S e

s '
L
‘4

A.

-,n'

EFFERYS |

*

SHAWL |




DISCOVERING
ASTRONOMY

THIRD EDITION
____ I

R. ROBERT ROBBINS
UNIVERSITY OF TEXAS, AUSTIN

WILLIAM H. JEFFERYS
UNIVERSITY OF TEXAS, AUSTIN

STEPHEN ). SHAWL
UNIVERSITY OF KANSAS

&y

JOHN WILEY & SONS, INC.
NEW YORK CHICHESTER BRISBANE TORONTO SINGAPORE




Acquisitions Editor: Cliff Mills

Director of Development: Johnna Barto

Marketing Manager: Catherine Faduska

Senior Production Editor: Bonnie Cabot

Interior Design and Electronic Layout: Laura lerardi
Manufacturing Manager: Susan Stetzer

Photo Researcher: Hilary Newman

Mlustrator: Boris Starosta

Mlustration Editor: Sigmund Malinowski

Cover Photo: Gary Kaemmer/The Image Bank

This book was set in Meridien Roman by CRWaldman Graphic Communications and printed and
bound by Von Hoffmann Press. The cover was printed by Phoenix Color, Corp.

Recognizing the importance of preserving what has been written, it is a
policy of John Wiley & Sons, Inc. to have books of enduring value published
in the United States printed on acid-free paper, and we exert our best
efforts to that end.

The paper in this book was manufactured by a mill whose forest management programs include
sustained yield harvesting of its timberlands. Sustained yield harvesting principles ensure that the
number of trees cut each year does not exceed the amount of new growth.

John Wiley & Sons, Inc., uses recycled and recycled content papers in the manufacture

of our books.

Copyright 1981, 1988, 1995, by John Wiley & Sons, Inc.
All rights reserved. Published simultaneously in Canada.

Reproduction or translation of any part of

this work beyond that permitted by Sections

107 and 108 of the 1976 United States Copyright

Act without the permission of the copyright

owner is unlawful. Requests for permission

or further information should be addressed to

the Permissions Department, John Wiley & Sons, Inc.

Library of Congress Cataloging in Publication Data:
Robbins, R. Robert (Ralph Robert), 1938-
Discovering astronomy / R. Robert Robbins, William H. Jefferys,
Stephen J. Shawl. -- 3rd ed.
p. cm.
Includes bibliographical references (p. ).
ISBN 0-471-58437-1
1. Astronomy [ Jefferys, William H. II. Shawl, Stephen J.

I11. Title
QB43.R57 1995 94-5244
520--dc20 CIP

Printed in the United States of America

10 987 6 54 3 2




ABOUT THE AUTHORS
____ I

R. ROBERT ROBBINS studied mathematics at Yale University and received his doc-
torate in astronomy from the University of California at Berkeley in 1966. He spent
a year as a McDonald Observatory Fellow and a year at the University of Houston
before joining the faculty at the University of Texas. His research interests have been
in the fields of gaseous nebulae, atomic physics, and the transfer of radiation
through gaseous media. In recent years his research interests have been turning to-
wards archaeoastronomy and ethnoastronomy—in particular, studying the astron-
omy we can find in the structures and folklore of the Indians of Middle America and
the American Southwest. He has received a variety of awards for excellence in
teaching at the University of Texas and has served on a variety of national and in-
ternational committees concerned with astronomy education. He has taught a vari-
ety of Chautauqua courses for college teachers, the most recent ones dealing with
Mayan astronomy.

WiLLIAM H. JEFFERYS was educated at Wesleyan University and Yale University,
receiving the Ph.D. degree from Yale in 1965. He has taught at Wesleyan University
and at the University of Texas and is currently the Harlan J. Smith Centennial Pro-
fessor in Astronomy at the University of Texas at Austin. His main research interests
are in the fields of dynamical astronomy (the study of motions of planets, stars, and
galaxies), astrometry (the measurement of the positions, orbits, and distances of ce-
lestial objects) and statistics. Since 1977 he has been the Astrometry Science Team
Leader for the Hubble Space Telescope project. He has taught widely, both at the un-
dergraduate and graduate levels, as well as teaching several National Science Foun-
dation Chautauqua courses on teaching techniques to in-service teachers at both the
high school and college levels . He believes strongly in the “hands on” approach to
teaching that gives students a direct experience of what it is like to make, analyze,
and understand scientific observations.

STEPHEN J. SHAWL was educated at the University of California at Berkeley in the
early 1960s and the University of Texas at Austin, where he received his Ph.D. in
1972. He has been teaching all levels of undergraduate astronomy since that time.
His research interests have involved the study of the fundamental properties of glob-
ular star clusters, the presence of gas and dust in these clusters, and cool variable
stars whose light is sometimes polarized. He has attended numerous National Sci-
ence Foundation Chautauqua short courses for college teachers, the first one having
been taught by Robbins and Jefferys. Because he was one of the original reviewers
of the manuscript for Discovering Astronomy, he is especially pleased now to be a co-
author of this text. He has been a member of the Education Advisory Board of the
American Astronomical Society (AAS) and is currently editor of the newsletter of
the Working Group on Astronomy Education for the AAS.




PREFACE

-

The beauty of the night sky can be overwhelming. That
beauty becomes even more inspiring when you have
some understanding of what you are observing. When
you see how humans approach an understanding of the
universe, you begin to appreciate humanity and nature
even more. The overall goal of this text, then, is to pro-
vide the reader with the opportunity to understand and
appreciate the incredible place in which we exist.

The authors of this book feel that astronomy is not
only an exciting and interesting subject, but also a living
one in which everyone can directly participate. A con-
siderable amount of astronomy can be experienced per-
sonally, and many things can be learned by simple and
direct observations. We believe that the introductory
survey course in astronomy, for which this book has
been written, can be greatly enriched by the addition of
observational activities that lead to a direct experience
of the reader’s universe. Such an approach, pioneered in
astronomy by the first edition of Discovering Astronomy,
reflects current discussions of science education at the
national level. The idea of personal involvement is the
guiding philosophy behind this book.

THE PROCESS OF SCIENCE

Science can be defined as a process followed by humans
involved in a search for an understanding of their sur-
roundings. This understanding is usually expressed in
terms of theories whose predictions are verified or falsi-
fied by comparison with observation and experiment.
The authors believe that an understanding of the scien-
tific enterprise is important for people in a democratic
society. For this reason, we do not present only the final
results of scientific investigation, but we emphasize the
process, which often contains false starts, side roads, and
errors along the way to our current understanding,
which will also undergo modification and refinement by
future generations of scientists. In placing an emphasis
on process, students are better positioned to understand
discussions on which they will be asked to make in-
formed decisions.

To help the student better understand the process of
science, the book takes a discovery approach, which we
discuss next.

THE DISCOVERY APPROACH

We have written this book as a comprehensive intro-
ductory astronomy text to facilitate unassisted inquiry
through active observational experiences for students.
Our approach is a discovery- or inquiry-based approach.
To translate this philosophy into a unique textbook, we
have woven observational and non-observational activ-
ities into the text at appropriate locations. There are two
kinds of activities — (1) those included in the text and
(2) those presented in a separate Activity Kit — allowing
for a variety of teaching modes. Both are highlighted by
colored boxes at pertinent places in the text narrative.
Readers not doing the activities (or not possessing the
kit) may simply continue with no loss of information or
flow. Thus the book can be used effectively with or
without the activities and discoveries.

