, 306–307
dark dust clouds, 311–314

molecular gas, 314
obscuration of visible light, 311–313
star-forming regions in, 307–311
21-centimeter radiation, 313

density of, 306–307
“failed” stars, 322–323
formation of stars of other masses, 322–323
formation of Sun-like stars, 315–322

cloud fragment contraction (stages 2 and 3), 317
gravity and heat in, 315–316
interstellar cloud contraction (stage 1), 316–317
newborn star (stages 6 and 7), 321–322
protostar (stage 4), 318–319
protostellar evolution (stage 5), 319–321

gas and dust, 304–306
star clusters, 323–326, 389–390

associations and, 323–324
nebulae and, 324–326
NGC 6934, 86
open, 324, 325
R136, 80, 85
stellar evolution in, 350–353

star-forming regions of, 307–311
ultraviolet astronomy and, 306

Intracluster gas, 449–450
Inverse-square law, 39, 282–284, 285
Io, 224–229
Ion, 60
Ionosphere, 144
Iron

in Moon’s core, 151
stellar spectra, 287
on Sun, 260
Type II supernova, 349

Irregular galaxies, 424
Ishtar Terra, 176–177
Islamic astronomy, 30
Isotropy, of universe, 476–477

J
Jets

from accretion disk, 440
in active galaxies, 437, 439
gamma-ray bursts, 368

Jovian moons, 509
Jovian planets, 106–107, 201–223. See also Jupiter; 

Neptune; Saturn; Uranus
atmosphere of, 209–216
bulk properties of, 206–208

physical characteristics, 206
rotation rates, 207–208

discoveries of Uranus and Neptune, 203, 206
formation of, 124–125
internal heating of, 218–219
internal structure of, 216–218
magnetospheres of, 218
observations of Jupiter and Saturn,  

202–203
spacecraft exploration, 202–203
view from Earth, 202

Juno probe, 217
Jupiter

atmosphere of, 209–212
appearance and composition of, 209–210
structure of, 210
weather, 210–211

aurorae on, 218
differential rotation of, 207
Galilean moons of, 32, 202

Europa, 226–227, 229–230
Ganymede and Callisto, 226, 227, 230–231,  

509
Io, 226–229
as miniature solar system, 221–222

properties of, 36, 207, A4
rings of, 240, 241, 242
size relative to stars, 289

K
Keck Observatory, Hawaii, 215, 246, 454
Kelvin temperature scale, 52
Kepler, Johannes, 34
Kepler’s Laws, 34–36, 37, 39–40

Newton’s laws and, 39–40
second, 35, 36
third, 35

Kirchhoff, Gustav, 59
Kirchhoff’s laws, 59, 261

spectral lines and, 63
Kitt Peak (U.S. National Observatory), 340
Kuiper belt

plutoids and, 245–247
Triton and, 234–235

L
L977 dark dust cloud, 312
Lalande, Joseph de, 283
Large Magellanic Cloud (LMC), 348
Las Campanas Observatory, Chile, 465
Laser Interferometric Gravity-Wave Observatory  

(LIGO), 371
Leavitt, Henrietta, 395, 397
Lensing, gravitational, 407–408

of quasar, 467
Life, 503–521

Drake equation, 511–516
average lifetime of technological civilization, 

515–516
fraction of habitable planets on which life arises, 

514
fraction of life-bearing planets on which intelligence 

arises, 514
fraction of planets on which intelligent life develops 

and uses technology, 515
fraction of stars with planetary systems, 511–512
number of habitable planets per planetary system, 

512–513
rate of star formation, 511

on Earth, 505–508
diversity and culture of, 507–508
interstellar origin of, 506–507

extraterrestrial, 516–518
on Mars, 188–189

extraterrestrial intelligence, 508–510

Light, 45–69
electromagnetic spectrum, 50–53

components of visible light, 50
full range of, 50–53

electromagnetism, 49
interactions between charged particles and, 48–49
spectral lines and, 60–64

analysis, 66
atomic structure and, 60
Kirchhoff’s laws and, 63
particle nature of radiation and, 61–62
spectrum of hydrogen, 62–63

speed of, 49
visible, 46
wave motion, 46–47

Light curve
of eclipsing binary, 295
of supernovae, 345

Lighthouse model, 363–364
Light-year, A3
Lin, C. C., 404
Little Ice Age, 266
LMC X-3, 383
Local Bubble, 306
Local Group, 428–429
Local Supercluster (Virgo Supercluster), 463, 464
Logarithm function, 285
Loki (volcano), 228
Look-back time, 436
Lorentz contraction, 376
Lowell, Percival, 243
Luminosity class, 294
Luminosity(ies)

of stars, 282–284
mass and, 298

of Sun, 255, A3
Lunar CRater Observation and Sensing Satellite 

(LCROSS), 149
Lunar Prospector, 149, 151
Lunar Reconnaissance Orbiter (LRO), 149

M
M4 star cluster, 340
M8 (Lagoon Nebula), 308, 311
M15 star cluster, 279
M16 (Eagle Nebula), 310, 311
M17 (Omega Nebula), 311
M20 emission nebula, 308, 311, 314
M31 (Andromeda) galaxy, 384, 393, 453
M64 (“Evil Eye”) galaxy, 448
M74 galaxy, 390–391
M80 globular cluster, 352
M82 galaxy, 384
M86 galaxy, 435
M87 galaxy (Virgo A), 418–419, 437, 440–441
M101 galaxy, 393
M104 (Sombrero) galaxy, 422
M106 galaxy, 44–45
Magellan, Ferdinand, 424
Magellanic Clouds, 424

