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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
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Disk
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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)
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 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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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 

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

http://www.masteringastronomy.com
http://www.pearsonhighered.com/educator
http://www.pearsonhighered.com/educator


xvi	preface

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.
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6	 CHAPTER 0   C  harting 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   T  he “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
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8	 CHAPTER 0   C  harting 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
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 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.
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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?
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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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