DISCOVERIES

The Discovery Activities are designed to emphasize that
the nature of science is one of discovery. Short and sim-
ple, these activities include instructions and inquiry
questions. An example is the activity on Weightlessness
in Chapter 5. They are noted at the appropriate place in
the narrative and appear at the end of chapters.

KIT ACTIVITIES

Some observational activities require the student to
make simple astronomical measurements using instru-
ments such as a quadrant, cross-staff, spectrometer, or
telescope. These die-cut instruments are included in a
separate Activity Kit along with a manual of instructions
for the activities. Also included are lenses, a holo-
graphic diffraction grating, and two pieces of polarizing
filter. The Activity Manual also includes some stereo-
scopic images to enhance enjoyment and understand-
ing of planetary bodies; two-color stereo viewers are
also part of the Kit. An observational kit activity may
require a student to measure, for example, planetary
positions, average the measurements, and discuss the
errors of the measurements. Other activities, such as
Classification of Galaxy Types from Sky Survey Pho-
tographs, do not require measurement but the use of
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photographs (or in other cases, data) that are also in-
cluded in the Kit.

The Activity Kit, with instruments and manual, is
available from the publisher along with this text and can
be ordered by your college bookstore. The kit can also be
ordered separately from the text.

The activities and discoveries allow participation in
astronomical exploration. They can be carried out by
the thoughtful reader with no extra equipment or tuto-
rial assistance.

PEDAGOGICAL STRUCTURE

We have implemented our inquiry-based approach in
the pedagogical structure of this book. We have taken
every opportunity to emphasize the scientific process
and encourage observational activities to add to student
understanding and enjoyment.

INQUIRIES

Each chapter contains in-chapter questions, which we
call Inquiries, to emphasize the inquiry nature of the pre-
sentation. Placing these Inquiries within the text asks stu-
dents to stop and think to themselves, “I just read some-
thing important; what was it?” Sometimes, the Inquiry
asks the student to use the knowledge already gained and
to think about some idea immediately prior to its discus-
sion in the text. In this way, the student is actively par-
ticipating, not just reading passively. The answers to all
Inquiries are provided at the end of each chapter.

CHAPTER SUMMARIES

A new style of Chapter Summary has been developed to
emphasize the nature of the scientific method. When ap-
propriate, Chapter Summaries have three subsections:
Observations, Theory, and Conclusions. Although many as-
pects of science belong in more than one category, this
structure nevertheless serves to focus student attention
onto these fundamental parts of the scientific method.

SUMMARY QUESTIONS

Next are Summary Questions, which ask students
straightforward questions about the concepts covered in
the chapter. These questions can serve as a review.

APPLYING YOUR KNOWLEDGE

Knowledge should be applied to new and different situ-
ations. This section, at the end of each chapter, presents
the reader with questions meant to require the applica-

tion of concepts previously learned. Some, marked by a
bullet (@) require the use of simple mathematics.

GLOSSARY AND SCIENTIFIC APPENDICES

The book contains an extensive Glossary of those terms
highlighted with bold print in the text. A set of appen-
dices (A-G) presents a review of scientific notation as
well as other mathematical concepts deemed unneces-
sary in the main text but important for complete under-
standing, as well as further data on planets, satellites,
stars, and galaxies.

COLORFUL AND INSTRUCTIVE
ILLUSTRATIONS

The art program includes full color photographs
throughout to enable students to enjoy and appreciate
the beauty of the universe better. Computer generated
color diagrams help to clarify complex concepts. In so
far as possible within the limits of space, diagrams con-
vey single concepts.

ORGANIZATION

We have organized the book in the way astronomy de-
veloped: from observations to an understariding first of
the solar system and only later to stars and galaxies. In
this standard “inside out” approach, we have divided
the book into five parts:

[. Discovering the Science of Astronomy

II. Discovering the Nature and Evolution of the Solar
System

III. Discovering the Techniques of Astronomy

IV. Discovering the Nature and Evolution of Stars

V. Discovering the Nature and Evolution of Galaxies
and the Universe

PHYsICS PRESENTED ONLY AS NEEDED

Within our organizational structure, the observational
basis of astronomy is further emphasized by generally
having observation precede theory. Furthermore, we
present physical ideas where and when they are needed
rather than grouping them together in a single chapter.
This approach allows students to see a reason why
physics is being presented, and they immediately see ap-
plications for the ideas. We have purposely placed the
solar system before the chapters on radiation and tele-
scopes for two reasons: (1) to get the student into mod-
ern astronomy as soon as possible without their feeling
bogged down by physics (“if I had wanted a physics
course I would have taken one!”), and (2) because much
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of a modern survey of our knowledge of the solar system
at the introductory level may be presented effectively
without prior knowledge of the material on light, spec-
tra, and telescopes. Instructors desiring to discuss elec-
tromagnetic radiation first may do so without difficulty.

There are a few sections, noted with an asterisk, that
some reviewers felt went beyond what was necessary
for basic knowledge but the authors felt added to over-
all understanding. Such sections can be skipped if the
instructor desires.

SCIENCE VERSUS PSEUDOSCIENCE

We believe that the ideas of what distinguishes science
from pseudoscience are so important, our Chapter 2 on
Science and Pseudoscience comes immediately after the
book’s introduction to astronomy. In this way, time
constraints at the semester’s end will not cause it to be
skipped.

COMPARATIVE PLANETOLOGY

Part II, on the nature and evolution of the solar system,
begins with an overview of observations important to
understanding the solar sysem. We then examine both
early and modern hypotheses concerning the origin of
the solar system. The next logical topic is a study of ob-
jects that are mostly unchanged since their formation
and that provide astronomers with important informa-
tion about the conditions at the formation time—
comets, asteroids and meteoroids. Instructors preferring
to discuss these objects after the planets may do so with-
out loss of continuity.

The discussion of the planets has been completely
rewritten and modernized. Chapter 8 on Earth and
Moon presents those concepts necessary to understand
the other planets and satellites in the solar system.
Chapter 9 discusses the terrestrial planets, and Chapter
10 presents the Jovian planets and Pluto. The presenta-
tion within the chapters on the Earth-like and Jupiter-
like planets differs from those in other books by ap-
proaching planets from the view of comparative
planetology. Information about the planets is not iso-
lated from comparable information on similar planets
but is integrated together. “The Planets One by One,” lo-
cated after each of the terrestrial and Jovian planet
chapters, summarize the information on each planet in-
dividually.

LocicAL COVERAGE OF STELLAR EVOLUTION

The Sun is discussed in its role as a typical star at the
point where the stellar evolution discussion begins (Part
IV). Those instructors preferring to relate the Sun more

closely to the solar system than to the stars can easily do
S0.

Following the discussion of the concepts required for
understanding stellar evolution are chapters on star for-
mation and evolution to the main sequence, post main-
sequence evolution, and the terminal evolutionary
events.