Large, 348
Magellan spacecraft, 176, 204
Magnesium

stellar spectra, 287
Magnesium, on Sun, 260
Magnetic field, 49

of Earth, 159
of Jovian planets, 219
lunar, 151, 161
of neutron stars, 362
of Sun, 261, 265

Magnetosphere(s)
of Earth, 140, 159–161
of Jovian planets, 218

Magnitude scale, 284–285
Main sequence, 290–291

zero-age, 322
Main-sequence turnoff, 351
Major axis, 34
Makemake, 246
Mantle, 140, 151

lunar, 151
Mare Imbrium, 156
Maria, on Dione, 236
Mariner 10 mission, 173, 204
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Mars, 31
atmosphere of, 174, 203–205
internal structure and geological history of, 202
life on, 188–189
orbital and physical, 36
properties of, 171, 207, A4
retrograde loop of, 28, 31
rotation of, 172–173
spaceflights to, 204
in Sun’s habitable zone, 512
surface of, 179–191

canals, 180
exploration by landers, 187–191
large-scale topography, 181–183
volcanism, 183
water on, 184–187

Mars Global Surveyor satellite, 509
Mars Phoenix, 510
Mass, 38

black hole, 458, 459
center of, 40
of Charon, 244
of Earth, 141, A3
of electron, A3
escape speed and, 145
galaxy, 448, 449
gravity and, 38
of Milky Way Galaxy, 405–408
of the Moon, 141
of Pluto, 244
of proton, A3
of stars, 295–299
of Sun, A3
supergiants, loss from, 343, 344

Matter, dark. See Dark matter
Matter, visible. See Visible matter
Maunder minimum, 266
Maxwell, James Clerk, 239
Measurement(s)

stellar sizes, 288–289, 297
using geometry, 105

Mecca, 30
Mechanics, Newtonian, 37–38
Mercury

atmosphere of, 173
internal structure and geological history of, 191–201
life and, 509
orbital and physical, 36
properties of, 171, 207, A4

orbital and physical, 35
rotation of, 170–172
spaceflights to, 204
surface of, 175–176

Mesosphere, 144
Messenger mission, 173, 175–176, 204
Messier, Charles, 308
Metabolism, 505
Meteoroids, 115–118

lunar cratering and, 157, 158
Methane, on Titan, 233, 234
Metric units, conversion to English, A3
Michelson, A. A., 375
Michelson-Morley experiment, 375
Microspheres, 506
Microwave background. See Cosmic microwave 

background
Milky Way Galaxy, 390–417

formation of, 400–401
Galactic center, 396, 408–413

activity in, 409
central black hole (Sgr A*), 410–413

mapping, 396–398
mass of, 405–408
measuring, 393–396

Galactic center, 396
observations of variable stars, 394–395
period-luminosity relationship, 395–396
star counts, 393–394

mosaic, 304
spiral arms, 401–405
structure of, 396–399

orbital motion, 399
stellar populations, 398–399

Miller, Stanley, 506
Millisecond pulsars, 366–367

Mimas, 235, 236, 237, 240
Miranda, 236, 237, 238
Molecular cloud complexes, 314
Molecular clouds, 314
Moon, the, 226, 235, 246

atmosphere of, 147
crust of, 140
evolution of, 162–163
formation of, 161, 162
Galileo’s observations of, 32
gravity map, 152
interior of, 151–152
life and, 509
magnetism on, 161
overall structure of, 140
plate tectonics on, 155
properties of, 171
surface of, 155–158

cratering, 156–158
erosion on, 158
large-scale features of, 155–156

tides, 141–143
gravitational deformation, 141–142
tidal locking, 142–143

Moonlets, 240
Moonquakes, 151
Moons

Galilean moons, 32, 202, 221–226, 226–231
Europa, 198, 220, 222, 226–227, 229–230, 508
Ganymede and Callisto, 33, 222, 225–226, 227, 

230–231, 509
interiors of, 222
Io, 222–224, 226–229
as miniature solar system, 221–222, 226–227

shepherd, 241, 243
Titan, 226, 231–234, 509
Triton, 226, 234–235

Morley, E. W., 375
Motion

epicyclic, 31–32
Newton’s laws of, 37–38

orbital motion, 39
retrograde, 28, 31, 234
stellar, 281–282
wave, 46–47

MRC 1138-262 (Spiderweb), 453
Murchison meteorite, 508
Muslim world, astronomy in, 30, 283