INTERSTELLAR MEDIUM
COVERED As NEEDED

Rather than presenting the interstellar medium in isola-
tion in a separate chapter, we consider it in various
places as appropriate. For example, some information
on nebulae is given as an example of spectra in Chapter
13. Additional discussion occurs in Chapter 17 on star
formation. Finally, the effects of interstellar material on
observations of stars and its influence on our knowledge
of the structure of the Milky Way comes in Chapter 20.

SUPPLEMENTS

In order to enhance instructor’s teaching resources, a
comprehensive set of supplements accompanies Discov-
ering Astronomy. For more information about these sup-
plements, please contact your local Wiley representa-
tive. These supplements include:

O An Instructor’s Manual, by Stephen J. Shawl. This
manual has been prepared to provide instructors
with teaching hints, syllabi, and chapter overviews
for effective classroom use of Discovering Astronomy.

O Student Study Guide, by R. Robert Robbins, is available
through him at Astronomy Department, University
of Texas at Austin, Austin TX 78712. Internet ad-
dress: rrr@astro.as.utexas.edu. This study guide was
designed for instructors who are interested in as-
sembling a self-paced, Keller-method course of in-
struction for their students. It can be used with
small classes or with large ones such as that at the
University of Texas that serves some 700 students
per year.

O A Test Bank, prepared by Stephen J. Shawl, provides
instructors with over eight hundred questions of var-
ious types. A Computerized Test Bank is also available
for both Macintosh and PC platforms.

O 100 Overhead Transparencies replicate pedagogically
useful line art from Wiley’s astronomy archives.

O 100 Slides astronomical photographs enhance in-
structor’s classroom capabilities.

O A CD-ROM containing line art, photographs, Concept
Development Images (developed by Dr. Francis
Lestingi at SUNY-Buffalo), and selected animations
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from Wiley’s acclaimed Cosmic Clips video permits
professors to display a number of different images in
the classroom. The CD-ROM is available for both
Macintosh and PC platforms.
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THE HISTORICAL QUEST
TO MODEL THE
SOLAR SYSTEM

The progress of science is generally regarded as a kind of clean, rational
advance along a straight line; in fact it has followed a zig-zag course, at
times almost more bewildering than the evolution of political thowug
The history of cosmic theories. in particular. may without exaggeration be
called a history of collective obsessions and controlled schizophrenias: and
the manner in which some of the most important individual discoveries
were arrived at reminds one more of a sleepwalker’s performance
than an electronic brain.

ARTHUR KOESTLER, THE SLEEPWALKERS, 1959

70

CHAPTER OVERVIEW

A brief paragraph gives an overview of concepts
discussed in the chapter. It serves as an organizing
device to help you preview chapter coverage.

\

/

OPENING QUOTE

Each chapter opens with a quotation from popular
fiction or a scientific source that helps to set the stage for
topics covered in the chapter. These quotes often give a
perspective from outside the immediate field of
astronomy.

GREEK ASTRONOMY

In this chapter we follow the development of our understanding of our
own corner of the universe, the solar system. We will not seek to be com-
prehensive or encyclopedic in our historical coverage. Instead, we will be
more interested in how the ideas that developed in one era were a nat-
ural outgrowth of the state of astronomical observations and degree of
sophistication of the times, In previous chapters we briefly discussed
some historical aspects of astronomy;: for example, we considered the no-
tion of a round Earth, and how this concept slowly came to be accepred
by Greek thinkers through the gradual accumulation of evidence from
both terrestrial and astronomical observations. Yet this concept was es-
tablished relatively rapidly when compared 1o the slow acceptance of the

idea of a Sun-centered solar system

[

(51}
GREEK ASTRONOMY

‘While we saw in the last chapter that a variety of cul
tures were ntimately involved with phenomena of the
sky, It was Greek culture that made progress toward the
models we have today. We now look more dosely at the
astronomical contributions of Greek culture,

WHAT THE GREEKS INHERITED

The Babylonians and Egyptians, who for several thou-
sand years kept records that contained much potentially
valuable information. bequeathed 10 the Greeks an ex-
tensive body of astronomical knowledge. However, the
astronomy of both Egypt and Babylonia was the
province of a priestly aristocracy: as a consequence.
practical and political considerations often took prece-
dence over theoretical inquiries. Egyptian astronomers.
for example. had discovered that when the bright star
Sirius could Just be seen rising In the east before the
Sun, the flooding of the Nile was imminent. Such
knowledge gave tremendous power to the priesthood
and inevitably involved its members closely with the
state. Similarly, in Babylonia, astronomer-priests had
acquired a considerable amount of information con-
cerning the motions of the Moon, Sun, and planets and
had found certain regularly occurring cycles that en-
abled them to predict some edlipses. a power that was
frequently used for political purposes,

The Egyptians and Babylonians knew the length of
the year and the different types of calendars, both solar
and lunar. The Egyptians had learned the rudiments of
simple mathematics, algebra. and geometry. Sundials
had been invented, and systems of timekeeping were in

existence, The Babylonians had made systematic obser
vations of the positions of heavenly bodies and had
practical methods for predicting the positions of the
Moon, Sun. and planets. Figure 5-1, for example,
shows a table of data for Jupiter. The bottom part of the
figure describes the method of calculation. The Baby-
lonian value for the length of the month was not sur-
passed in accuracy until the end of the nineteenth cen-
tury. Both cultures had attempted to construct a
cosmology that placed Earth and humanity in their
proper position relative o the universe and the gods.
but they never attempted to construct a truly consistent
theoretical framework for their cosmology in the way
the Greeks did

FIGURE 51, A clay tablet from ancien Mesopotamia
contatning astronomical observations of Jupiter i the top

part. and 3 description of the method of calculation in the

botzom part
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FIGURE 5-4. Two objects with the same angular sizes have
diameters that are proportional to their distances

Inquiry 5-3  Aristarchus was the first to propose that
the Earth goes around the Sun, rather than vice versa.
Suggest one factor that may have led him 1o this
conclusion.

ERATOSTHENES

Another classic experiment of antiquity was the deter-
mination of the Earth’s circumference by Eratosthenes
(€. 200 B.C.). The conclusions of Aristarchus concerning
the relative sizes and distances of the Earth, Moon, and
Sun were all in terms of the then unknown size of the
Earth. Their sizes In customary units {the Greeks used a
unit of length called the stadium) could not be known
until the Earth’s size was known.

Eratosthenes had heard that at Syene, near the mod-
em Aswan in Egypt, there was a deep well, and that on
a certain day of the year the Sun stood directly overhead
so that lis reflection could be seen in the bottom of the
well. Eratosthenes was also able to observe that on that
same day of the year in Alexandria, where he lived, the
Sun was not directly overhead but was 7° south of the
zenith, He determined this angle with a gnomon, just as

FIGURE 5-5. Eratosthenes’ measurement of the dlameter
of the Earth. The difference in altitude of the Sun is
proportional 10 the distance between the two points, which is
Known. This alfows the length of one degree on the Earth's
surface (o be determined.