N
Nebula/nebulae, 307–311

clusters and, 324–326
dark, 307
planetary, 336–338
spectrum of, 311

Nebular theory, 120–123
Negative curvature, 481
Neon, on Sun, 260
Neptune

atmosphere of, 214
discovery of, 203, 206
moons of

Triton, 234–235
properties of, 36, 207, A4
rings of, 240, 243
weather on, 215

Neutrinos, 271
oscillations of, 274
solar, 282

Neutrino telescope, 274
Neutron stars, 361. See also Black holes

binaries, 366–368
millisecond pulsars, 366–367
pulsar planets, 367–368
X-ray sources, 366

defined, 362
gamma-ray bursts, 368–372

causes of, 370, 372
distances and luminosities, 368–370

pulsars, 362–365
model of, 363–365

New Horizons mission, 205, 244–245
Newton, Isaac, 37–41
Newton’s laws (Newtonian mechanics), 37–41

of gravity, 38–39

of motion, 37–38
orbital, 39

NGC 1265, 450
NGC 1566, 403, 433
NGC 2207, 451
NGC 3603, 324
NGC 3690, 452
NGC 4258, 458
NGC 4261, 441
NGC 4314, 405
NGC 4526, 345
NGC 6302, 330–331
NGC 7635, 355
NGC 7742, 433
Nitrogen, 143
Nix, 244
Nonthermal radiation, 442
Normal galaxies (Hubble-class), 432
Northern Lights (aurora borealis), 160
Nova Cygni, 341
Novae, 340–341

supernovae vs., 345
Nova Herculis 1934, 340
Nova Persei, 341
Nuclear force

strong, 272
weak, 271, 272

Nuclear fusion, 343
of heavy elements, 342, 349–350
helium, 334–335

Nucleosynthesis, primordial, 490
Nucleotide bases, 505
Nucleus/nuclei

atomic, 60

O
Oberon, 236
Olbers’s paradox, 477
Omega Centauri, 325
On the Revolution of Celestial Spheres (Copernicus), 32
Oort cloud, 237
Opacity, 52, 491
Open cluster, 324, 325
Open universe, 482
Ophiuchus dark dust cloud, 312
Opportunity Rover, 509–510
Optical telescopes, 72–79

reflecting, types of, 74–75
reflecting and refracting, 72–74

Orbital motion, 39
of Earth, 36
in galactic disk, 399

Orbit(s), 40
aphelion, 35
of asteroids, 108
Charon around Pluto, 244
of comets, 115
perihelion, 35
of planets, 170, A4
retrograde, 31, 234
of Triton, 234

Orcus, 246
Orientale Basin, 163
Orion constellation, 286, 313
Orion Nebula, 317–318
Outer core, 140, 150, 151
Oxygen

stellar spectra, 287
on Sun, 260

Ozone hole, 146
Ozone layer, 145

P
Pangaea, 154, 155
Parallax (parallactic angle)

spectroscopic, 292–293
stellar, 29, 280

Parsec, 280, A3
Pauli exclusion principle, 338
Penumbra, 262
Penzias, Arno, 487
Perihelion, 35
Period, orbital, 35
Period-luminosity relationship, 395
Perseus Cluster, 449
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blackbody spectrum, 53
radiation laws, 54

in universe, 488–489
Radiation darkening, 236
Radiation-dominated universe, 489
Radiation zone, 254
Radioactivity, differentiation and, 151
Radio astronomy/telescopes, 84–90

cloud study, 312
essentials of, 84–86
interferometry, 88–90

Radio galaxies, 434–435, 437
Radio leakage, 517
Radio lobes, 434
Radio search, for extraterrestrial intelligence,  

516–517
Radio waves, 46, 517
Radius-luminosity-temperature relationship, 289
Radius/radii

of Earth, 141, A3
of ellipse, 35
Schwarzschild, 374
of stars, 292

mass and luminosity and, 298
of Sun, 255, A3

RCW 38, 355
Reconnection, 268
Recurrent novae, 341
Recycling, stellar, 355
Reddening, 305, 306
Red dwarfs, 290, 292, 298
Red giant, 289, 292, 333–334, 335–336,  

346
Red giant branch, 334
Red-giant region, 291
Redshift

astronomical definition of, 432
cosmological, 479
orbital motion, 399
relativistic, 436

Redshift surveys, 463–464
Red Spot (Great), 209, 210–212
Red supergiant, 289, 342
Reflecting telescopes, 72, 74–75
Reflection nebula, 309
Refracting telescopes, 72–74
Regolith, lunar, 158
Reinhold Crater, 158
Relativistic fireball, 370
Relativistic redshifts, 436
Relativity theories, 374

general, 377–378
special, 375–377

Resolution, diffraction-limited, 82
Retrograde motion, 28, 31, 234
Rhea, 235–236
Rho Ophiuchus dark dust cloud, 312
Rigel, 283, 285, 286, 290, 294
Ringlets, 240
Ring Nebula, 338
Rings, planetary, 238–242

fine structure of, 240–241
formation of, 242
Jovian, 240, 241–242
Roche limit, 239–240
Saturn’s, 238–241