51
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you may have done in Kit Activity 4-3. Figure 5-5
shows the geometry of Eratosthenes’ experiment. Point
A represents Alexandria and point § is Syene; point Cis
at the center of the Earth, The Sun is so [ar away that
the lines A-Sun and S-Sun are nearly parallel. The angle
at A is nearly equal 1o the angle at € at the center of the
Earth, and we may write the following proportion:

circumference of Earth _ _ 360°
distance from 4 to § angle at €

Inquiry 5-4  Assuming that the angle at € is 7 and
that the distance of Alexandria from Syene is 5000
stadia, what is the diameter of the Earth in siadia?
(Stadia is the plural of stadium.) Although the exact
length of a stadium is unknown, compute the radius of
the Earth assuming it to be about one-tenth of a mile.

Inquiry 5-5  What does Eratosthenes” experiment
assume about the shape of the Earth?

Inquiry 5-6 If the Earth were flat, what would be
the value of the angle at €?

HIPPARCHUS

Perhaps the greatest of all ancient astronomers was Hip-
parchus (¢. 150 8.¢.). Many of the conclusions he drew
were so sophisticated that it takes some knowledge of as-
tronomy to appreciate how great his contributions were.
He bullt an Y. the

ical instruments up to that time, and established a pro-
gram of careful and systematic observations that resulted
in the compilation of a great star catalog, with 850 en-
tries, using a celestlal coordinate system similar to our
modemn one for cataloging the sky. It was Hipparchus
who originated a system, which is still in use today in
modified form, for estimating the brightess of stars. L
addition, he paid much auention to the older Egyptian
observations and detected long-term trends in the mo-
tions of the celestial sphere that had been previously un-
suspected. He deduced Earth’s precession, which is so
slow that it takes almost 26,000 years for it to complete
one cycle. Finally, he greatly developed trigonometry,
which was, and still is, a useful tool for astronomy.

OTHER DEDUCTIONS
OF THE GREEK ASTRONOMERS:
THE DISTANCES OF THE PLANETS

The Greeks estimated the relative distances of the plan-
ets from Earth, by means of principles still in use today
for determining distances 10 astronomical objects. They
reasoned that the more distant a planet was, the more

INQUIRIES

end of each chapter.

Throughout the text, Inquiries (questions) are included
in appropriate places to ask you to use the information
presented in the text. By actively participating and not
just passively reading, you gain understanding of the

concepts. Answers to all Inquiries are presented at the

bwly it would move across the sky. The effect Is simi-
Ir to what happens when we compare the apparent
otion of a high-flying airplane with that of one that is

ing very low, The distant airplane appears to move

INSTRUCTIVE ILLUSTRATIONS
Computer-generated color diagrams

complex concepts and encourage an appreciation of the

beauty of the universe.

help to clarify

Sowly across the sky, whereas the low-flying one is
seen for only a short time and then s gone. In the same
way, the Greeks could put most of the naked-eye plan-
ets in order of their distance from Earth by assuming
that increasing distances corresponded to slower mo-
tions, The argument fails with Mercury and Venus,
however. because it places Mercury closer to Earth,

Inquiry 5-7 What assumptions are made in
employing this argument?

We can obtain another, independent determination
of relative planetary distances from their brightnesses.
We use an analogy: when you are driving at night and
wish to pass the car in front of yours, you pass only if the
headlights of the oncoming car are faint, When you do
this, you are making an implicit assumption: all car
headlights have about the same intrinsic brightness,
with their apparent brightness depending on the dis-
1ance. Similarly, if we assume that all planets have the
same intrinsic brightness, then their apparent brightness
as seen from Earth would depend on their distances
irom us. Of course, all the planets do not have the same
intrinsic brightness, because their differences in size and
distance from the Sun, combined with differences in
surface and atmospheric properties, affect the amount
of light they reflect in our direction. However, even al-
lowing for these uncertainties, it Is still possible to use

- to rank the planets approximately in order
of distance from

THE APPARENT MOTIONS
OF THE PLANETS
RELATIVE TO THE STARS

Three additional observations of planetary motion were
important in determining the details of the models the
Greeks developed. These observations, which played a
prominent role in their models. are:

. Because the planets are considerably closer to us
than the fixed stars, they appear to move against the
starry background, Observations of Mars, Jupiter,
and Satm showed them to move generally east-
ward on the celestial sphere.

Occasionally, however, as discussed in Chapter 4. @
planet’s motion changes from eastward to westward.
This retrograde motion would persist for up to sev-
eral months but would cease as the planet’s motion

.
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slowed down and again reversed lts direction, re
suming its normal easterly motion (see Figure 4-28)

3. Venus and Mercury are never more than 48° and
28°, respectively, from the Sun.

THE GEOCENTRIC MODEL
OF THE SOLAR SYSTEM

To describe the observed planetary motions, it was nec-
essary to decide where the center of the system.should
be. There were really only two obvious candidates—
Earth and the Sun. This question was considered care-
fully by Greek philosophers, and the fact that ultimately
they reached an incorrect conclusion provides an inter-
esting example of why the scientific method is not the
simple turn-the-crank-and-the-answers-fall-out
process that some sources describe it to be. If the Sun is
in the center of the solar system, then Earth moves
around it in space. Such a hypothesis provides a predic-
tion. As shown in Figure 5-6. some of the stars ought 10
shift their apparent positions In the sky as the Earth
moves from one side of its orbit 1o the other. Such par-
allax effects, as they are called, were looked for by
many Greek observers, including Hipparchus, but were
never found. The Greeks therefore concluded that the
Earth was stationary in space.

Aristarchus, however, apparently espoused the the-
ory that the Earth orbits the Sun, If surviving works of
Archimedes and Plutarch are correct. Unfortunately,
the work In which he put forth his hypothesis Is lost,
and apparently no other Greek astronomers held to this
opinion. The model of a geocentric (Earth-centered)

FIGURE 5-6. Stellar parallax. The apparent position of a
star with respect to the background stars appears la change as
the Earth goes around the Sun. (Not 1o scale.)
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Inquiry 5-19 If the distance between mass M, and
mass M, is made four times greater, by what factor is
the gravitational force between them changed? Is it
Increased or decreased?

While the idea that bodies of different masses fall at
the same rate was experimentally shown by Galileo 10
be true, its truth does not make sense to most people. Its
validity is shown in Appendix A7,

It Is a measure of Newton’s genius that he proposed
that his laws of motion and gravity applied not only to
objects on Earth but to all bodies in the universe. One of
the first things he did was to compare the force of grav-
ity exerted by the Earth on a body, allegedly a falling
apple, with the gravitational force thai would be re-
quired to keep the Moon in its orbit around the Earth.
As shown in Figure $-21, if there were no gravitational
force exerted by the Earth on the Moon, it would travel
In a straight line past the Earth in accordance with New-
ton’s first law, To make the Moon travel around the
Earth requires a force toward the Earth. The Earth’s
gravitational force on the Moon causes It to deviate from
a straight line and follow a curved path around the
Earth. For each kilometer the Moon moves in Its orbit,
the Moon must fall 0.14 cm towards the Earth’s surface
In order to stay in its elliptical orbit. Because of the cur-
vature of the Barth's surface, the distance of the Moon
from the Earth remains constant. In other words, the
Earth’s force of gravity causes the Moon 10 accelerate
Jjust enough 1o maintain its constant distance above the
Earth's surface. For this reason, the Moon’s orbital mo-
tion can be described as resulting from the Moon's
falling towards the Earth’s center! From such consider-
ations Newton found that the actual force required to
keep the Moon in its orbit around the Earth agreed well
with the value he computed theoretically.