Robot probes, 381
Roche, Edouard, 239
Roche limit, 239–240
Rocky Mountains, 153
Roman Catholic Church, 32–33
Rotation

differential
of Galactic disk, 403
of Sun, 263–265

of Earth, 141
of a galaxy, 427
of Jovian planets, 207–208
of Mercury, 170–172
of Moon, 141
of Venus and Mars, 172–173

Rotation curves, 406
Rotation period

of Earth, 141
of Sun, 255

Photon(s), 61–63
Photosphere, 254
Pioneer 10 plaque, 516
Pioneer 10 spacecraft, 204, 218, 516
Pioneer 11, 240–241
Pioneer Venus spacecraft, 174, 176
Plains, smooth, 175
Planck mission, 495–496
Planetary motions, 28–32

Brahe and, 34
dimensions of solar system, 36–37
geocentric universe, 28–29
heliocentric model of solar system, 31–32
Kepler’s Laws, 39–40
Newton’s laws and, 39

Planetary nebulae, 336–338
Planetary systems, stars with, 511–512
Planets, 29. See also Jovian planets; planets  

listed by name
brightness of, 31
formation of, 123–124
properties of, 104–105
pulsar, 367–368

Plate tectonics, 152–153, 154
convection and, 154
lunar, 155

Pleiades (Seven Sisters), 323–324
Pluto, 205, 246

discovery of, 243
Pluto-Charon system, 243–245

Plutoids, 245–247
Polarity of sunspot, 264
Polar vortex, 174
Population II stars, 398–399
Population I stars, 398–399
Positive curvature, 481
Positrons, 271
Pressure, atmospheric, 145
Pressure waves, 149–150
Prestellar evolutionary, 316, 322
Primordial gas, 349
Primordial nucleosynthesis, 489–490
Project Phoenix, 518
Prometheus (volcano), 227
Prominences, solar, 267
Proper motion, 282
Proteus, 236
Proton-proton chain, 271–273
Protons, 48
Protostars, 317–321, 318–321
Protostellar collisions, 326
Protostellar evolution, 319–321
Proxima Centauri, 289, 290, 298
Ptolemaeus, Claudius (Ptolemy), 29
Ptolemaic model, 29
Pulsar planets, 367–368
Pulsars, 362–365

binary, 367–368
model of, 363–365

Pulsating variable stars, 394
P-wave, 149–150

Q
Quaoar, 245–246
Quasar epoch, 459–461
Quasar feedback, 461
Quasar(s), 438–439

absorption lines of, 464–465, 467
galaxies hosting, 460–461
mirages, 467

Quasi-stellar object (QSO), 439

R
Radar, 36
Radar ranging, 36–37
Radiation, 46, 54

21-centimeter, 313
decoupling from matter, 491
galactic, 432–433
spectroscopy of, 56–59

absorption lines, 57–59
emission lines, 56–57

thermal radiation, 53–56, 439
astronomical applications of, 54, 56

RR Lyrae variable stars, 394–395
Russell, Henry Norris, 289

S
S0 (lenticular) galaxies, 423
S2 star, 411
Sagittarius, 307
Sagittarius A, 409, 410
Sagittarius galaxy, 456
Salacia, 246
San Andreas Fault, 153, 154
Saturn

atmosphere of, 212–213
moons of, 231–234

Titan, 231–234, 509
properties of, 36, 207, A4
ring system of, 238–241
Roche limit of, 239–240
weather on, 213–214

SB0 (lenticular) galaxies, 423
Scarps, 175
Schiaparelli, Giovanni, 171
Schwarzschild radius, 374
Scientific method

active galaxies and, 462–463
stars and, 332

Scientific notation, A1
Seasons, on Uranus, 208
Sedna, 246
Seismic waves, 149–150
Seismology, 149
Self-propagating star formation, 403
Semimajor axis, 34
Seven Sisters (Pleiades), 325
Seyfert, Carl, 433
Seyfert galaxies, 433–434, 435
Sgr A*, 410–412
Shapley, Harlow, 396
Shear waves, 149–150
Shepherd satellites, 241, 243
Shield volcanoes, 177
Shoemaker-Levy 9 comet, 220
Shu, Frank, 404
Silicon, on Sun, 260
Single-line binary systems, 295
Singularity, 382
Sirius, 283, 298, 339
Sirius A, 289, 297, 339
Sirius B, 289, 297, 339
Skylab, 268
Sloan Digital Sky Survey (SDSS), 466, 476, 497
Sloan Great Wall, 476
Smithsonian Astrophysical Observatory (SAO)  

catalogue, 283
Smooth plains, 175
SN1987A, 348
SN1994D, 345
Sodium, 287
Solar activity, 262
Solar and Heliospheric Observatory (SOHO), 257
Solar convection, 259
Solar corona, 254, 261
Solar cycle, 257, 262, 265–266
Solar Dynamics Observatory (SDO), 257
Solar flare, 267
Solar fusion, 272
Solar neutrino problem, 274
Solar neutrinos, 282
Solar oscillations, 256
Solar system, 103–137

Copernican model of, 31–32
dimensions of, 36–37
exoplanets

composition, 131–132
properties, 129–131

formation of, 119–128
asteroids and comets, 126–127
differentiation, 125–126
Jovian planets, 124–125
model of, 119–120
nebular contraction, 120–123
planet formation, 123–124

Galilean moons as miniature, 226–227
geocentric model of, 28–29
heliocentric model of, 31–32
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interplanetary matter, 107–118
asteroids, 108–109, 111
comets, 112–115
meteoroids, 115–118

inventory of, 104–107
planetary properties, 104–105
solar system debris, 107
terrestrial and Jovian planets, 106–107

planets beyond (extrasolar planets), 128–134
search for habitable zones, 133–134

regularities and irregularities, 127–128
space exploration of, 204–205

Sombrero (M104) galaxy, 422
Southern Lights (aurora australis), 160
Soviet Union space missions, 204
Soyuz, 306
Space, curved (warped), 378–379
Space exploration, 204–205. See also Individual missions 

listed by name
Spectral classes (spectral types), 288–289

properties listed by, A3
Spectral lines, 60–64

analysis of, 66
atomic structure and, 60
Kirchhoff’s laws and, 63
particle nature of radiation and, 61–62
spectrum of hydrogen, 62–63

Spectroscope, 56
Spectroscopic binaries, 295, 296
Spectroscopic parallax, 292–293
Spectroscopy, 56–59

absorption lines, 57–59
emission lines, 56–57

Speed of light, 49, A3
Spica A, 289
Spica B, 298
Spicules, solar, 261
“Spiderweb” galaxy, 453
Spiral arms, 401–405
Spiral density waves, 402
Spiral galaxy(ies), 421–422
Spitzer Space Telescope, 317, 323, 326
Sputnik Planum, 244
Standard candles, 426–427
Standard solar model, 255–258
Starburst galaxies, 433, 451, 452
Star clusters, 323–326

associations and, 323–324
nebulae and, 324–326
open, 324, 325
stellar evolution in, 350–353

Stars, 250–252, 279–301. See also Binary stars; Black 
holes; H-R diagram; Neutron stars; Star clusters; 
Stellar evolution

apparent brightness of, 282–284
blackbody curves of, 56
distances to, 292–294

luminosity class and, 294
spectroscopic parallax and, 292–293

formation of, 511
habitable zones surrounding, 130
luminosity of, 282–284, 294
magnitude scale for, 284–285
motion of, 281–282
naming, 283
nearest to Earth, 281
properties of, 296–299
radii estimates, 292
sizes (radii) of, 288–289
stellar parallax, 29, 280
table of brightest, A5
table of nearest, A6
temperatures (colors) of, 285–288

blackbody curve and, 285–286
spectral classification, 287–288
stellar spectra and, 286–287

variable, 394–395
Stefan, Josef, 54
Stefan-Boltzmann constant (s), 56, A3
Stefan-Boltzmann law, 288, 292
Stefan’s law, 54
Stellar balance, 256
Stellar evolution, 331–359. See also Black holes; Neutron 

stars; Stars; Supernova/Supernovae
cycle of, 354–355

death of low-mass star, 336–341
black dwarf (stage 14), 339
dense matter, 338
novae, 340–341
planetary nebula (stage 12), 336–338
white dwarf (stage 13), 338–340

leaving the main sequence, 332–333
in star clusters, 350–353
of stars more massive than the Sun, 342–344

end point of, 343–344
heavy element formation, 342
supergiants, 343

of Sun-like stars, 333–336
back to giant branch (stage 11), 335–336
helium fusion (stage 10), 334–335
key stages, 337
subgiant and red giant branches (stage 8), 333–334

Stellar habitable zone, 512
Stellar occultation, 241
Stellar parallax, 29, 280
Stellar spectra, 286–287

classification of, 287–288
Stonehenge, England, 30
Storm systems

of Neptune, 215
on Saturn, 213–214

Stratosphere of Earth, 144
Strong nuclear force, 271
Subatomic particles, as dark matter, 407
Subgiant branch, 333–334
Sudbury Neutrino Observatory (SNO), 274
Sulfur, on Sun, 260
Sulfur dioxide, 228
Summer solstice, 30
Sun, 252–285

active regions of, 266–268
atmosphere of, 260–262

chromosphere, 260–261
transition zone and corona, 261–262

blackbody curves of, 54
corona, changing, 270
distance to, 36–37
Galileo’s observations of, 32
gravity of, 39
habitable zone of, 130
heart of, 270–282

nuclear fusion, 270
proton-proton chain, 279–281
solar neutrinos, 282

interior of, 255–259
energy transport, 258–259
evidence for convection, 259

luminosity of, 255, 290, 294
magnetic field of, 263–264
overall structure of, 254
properties of, 298
size relative to other stars, 289
solar cycle, 265–266
in X-rays, 268–269

Sun Dagger, Chaco Canyon, 30
Sunspots, 32, 254, 262–263

sunspot cycle, 265, 266
Superclusters, 463
Supergiants, 289, 343
Supergranulation, 259
Super Kamiokande detector, 274
Supermassive black holes, 409
Supernova/supernovae, 30

explosions, 345–350
heavy elements formation and, 349–350
light curves of, 345
1987A, 344, 348
remnants of, 347, 349
Type I (carbon-detonation), 345–347, 345n
Type II (core-collapse), 345–347