FIGURE 5-21. The motion of the Moon around the Earth
according 10 Newton. The Moon “falls” toward the Eanth just
enough 10 keep i on a curved elliptical path around the
planet

WEIGHT

Weight is the force a gravitating body exerts on another
mass. In particular, your welght is the gravitational
force exerted by the Earth’s mass on your body. Your
weight depends on the mass of your body, the mass of
the Earth, and your distance from the Earth’s center,
which is the Eanth’s radius. For this reason. your weight
would be different should you travel to a different
planet having a different mass and size than the Earth;
your mass, however, would be the same. Interested
readers can find weight expressed mathematically in
Appendix A8,

MOMENTUM

You probably have some intuitive feel for the word mo-
mentum. A train moving at 20 miles per hour has more
momentum than a bicycle moving at the same speed: it
would have more impact and effect if it ran into some-
thing! For a body moving in a straight linc, linear
momentum is defined as the body’s mass times its
velocity.

Newton's first law can also be expressed as the prin-
ciple of the of linear This
says that for an isolated system of bodies the sum of the
linear momenta of all bodies in a system is always the
same. If some bodies in a group slow down, others must
speed up by a corresponding amount.

Most bodies move in curved paths, and the concept
of angular momentum comes into play. The amount
of angular momentum possessed by a planet in a drou-
lar otbit around the Sun is defined by
angular momentum =

mass X speed X distance from planet to Sun.
Expressed symbolically, i M is the mass of a body and
Its speed when at a distance r. the angular momentum
is given by

angular momentum = Mvr.

Like linear momentum, angular momentum is also
conserved for isolated systems. If the mass of an orblting
planet remains constant. the only way for angular mo-
mentum to remain constant is for the speed of the
planet 10 increase as the distance decreases, and vice
versa, This is exactly what Kepler’s second law says. The
concept of conservation of angular momentum is im-
portant in understanding not anly the motions of plan-
cts but also such diverse subjects as the formation of the

concepts.]

REFERENCES TO DISCOVERY ACTIVITIES

Although Discoveries appear at the end of the chapter so
as not to disrupt the flow of reading, they are referenced
at the appropriate places in a blue shaded notation. [It is
not necessary to do these activities to understand the

|
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REFERENCE TO KIT ACTIVITIES

Activities requiring measurement can be carried out
using the Activity Kit available separately. The yellow
shaded notation indicates the relevant place in the text
for these activities to be performed. [It is not necessary
to do these activities to understand the concepts.]

—

o T

the distance. the smalier the parallax angle.

tant than the nearby stars, the angle A-star-8 of Figure
5-24a will be practically cqual to the angular shift in po-
sition shown in Figure 5-24b.

How large a distance to the stars does the small ob-
served parallax imply? Consider the right triangle
lormed by the Earth, the Sun, and a nearby star, as
shown in Figure 5-25. The side labeled 4 is the distance
from the Earth to the Sun, which is of course | AU. The
angle p is called the of the star; it is one-hall
the total parallactic shift shown in Figure 5-244. Be-
cause the triangle is so long and skinny, the distance D
from the Sun to the star can be computed from the an-
gular size formula used in Chapter 3, namely,

D=s573x2
’

if the parallax p is expressed in degrees. (We have re-
placed the variable R used in Chapter 3 with the dis-
1ance D.) For example, the nearest star to the Earth,
Proxima Centauri, has a measured parallax of 0.76°,
which corresponds to 0,00021 degrees, an extremely
small angle. Substituting this angle and the length of an
astronomical unit, in kilometers, into the formula, we
find the distance to be

150,000,000 km
= braudi
D=573 % 0.00021

= 41,000,000,000,000 km
= 4.1 % 10" km.

Kilometers or miles are dearly not an

FIGURE 5-25. The relationship between the distance of a star and its parallax. The greater

OBSERVATIONAL EVIDENCE
OF THE EARTH'S ROTATION

While every schoolchild can tell you the Earth rovates,
few college graduates can explain how we know this
simplest of all astronomical facts. As evidence, most
people would cite the observation of the Sun and stars
rising in the east and setting in the west. If you were 1o
suggest, just for argument, that the east-west motion of
the Sun and stars is produced by the motion of crys-
talline spheres to which the Sun and stars are attached.
great confusion would result.

FOUCAULT PENDULUM
A famous demonstration of the rotation of the Earth
is the first p by the

nineteenth-century French physicist Jean-Bernard-
Léon Foucault. In this experiment. a massive pendulum
Is hung from a long wire and set in motion, Pegs placed
in a circle around the pendulum are successively
knocked down over time due 10 the apparently chang-
ing plane in which the pendulum swings. To construct
the simplest possible explanation of what is observed.
imagine that we suspend a pendulum on a long cable
from a support that has been placed at the North Pole
(Figure 5-26), We make the coupling between the cable

unit for measuring distances 10 stars. Nor are astronom-
ical units: the distance 10 Proxima Centauri is over
270,000 AU, for example, Just as we describe distances
around town in miles or kilometers rather than inches
or centimeters, we describe distances o stars in units
that are large enough so that the numbers we use have
convenient sizes. This is why we use light-years, be-
cause one light-year is about 9.5 x 10" km or 5.9 X
10"? miles. The distance of Proxima Centaurd, then, is
431y,

READERS HAVING THE ACTIVITY KIT
SHOULD DO KIT ACTIVITY 5=1 (A PARALLAX
MEASUREMENT) AT THIS TIME.

(a) (b

FIGURE 5-26. The Foucanlt pendulum. (@) Setup of the
experiment. () Six hours later. the pendulum stil vibrates in
the same plane relative to the stars, but the observer has
rotated.

). ©.4.%
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glon during the fall hurricane season. The low pressure
in the center is surrounded by regions of high pressure,
50 winds blow in toward the center. As they do, they are
deflected to the right. causing a counterclockwise circu-
lation of wind inside the low pressure rrgkm (for North-
em i such a were
to move in from the Gulf of Mexico and locate its center
of low pressure at the Texas-Louisiana border, central
Texas would experience winds from the north, New Or-
Ieans would have winds from the south, and Linle Rock,
Arkansas, would have southeasterly winds.

FIGURE 5-28. Winds will push toward the center of 3 low-
pressure storm region from the surrounding high-pressure
rogions. As they move, they will be deflected 1o the right (in
the Northern Hemisphere) because of Coriolis effects. The net
effect is to make the winds circulate In a counterclockwise
direction around the center of the Jow-pressure region.

DISCOVERY 5-1
WEIGHTLESSNESS
‘When you have completed this Discovery, you should be able 10 do the following:
» Describe what is meant by weightlessness.

An astronaut floating in a space shunile has mass but is weightless. Weightlesaess
does not occur. however, from a lack of gravity in space.