Surface gravity, 140
of Earth, 141
of Moon, 141

Surface temperature
of Earth, 151
of Moon, 147
of Sun, 255, 286
of Titan, 233

S-wave, 149
Swedish Solar Telescope, 259

Swift mission, 369
Swine Flu virus, 505
Synchronous orbit, 142–143

T
Taylor, Joseph, 371
Technological civilization, average lifetime of, 515–516
Tectonic activity. See Plate tectonics
Tectonic fractures, 236
Telescopes, 32, 71–99

defined, 72
full-spectrum coverage, 96
high-energy astronomy, 94–96
high-resolution astronomy, 82–84

atmospheric blurring and, 82–83
new designs, 83–84

improvements, 283
infrared and ultraviolet astronomy, 90–93
neutrino, 274
optical, 72–79

detectors and image processing, 78–79
reflecting, types of, 74–75
reflecting and refracting, 72–74

radio astronomy, 84–90
essentials of, 84–86
interferometry, 88–90
value of, 86–87

size of, 79–81
light-gathering power and, 79–81
resolving power and, 81

X-ray (See Chandra X-Ray Observatory)
Temperature(s), 53

of stars, 285–288, 343–344
blackbody curve and, 285–286
main sequence, 290
spectral classification, 287–288
stellar spectra and, 286–287

of Sun, 255, 258, 262, A3
surface

of Earth, 151
of Moon, 147
of Titan, 233

Terrestrial planets, 106–107, 169–208. See also Earth; 
Mars; Mercury; Venus

atmospheres of, 173–174, 202–205
internal structure and geological history, 191–202
orbital and physical properties of, 170
rotation rates, 170–172
surface of, 175–191

Terzan 2, 366
Tethys, 235, 236
Thermal energy, 52
Thermal radiation, 53–56

astronomical applications of, 54, 56
blackbody spectrum, 53
radiation laws, 54

Third Cambridge Catalog, 438
Tidal bulge, 141–142
Tidal force (differential force), 141–142, 380

on Enceladus, 237
Tidally locked, 142–143
Tidal streams, 455
Tides, 141–143

gravitational deformation and, 141–142
tidal locking, 142–143

Time
arrow of, 504
look-back, 436

Time dilation, 376, 381
Titan, 226, 231–234, 509
Titania, 236
Transition Region and Coronal Explorer (TRACE), 264
Transition zone, 254
Trifid Nebula, 308
Triton, 226, 234–235
Troposphere, of Earth, 144
T-Tauri phase, 319
Tully-Fisher relation, 427
“Tuning fork” diagram, in Hubble sequence, 425
21-centimeter line, 313
Twin quasars, 467
Tycho, 34
Type II (core-collapse) supernovae, 345–347, 348
Type I (carbon-detonation) supernovae, 345–347, 345n
Type SB (barred-spiral) galaxies, 422
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internal structure and geological history, 201
life and, 509
orbit of, 36
phases, 33
properties of, 171, 207, A4

orbital and physical, 36
rotation of, 172
in Sun’s habitable zone, 512
surface of, 176–179

large-scale topography, 176–177
volcanism and cratering, 177–179

Venus Express orbiter, 174
Very Large Telescope (VLT), Chile, 288, 313, 347, 372, 466
Very-long-baseline interferometry (VLBI), 410–411
V filter, 286
Viking missions, 204, 509, 510
Virgo A (M87 galaxy), 418–419, 430
Virgo Cluster, 429, 437
Virgo Supercluster (Local Supercluster), 463, 464
Virus, 505
Visible light

components of, 50
defined, 46

Visible matter, 449
Visual binaries, 295
Voids, 464
Volcanism

on Io, 228
on Mars, 183
on Titan, 232
on Venus, 177–178

Volcanoes, 150
Vortex, polar, 214
Voyager missions, 202, 203, 204, 206, 210–212, 215, 216, 

227–231, 232, 234, 236, 239, 240, 241, 242

W
W49B, 373
Warped (curved) space, 378–379
Water

on Mars, 184–187
on Moon, 147–149
on Titan, 233, 234
on Triton, 234

Water hole, 518
Water ice

on Jovian moons, 229–230, 232
on Pluto, 244–245
in Saturn’s atmosphere, 239

U
Ultra Deep Field, 474–475
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   A-S-1

Star Charts
ave you ever become lost in an unfamiliar city or state? Chances are you used two things 
to get around: a map and some signposts. In much the same way, these two items can help 

you find your way around the night sky in any season. Fortunately, in addition to the seasonal Star 
Charts on the following pages, the sky provides us with two major signposts. Each seasonal descrip-
tion will talk about the Big Dipper—a group of seven bright stars that dominates the constellation 
Ursa Major the Great Bear. Meanwhile, the constellation Orion the Hunter plays a key role in finding 
your way around the sky from late autumn until early spring.