O Discovery Inquiry 5-1a Suppose you were standing on a scale in a stopped
elevator, What would happen 1o the scale reading when the elevator suddenly
accelerates upward? What would happen to the scale reading when the
elevator rapidly descends from rest?

Although the elevator has accelerated, the force of gravity on the elevator occus

pants has not changed, The scale reading, however, has changed because of the
acceleration.
You can easily s for yoursell. Take a paper cup or an

aluminum pop can and punch two holes on opposite sides near the bottom, With
your fingets over the holes, fill the container with water.

|~ DISCOVERY ACTIVITIES

The nature of science is one of discovery. Short and
simple Discovery Activities appear at the end of many
chapters to reflect this emphasis by getting you actively
involved with the material.

DISCOVERY INQUIRIES

To reinforce the key concepts of these Discoveries,
questions (Inquiries) are included to guide your

thinking.

CHAPTER SUMMARY //

The Chapter Summary not only reviews the topics
covered but presents the information in a way that
reflects the scientific method. The material is organized
in subsections of Observations, Theory, and Conclusions
to give you practice in thinking in these scientific ways.

CHAPTER SUMMARY

O Discovery Inquiry 5-1b mrn-lvw your fingers from the koles. describe
what you expect to happen. Then. while taking necessary precautions, remove:
your fingers from the holes and observe what happens.

Again place your fingers over the holes and fill with water.
O Discovery Inquiry 5-1c Bejore dropping the cmtuiner (into a garbage can.

the bath 1ub, or safely outside!), describe what you expedt to observe. After
thinking about the answer, drop the container Irom as high as you can reach.

CHAP

and describe what you observed.

in this experiment, you should have observed no water flowing from the con-
nlnexwh\le 1! was dropping. A.ldmunh gravity was still there, the water was
container.

because the water and the

accelerated

duvmwn\! a t.hgwme rate, Similarly, because the astronaut and the space shuttle
both accelerate towards the center of the Eanth ar the same raw, the astronaut is
weightless.

OBSERVATIONS

Aristarchus first suggested that the Earth circles the
sun. and found the relative sizes of the Earth, Moon.
and Sun. as well as the relative distances of the Moon
and Sun. Eratosthenes first found the size of the
Earth. Hipparchus made a great star catalog. began
the magnitude system used 10 specily the brightness
of stars. and discovered precession. Ptolemy ad-
vanced the theory of planetary epicycles and helped
preserve Greek knowledge in the Almagest.

The Greeks observed that the planets moved against
the starry background: sometimes changed direc-
tions and moved with a retrograde motion; and. in
the case of Mercury and Venus, were never far from
the Sun

Tycho Brahe built large instruments and made ob-
servations over extended periods of time. Johannes
Kepler found threc empirical laws of planetary mo-
ton: (1) planets revolve abour the Sun in elliptical
orbits with the Sun at one focus: (2) planets move
more rapidly when close to the Sun than when far-
ther away; (3) if the period of a planet in its orbit is P
years and the semi-major axis Is A astronomical
units, then P? = A*

Galileo made the first telescopic observations and
discovered that the Milky Way consists of a large
number of stars. He observed lunar surface features,
four Jovian satellites, sunspots, and phases of plan-

|

ets. He showed experimentally that objects of differ-
ent masses fall 1o the ground with identical accelera-
tions,

The aberration of starlight is a small apparent shift
in the direction to an object caused by the motion of
an observer. The observation of this effect illustrates
the motion of the Earth

Stellar parallax is the apparen: change in the direc-
tion to an object caused by a change in position of an
observer,

The Cariolis effect is the apparent rightward drift of
a projectile fired from the equator toward the North
Pole, or from the North Pole toward the equator. It is
caused by the fact that equatorial regions move more
rapidly than polar regions

THEORY

Greek scdence and philosophy assumed that planets
exhibit uniform motion in drcular orbits.

Nicolas Copernicus proposed the hellocentric hy-
pothesis

Mass Is a quantity that measures the amount of in-
ertia that a body contains. A body’s mass fs inde-
pendent of Its location. Velocity is a change in loca-
tion or direction of motion divided by the time over
which the change occurs. Acceleration s a change
in an object’s velocity divided by the time aver which
the change occurs.

XXvi
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Newton's three laws describe how bodies move
both In the absence and presense of forces. They are
general laws applicable to a wide variety of
situations,

* The universal law of gravitation. found by New-
ton, provided a means to connect the motion of the
Moon with the motion of falling bodies on Earth.

* From Newton’s laws, a modification of Kepler's third

taw resuhts that allows astranomers to determine the

masses of orbiting bodies:

(M, + M)P1= 4"

The amounts of linear momentum and angular
momentum contained in an isolated system are
bath conserved

1. What Is the significance of the observations of
A A

and Hipp ? What are
the principles used 1o make their measurements of the
sizes of the Earth and Moon?

2. What are two methods by which the order of the
planets from the Sun could be determined?

3. What planetary observations must a reasonable
model of the solar system incorporate? In your answer
use diagrams ta show how the Plolemaic and heliocen-
tric hypotheses explain the observations.

4. What is meant by stellar parallax? Explain its
cause. How can parallax be used to distinguish between
2 Why did the

an
Greeks not observe stellar parallax?
5. What rale did the concept of uniform circular mo-
tion play in the history of astronomical thought? Give
examples from several eras.
6. What were specific astronomical contributions

APPLYI KINC DGE

5 YOUT

1. Make up a table that lists, chronologically, the con-
tributions to made by Ari Apollo-
nius, Eratosthenes, Hipparchus, Ptolemy, and Pythago-
ras. Include dates.

2. If you had been a traditional scholar In the mid-
1500s. what arguments would you have presented
against the Copernican system?

3. Of the following people. who in your opinion
made the most
Copernicus, Brahe, Kepler, Galileo, Newton? Explain,

* The welght of an object is determined by the gravi-
tational force exerted on it by the Earth. The weight
depends on the object’s location.

CONCLUSIONS

From observations made with the Foucault pendu-
lum, astronomers infer the rotation of the Earth.
From observations of the aberration of starlight, as-
tronomers infer the revolution of the Earth about the
Sun

Newton’s laws provide a model that successfully ex-
plains past events and predicts future ones. From
them, Kepler's laws of planetary motion can be
derived

made by Copernicus and Brahe? What was the impor-
1ance of these contributions?

7. State and explain Kepler's three laws. Explain
Kepler's second law in terms of the conservation of an-
gular momentum.

8. What are the prindpal astranomical discoveries of
Galileo? Explain how these discoveries may have accel-
erated the of the hel

9. State Newton’s laws of motion and the law of grav-
fty. Explain how, in principle. they can be used to ex-
plain the orbiting of one body about another.

10. What are some specific astronomical examples of
how Newton's laws have been shown to be valid de-
scriptions of nature?

11. How were the heliocentric hypothesis and the
Earth’s rotation finally confirmed observationally? How
did Newton's laws play a role in demonstrating the
Earth’s rotation and revolution?

4. Usc the definition of acceieration to list the accel-
crators in a standard passenger car.

5. Use Newton's second law tu explain why a planet
in an elliptical orbit moves more rapidly when near the
Sun than when farther away.