Each chart portrays the sky as seen from near 35° north latitude at the times shown at the top 
of the page. Located just outside the chart are the four directions: north, south, east, and west. To 
find stars above your horizon, hold the map overhead and orient it so a direction label matches the 
direction you’re facing. The stars above the map’s horizon now match what’s in the sky.
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S-2

Exploring the Winter Sky
inter finds the Big Dipper climbing the northeastern sky, with the three stars of its han-
dle pointing toward the horizon and the four stars of its bowl standing highest. The en-
tire sky rotates around a point near Polaris, a second-magnitude star found by extending 

a line from the uppermost pair of stars in the bowl across the sky to the left of the Dipper. Polaris 
also performs two other valuable functions: The star’s altitude above the horizon equals your latitude 
north of the equator, and a vertical line dropped from Polaris to the horizon indicates the direction 
of true north.

Turn around with your back to the Dipper and you’ll be facing the diamond-studded winter sky. 
The second great signpost in the sky, Orion the Hunter, is central to the brilliant scene. Three closely 
spaced, second-magnitude stars form a straight line that represents the unmistakable belt of Orion. 
Extending the imaginary line joining these stars to the upper right leads to Taurus the Bull and its 
orangish first-magnitude star, Aldebaran. Reverse the direction of your gaze to the belt’s lower left 
and you cannot miss Sirius the Dog Star—brightest in all the heavens at magnitude −1.5.

Now move perpendicular to the belt from its westernmost star, Mintaka, and find at the upper 
left of Orion the red supergiant star Betelgeuse. Nearly a thousand times the Sun’s diameter, Betel-
geuse marks one shoulder of Orion. Continuing this line brings you to a pair of bright stars, Castor 
and Pollux. Two lines of fainter stars extend from this pair back toward Orion—these represent 
Gemini the Twins. At the northeastern corner of this constellation lies the beautiful open star cluster 
M35. Head south of the belt instead and your gaze will fall on the blue supergiant star Rigel, Orion’s 
other luminary.

Above Orion and nearly overhead on winter evenings is brilliant Capella, in Auriga the Chariot-
eer. Extending a line through the shoulders of Orion to the east leads you to Procyon in Canis Minor, 
the Little Dog. Once you have these principal stars mastered, using the chart to discover the fainter 
constellations will be a whole lot easier. Take your time, and enjoy the journey. Before leaving Orion, 
however, aim your binoculars at the line of stars below the belt. The fuzzy “star” in the middle is ac-
tually the glorious Orion Nebula (M42), a stellar nursery illuminated by bright, newly formed stars.

W
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WINTER
2 a.m. on December 1; midnight on January 1; 10 p.m. on February 1

S-3
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S-4

Exploring the Spring Sky
he Big Dipper, our signpost in the sky, swings high overhead during the spring and lies just 
north of the center of the chart. This season of rejuvenation encourages us to move outdoors 
with the milder temperatures, and with the new season a new set of stars beckons us.
Follow the arc of stars outlining the handle of the Dipper away from the bowl and you will land 

on brilliant Arcturus. This orangish star dominates the spring sky in the kite-shaped constellation 
Boötes the Herdsman. Well to the west of Boötes lies Leo the Lion. You can find its brightest star, 
Regulus, by using the pointers of the Dipper in reverse. Regulus lies at the base of a group of stars 
shaped like a sickle or backward question mark, which represents the head of the lion.

Midway between Regulus and Pollux in Gemini, which is now sinking in the west, is the di-
minutive group Cancer the Crab. Centered in this group is a hazy patch of light that binoculars reveal 
as the Beehive star cluster (M44).

To the southeast of Leo lies the realm of the galaxies and the constellation Virgo the Maiden. 
Virgo’s brightest star, Spica, shines at magnitude 1.0.

During springtime, the Milky Way lies level with the horizon, and it’s easy to visualize that we 
are looking out of the plane of our Galaxy. In the direction of Virgo, Leo, Coma Berenices, and Ursa 
Major lie thousands of galaxies whose light is unhindered by intervening dust in our own Galaxy. 
However, all these galaxies are elusive to the untrained eye and require binoculars or a telescope to 
be seen.

Boötes lies on the eastern border of this galaxy haven. Midway between Arcturus and Vega, the 
bright “summer” star rising in the northeast, is a region where no star shines brighter than second 
magnitude. A semicircle of stars represents Corona Borealis the Northern Crown, and adjacent to it 
is a large region that houses Hercules the Strongman, the fifth-biggest constellation in the sky. It is 
here we can find the northern sky’s brightest globular star cluster, M13. A naked-eye object from a 
dark site, it looks spectacular when viewed through a telescope.

Returning to Ursa Major, check the second-to-last star in the Dipper’s handle. Most people will 
see it as double, and binoculars show this easily. The pair is called Mizar and Alcor, and they lie just 
0.2° apart. A telescope reveals Mizar itself to be a double. Its companion star shines at magnitude 4.0 
and lies 14 arcseconds away.