6. Explain why your weight would be different on
Mars than it is on Earth,

7. Why can a rocket escape from the Moon's surface
with a smaller speed than is needed 10 escape from the
Earth’s surface?

e SUMMARY QUESTIONS

Straightforward questions at the end of the chapter help
you to review the material you have read and to check
your understanding of it. Answering these questions is
good practice for taking tests.

APPLYING YOUR KNOWLEPGE

The best way to test your comprehension of new
material is to be able to apply this knowledge to new and
different situations. These end-of-chapter questions are
designed to require the application of concepts
previously learned. Those questions requiring the use of
simple mathematics are marked by a square bullet (m).

ANSWERS TO INQUIRIES

As a check on how you are doing as you progress
through the chapter, the answers to the periodic
Inquiries are included at the end of the chapter.

/

B

ANSWERS TO INQUIRIES

® 8. What is the distance from the Sun to a planet
whose period Is 129.14 days?

™ 9. Find the ratio of the gravitational attraction be-
tween (@) @ man of mass 100 kg and a woman of mass
50 kg who is 10 meters away from him, and (b) the at-
traction between the woman and the Earth. (Hint: See
Appendix A8.)

® 10. If the Sun is 2 X 10" AU from the center of the
Milky Way. and if it has a period of 200 million years,
what is the mass of the Milky Way galaxy?

® 11, If identical galaxies at a distance of 650 million ly
and having a mass of 10'° solar masses each were ob-
served to have an angular separation of 10 seconds of
arc. how long would their orbital period be? Assume the

3-1. Circular orbits and uniform motion.

3-2. The Earth is four times larger.

3-3. Because he knew the Moon was smalles than the Earth
and was in orbit about the Eanth. and because he now
knew the Sun was farther than the Moon, It was logical
that the Eanth would go around the Sun.

5-4, 5000 stadia X 360%/7* = 260,000 stadia.

$-5. That It Is perfeclly spherical.

3-6. Zero

3-7. That the plancts arc moving at about the same speed, so
their apparent speeds are due only to their respective
distances. While the assumption s Incorrect, the result
ends up being correct.

$-8. Stars arc very far away.

3-9. Only crescent phases would oceur.

5-10. There are countless examples. Some are the germ model
of disease. economic models used to set government
fiscal policy, and educational models used to design
tnstruction

5-11. On a straight line. with the Earth in the middle.

$-12. Each has some points of simplicity. Ptolemy’s has fewer
epicycles, but Copernicus’s has a neater explanation of
retrograde motion. which In addition predics retro-
grade motion anly when it is actually observed.

3-13. About 1.87 years

galaxies are seen at their maximum separation. (Hint:
“This problem contains a number of steps along the way.)

®12. How much would a2 100-Ib person weigh on the
Moon? (Hint: Write an expression for the person’s
weight on Barth and an equivalent one for the Moon.
Then divide one equation by the other; you will find
that some quantities drop out of the problem.)

® 13, How fast would a person of mass 50 kg (about |10
Ibs) have 10 run 10 have the same linear momentum as
a 5000-kg bus (about 5 tons) traveling 60 miles per
hour?

® 14. What would be the parallax of Proxima Centauri if
It were observed from a telescope on one of Saturn’s
satellites?

3-14. About 19.2 AU.

3-15. The planets are closer than stars

3-16. Jupiter was clearly moving and dragging Its moons
along.

$-17. From F = ma, the can with more mass (the one filled
with concrete) would have the smaller acceleration If
the forces were equal.

$-18. The reaction force on the foot will certainly be felt more
In the case of the concrete can.

3-19. The force Is 16 times smaller.

$-20. Twice as great

3-21. (M, + M;) = 8°/10" = 512/100 = 5.1 solar masses.

$-22. In the Southern Hemisphere. the pendulum would
appear to rotate in the opposite dircction from its rota-
tion in the Northern Hemisphere. Therefore, for the di-
rection of oscillation to change as the pendulum is car-
rled from one hemisphere 10 the other. there must be
no rotation at the equator.

3-23. In the Southem Hemisphere. projectiles will always de-
flect 10 the left, when fired any direction except directly
cast or wesl.

3-24. Yes. Imagining the ball of the pendulum to be a projec:
tile deflecting 1o the right on cach swing gives it the ro-
tation we observe.

XXV

-
-




PART ONE

PART TWO

PART THREE

PART FOUR

PART FIVE

BRIEF CONTENTS
_____ I

DISCOVERING THE SCIENCE OF ASTRONOMY 1

Chapter 1 Beyond the Blue Horizon: A Grand Tour of the Universe 3
Chapter 2 Science and Pseudoscience 17
Chapter 3 Astronomical Observations: Angles and Errors 34

Chapter 4 Basic Observations and Interpretations of the Sky 45
Chapter 5 The Historical Quest to Model the Solar System 70

DISCOVERING THE NATURE AND EVOLUTION
OF THE SOLAR SYSTEM 97
Chapter 6 The Structure and Formation of the Solar System 99
Chapter 7 The Smallest Bodies of the Solar System:
Comets, Minor Planets, and Meteorites 120
Chapter 8 The Earth and the Moon 143
Chapter 9 The Earth-Like Planets 176
Chapter 10 The Jovian Planets and Pluto 205

DISCOVERING THE TECHNIQUES OF ASTRONOMY 235

Chapter 11 The Nature of Light 237
Chapter 12 Telescopes: Our Eyes of Discovery 253
Chapter 13 Spectra: The Key to Understanding the Universe 274

DISCOVERING THE NATURE AND EVOLUTION OF STARS 295

Chapter 14  Understanding Stellar Spectra 297

Chapter 15  The Observed Properties of Normal Stars 318

Chapter 16  The Sun and Stars: Their Energy Sources and Structure 339
Chapter 17 Star Formation and Evolution to the Main Sequence 365
Chapter 18  Stellar Evolution after the Main Sequence 385

Chapter 19  Cataclysmic Astronomy 407

DISCOVERING THE NATURE AND EVOLUTION OF GALAXIES
AND THE UNIVERSE 433

Chapter 20  The Milky Way: Our Galaxy 435

Chapter 21 Galaxies 466

Chapter 22 Peculiar and Unusual Extragalactic Objects 496
Chapter 23  The Origin and Evolution of the Universe 516

APPENDICES A1
GLOSSARY G1
CREDITS <1
INDEX I




CONTENTS

.

T AR T

DISCOVERING THE SCIENCE OF ASTRONOMY
1

CHAPTER 1

BEYOND THE BLUE HORIZON:
A GRAND TOUR
OF THE UNIVERSE 3

1.1 OURVIEW OF THE COSMOS 4
Astronomy Uses Large and Small Numbers

1.2 THE SOLAR SYSTEM 6
The Earth-like Planets
The Giant Planets
The Star of the Solar System
The Outer Reaches of the Solar System
Are There Planets around Other Stars?