T
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SPRING
1 a.m. on March 1; 11 p.m. on April 1; 9 p.m. on May 1. Add 1 hour for daylight-saving time

Reproduced by permission. © 2004, Astronomy magazine, Kalmbach Publishing Co.
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Exploring the Summer Sky
he richness of the summer sky is exemplified by the splendor of the Milky Way. Stretching 
from the northern horizon in Perseus, through the cross-shaped constellation Cygnus over-
head, and down to Sagittarius in the south, the Milky Way is packed with riches. These riches 

include star clusters, nebulae, double stars, and variable stars.
Let’s start with the Big Dipper, our perennial signpost, which now lies in the northwest with its 

handle still pointing toward Arcturus. High overhead, and the first star to appear after sunset, is Vega 
in Lyra the Harp. Vega forms one corner of the summer triangle, a conspicuous asterism of three 
stars. Near Vega lies the famous double-double, Epsilon (e) Lyrae. Two fifth-magnitude stars lie just 
over 3 arcminutes apart and can be split when viewed through binoculars. Each of these two stars is 
also double, but you need a telescope to split them.

To the east of Vega lies the triangle’s second star: Deneb in Cygnus the Swan (some see a cross 
in this pattern). Deneb marks the tail of this graceful bird, the cross represents its outstretched 
wings, and the base of the cross denotes its head, which is marked by the incomparable double star 
Albireo. Albireo matches a third-magnitude yellow star and a fifth-magnitude blue star and offers the 
finest color contrast anywhere in the sky. Deneb is a supergiant star that pumps out as much light 
as 60,000 Suns. Also notice that the Milky Way splits into two parts in Cygnus, a giant rift caused by 
interstellar dust blocking starlight from beyond.

Altair, the third star of the summer triangle and the one farthest south, is the second brightest 
of the three. Lying 17 light-years away, it’s the brightest star in the constellation Aquila the Eagle.

Frequently overlooked to the north of Deneb lies the constellation Cepheus the King. Shaped 
rather like a bishop’s hat, the southern corner of Cepheus is marked by a compact triangle of stars 
that includes Delta (∆) Cephei. This famous star is the prototype of the Cepheid variable stars used 
to determine the distances to some of the nearer galaxies. It varies regularly from magnitude 3.6 to 
4.3 and back again with a 5.37-day period.

Hugging the southern horizon, the constellations Sagittarius the Archer and Scorpius the Scor-
pion lie in the thickest part of the Milky Way. Scorpius’s brightest star, Antares, is a red supergiant 
star whose name means “rival of Mars” and derives from its similarity to the planet in both color and 
brightness.

T
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SUMMER
1 a.m. on June 1; 11 p.m. on July 1; 9 p.m. on August 1. Add 1 hour for daylight-saving time

Reproduced by permission. © 2004, Astronomy magazine, Kalmbach Publishing Co.
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Exploring the Autumn Sky
he cool nights of autumn are here to remind us the chill of winter is not far off. Along with 
the cool air, the brilliant stars of the summer triangle descend in the west to be replaced with 
a rather bland-looking region of sky. But don’t let initial appearances deceive you. Hidden in 

the fall sky are gems equal to summertime.
The Big Dipper swings low this season, and for parts of the Southern United States it actually 

sets. Cassiopeia the Queen, a group of five bright stars in the shape of a “W” or “M,” reaches its high-
est point overhead, the same spot the Big Dipper reached 6 months ago. To the east of Cassiopeia, 
Perseus the Hero rises high. Nestled between these two groups is the wondrous Double Cluster—
NGC 869 and NGC 884—a fantastic sight in binoculars or a low-power telescope.

Our view to the south of the Milky Way is a window out of the plane of our Galaxy in the op-
posite direction to that visible in spring. This allows us to look at the Local Group of galaxies. Due 
south of Cassiopeia is the Andromeda Galaxy (M31), a fourth-magnitude smudge of light that passes 
directly overhead around 9 p.m. in mid-November. Farther south, between Andromeda and Trian-
gulum, lies M33, a sprawling face-on spiral galaxy best seen in binoculars or a rich-field telescope.

The Great Square of Pegasus passes just south of the zenith. Four second- and third-magnitude 
stars form the square, but few stars can be seen inside of it. If you draw a line between the two stars 
on the west side of the square and extend it southward, you’ll find first-magniude Fomalhaut in 
Piscis Austrinus, the Southern Fish. Fomalhaut is the solitary bright star low in the south. Using the 
eastern side of the square as a pointer to the south brings you to Diphda in the large, faint constella-
tion of Cetus, the Whale.

To the east of the Square lies the Pleiades star cluster (M45) in Taurus, which reminds us of the 
forthcoming winter. By late evening in October and early evening in December, Taurus and Orion 
have both cleared the horizon, and Gemini is rising in the northeast. In concert with the reappear-
ance of winter constellations, the view to the northwest finds summertime’s Cygnus and Lyra about 
to set. The autumn season is a great transition period, both on Earth and in the sky, and a fine time 
to experience the subtleties of these constellations.

T
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AUTUMN
1 a.m. on September 1; 11 p.m. on October 1; 9 p.m. on November 1. Add 1 hour for daylight-saving time

Reproduced by permission. © 2004, Astronomy magazine, Kalmbach Publishing Co.
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