1.3  STARS, GALAXIES, AND BEYOND 9
Star Forination
Stellar Evolution
Clusters of Stars
Galaxies
Clusters of Galaxies

1.4 WHERE DOES ASTRONOMY GO FROM
HERE?> 13

CHAPTER 2

SCIENCE AND PSEUDOSCIENCE 17

2.1 AN EXPEDITION TO EARTH (WITH
APOLOGIES TO ARTHUR C. CLARKE) 18

2.2 ASTRONOMY AS AN OBSERVATIONAL
SCIENCE 21
The Process of Doing Astronomy
The Astronomer’s Challenge
The Astronomical “Time Machine”

2.3 THE EXPLOSION OF KNOWLEDGE IN THE
TWENTIETH CENTURY 24
The “Game” of Science
From Idea to Textbook—How Science Proceeds

2.4 HOWTO TELLTHE SHEEP FROM THE
GOATS 27
Is the Hypothesis at Risk?
Don’t Confuse Me with the Facts
Simple Answers to Complex Problems
Playing the Underdog
Conspiracy Theories
Playing on Fear and Emotion
Do They Do Research?
For Whom Do They Write?

2.5 DO NEW IDEAS THROW
OUT THE OLD?> 30
Concluding Thoughts

CHAPTER 3

ASTRONOMICAL OBSERVATIONS:
ANGLES AND ERRORS 34

3.1 ANGLES AND ANGULAR
MEASUREMENT 35

3.2 ANGLES ON THE CELESTIAL SPHERE 36

3.3 THE RELATIONSHIP BETWEEN TRUE AND
APPARENT SIZE 37
Solar Eclipses

3.4 MEASUREMENT UNCERTAINTY IN
SCIENCE 39
Precision and Accuracy
Random Errors
Systematic Errors




3.5 SYSTEMATIC ERRORS IN ASTRONOMY:

THE KAPTEYN UNIVERSE 41

O  DISCOVERY 3-1
MEASURING YOUR ROOM 43

CHAPTER 4

BASIC OBSERVATIONS AND
INTERPRETATIONS OF THE SKY

41 EARLY OBSERVATIONS OF THE SKY 46

4.2 EARLY GREEK OBSERVATIONS:
THE ROUND EARTH 48

43 THE OBSERVED MOTIONS
OF THE SKY 50
The Celestial Sphere and the Pole Star
A Model of the Sky

44 THE MOTION OF THE SUN 53
The Diurnal Motion
The Motion of the Sun with Respect
to the Stars
Solar and Sidereal Days

45 THE REASONS FOR THE SEASONS 55

4.6 THE LOCATION OF STARS ON THE
CELESTIAL SPHERE 56

Precession

47 THE MOTION AND PHASES
OF THE MOON 57
The Motion of the Moon
The Phases of the Moon
Eclipses

4.8 THE MOTIONS OF THE PLANETS 61
4.9 HOW STARS GET THEIR NAMES 63

410 THE BRIGHTNESS OF STARS 63

APPENDIX:
OBSERVING HINTS AND
THE USE OF STAR CHARTS 64
Brightness of Stars
Observing the Stars in the Northern Part
of the Sky
The Northern Sky in September
The Northern Sky at Other Times of Year

CONTENTS

45

Observing the Rest of the Sky:
Using the Star Maps

CHAPTER 5

THE HISTORICAL QUEST TO MODEL
THE SOLAR SYSTEM 70

5.1

5.2

5.3

5.4

DD

5.6

5.7

GREEK ASTRONOMY 71

What the Greeks Inherited

Aristarchus of Samos

Eratosthenes

Hipparchus

Other Deductions of the Greek Astronomers:
The Distances of the Planets

The Apparent Motions of the Planets
Relative to the Stars

The Geocentric Model of the Solar System

The Hypothesis of Circular Motion

Ptolemy

ASTRONOMY DURING THE
MIDDLE AGES 76

THE HELIOCENTRIC HYPOTHESIS 77
Copernicus

Tycho Brahe

Johannes Kepler

KEPLER'S LAWS OF
PLANETARY MOTION 81

THE SEARCH FOR

UNDERLYING LAWS 82

Galileo

Newton

Newton’s Law of Gravity

Weight

Momentum

Newton’s Form of Kepler’s Third Law
Successes of Newton'’s Laws

PROOF OF THE HELIOCENTRIC
HYPOTHESIS 88

OBSERVATIONAL EVIDENCE
OF THE EARTH’'S ROTATION 90
Foucault Pendulum
Coriolis Effects:
Additional Evidence for a Spinning Earth

DISCOVERY 5-1
WEIGHTLESSNESS 92



CONTENTS

Y'Y - o

DISCOVERING THE NATURE AND EVOLUTION
OF THE SOLAR SYSTEM

CHAPTER 6

THE STRUCTURE AND FORMATION
OF THE SOLAR SYSTEM 99

6.1 AN OVERVIEW OF THE
SOLAR SYSTEM 100

6.2 ORBITAL REGULARITIES IN THE
SOLAR SYSTEM 103

6.3 THE DISTRIBUTION OF ANGULAR
MOMENTUM IN THE SOLAR SYSTEM 104

6.4 HYPOTHESES OF THE ORIGIN OF THE
SOLAR SYSTEM 105
A Simple Hypothesis That Does Not Work
The Nebular Hypothesis
Collision Hypotheses
Additional Hypotheses

6.5 MODERN IDEAS 107
Energy and Solar System Formation
The Nebular Hypothesis Revisited and Improved
The Role of Dust Grains in Planet Formation
Refinements of the Theory
Leftover Odds and Ends
The Angular Momentum Problem
Which Hypothesis of Solar System Formation
is Preferred?
Model Solar Systems

6.6 DO OTHER STARS HAVE PLANETS? 115

O  DISCOVERY 6-1
A SCALE MODEL OF THE
SOLAR SYSTEM 117

CHAPTER 7

THE SMALLEST BODIES OF THE
SOLAR SYSTEM: COMETS, MINOR
PLANETS, AND METEORITES 120

71 COMETS 121
The Structure of Comets
The Dirty Snowball Model

Orbits of Comets
The Oort and Kuiper Comet Clouds
Recent Spacecraft Studies of Comets

7.2 MINOR PLANETS 126
Characteristics of the Minor Planets
Orbits of the Minor Planets
The Trojans and the Kirkwood Gaps
Why Are the Minor Planets So Small?
Chemical Composition

7.3 METEORS, METEOR SHOWERS,
AND METEORITES 129
Meteorite Craters
Did an Asteroid or Comet Impact Send the
Dinosaurs into Extinction?
Meteor Showers

7.4 INTERPLANETARY DUST 133

7.5 METEORITES AND THE

EARLY SOLAR SYSTEM 134

Chemical Composition

Internal Structure

The Origin of Meteorites

Meteorite Dating

Did a Supernova Explosion Trigger the Formation
of Our Solar System?

O  DISCOVERY 7-1
ASTEROID BRIGHTNESS VARIATIONS 138

CHAPTER 8

THE EARTH AND THE MOON 143

8.1 THE EARTH AS AN
ASTRONOMICAL BODY 144
Determination of Basic Properties

8.2 THE EARTH'S INTERIOR 146
Seismic Studies
Plate Tectonics
The Source of Heat in the Interior

8.3 THE EARTH'S SURFACE 150
Rock Types, Processes, and Ages




