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PREFACE

A reflection nebula, NGC 1333 in the
constellation Perseus, imaged in the
infrared with the Spitzer Space Tele-
scope and displayed in false color. The
blue-green shows shock waves in the
gas, and the red shows glowing dust.

Xiv

stronomy continues to flourish. The pair of Keck 10-meter-diameter telescopes in

Hawaii and the quartet of 8-meter-diameter telescopes in Chile called the Very
Large Telescope are among the instruments used to make important discoveries from
mountaintop observatories. Still larger telescopes are on the drawing board, including
the Thirty Meter Telescope (formerly called the California Extremely Large Telescope)
and a European effort known, astonishingly, as the Overwhelmingly Large Telescope,
though its 100-meter size may merit the name. The Hubble Space Telescope sends
down exciting data all the time, though we worry about its future and about a gap
before the James Webb Space Telescope is launched. The latest space observatories
transmit images made with gamma rays, with x-rays, and with infrared radiation. The
overall structure of the Universe is being mapped and analyzed, with catalogues of
millions of objects being compiled. Cosmology has become a mathematical, and even
a statistical, science. Further, new electronic instruments and computer capabilities,
new space missions to Solar-System objects, and advances in computational astron-
omy and in theoretical work will continue to bring forth exciting results.

In The Cosmos: Astronomy in the New Millennium, we describe the current state of
astronomy, both the fundamentals of astronomical knowledge that have been built up
over decades and the incredible advances that are now taking place. We want simply
to share with you the excitement and magnificence of the Universe.

We try to cover all the branches of astronomy without slighting any of them; each
teacher and each student may well find special interests that are different from our
own. One of our aims in writing this book is to educate citizens in the hope that they
will understand the value and methods of scientific research in general and astronom-
ical research in particular.

In writing this book, we share the goals of a commission of the Association of
American Colleges, whose report on the college curriculum stated, “A person who
understands what science is recognizes that scientific concepts are created by acts of
human intelligence and imagination; comprehends the distinction between observa-
tion and inference and between the occasional role of accidental discovery in scientific
investigation and the deliberate strategy of forming and testing hypotheses; under-
stands how theories are formed, tested, validated, and accorded provisional accep-
tance; and discriminates between conclusions that rest on unverified assertion and
those that are developed from the application of scientific reasoning.” The scientific
method permeates the book.

What is science? The following statement was originally drafted by the Panel on
Public Affairs of the American Physical Society, in an attempt to meet the perceived
need for a very short statement that would differentiate science from pseudoscience.
This statement has been endorsed as a proposal to other scientific societies by the
Council of the American Physical Society, and was endorsed by the Executive Board of
the American Association of Physics Teachers:

Science is the systematic enterprise of gathering knowledge about the world and
organizing and condensing that knowledge into testable laws and theories. The success
and credibility of science is anchored in the willingness of scientists to:

1. Expose their ideas and results to independent testing and replication by other
scientists; this requires the complete and open exchange of data, procedures,
and materials;



2. Abandon or modify accepted conclusions when confronted with more complete or
reliable experimental evidence. Adherence to these principles provides a mechanism
for self-correction that is the foundation of the credibility of science.

Our book, through the methods it describes, should reveal this systematic enterprise
of science to the readers.

Because one cannot adequately cover the whole Universe in a few months, we have
therefore had to pick and choose topics from within the various branches of astron-
omy, while trying to describe a wide range, to convey the spirit of contemporary
astronomy and of the scientists working in it. Our mix includes much basic astron-
omy and many of the exciting topics now at the forefront.

Organization

The Cosmos: Astronomy in the New Millennium is organized in an Earth-outward
approach. Chapter 1 gives an overview of the Universe. Chapters 2 and 3 present,
respectively, fundamental astronomical concepts about light, matter, and energy; and
the various types of telescopes used to explore the electromagnetic spectrum. In Chap-
ter 4, we discuss easily observed astronomical phenomena and the celestial sphere.
Some professors prefer to take up that material at the very beginning of the course or
at other points, and there is no problem with doing so.

Chapter 5 examines the early history of the study of astronomy. Chapters 6
through 8 cover the Solar System and its occupants, although an in-depth discussion
of the Sun is reserved for later, in Chapter 10. Chapter 6 compares Earth to the Moon
and Earth’s nearest planetary neighbors, Venus and Mars. Based largely on the Voy-
ager, Galileo, and Cassini data, Chapter 7 compares and contrasts the Jovian gas/lig-
uid giants—Jupiter, Saturn, Uranus, and Neptune. Chapter 8 looks at the outermost
part of the Solar System, including Pluto and its moon, Charon; the chapter also spot-
lights comets and meteoroids, the Solar System’s vagabonds. Chapter 9 discusses the
formation of our own Solar System and describes the exciting discovery of over 160
planets around other stars.

Chapter 10 discusses the Sun, our nearest star. Moving outward, Chapters 11
through 14 examine all aspects of stars. Chapter 11 begins by presenting observational
traits of stars—their colors and types—and goes on to show how we measure their
distances, brightnesses, and motions. It also discusses binary stars, variable stars, and
star clusters, in the process showing how we derive stellar masses and ages. Chapter 12
answers the question of how stars shine and reveals that all stars have life cycles. Chap-
ter 13 tells what happens when stars die and describes some of the peculiar objects
that violent stellar death can create, including neutron stars and pulsars. Black holes,
the most bizarre objects to result from star death, are the focus of Chapter 14.

As we explore further, Chapter 15 describes the parts of the Milky Way Galaxy and
our place in it. Chapter 16 pushes beyond the Milky Way to discuss galaxies in general,
the fundamental units of the Universe, and evidence that they consist largely of dark
matter. Ways in which we are studying the evolution of galaxies are also described.
Chapter 17 looks at quasars, distant and powerful objects that are probably gigantic
black holes swallowing gas in the central regions of galaxies.

Chapters 18 and 19 consider the ultimate questions of cosmological creation by
analyzing recent findings and current theories. Evidence for an accelerating expansion
of the Universe, possibilities for the overall geometry and fate of the Universe, ripples
in the cosmic background radiation, the origin and phenomenally rapid early growth
of the Universe, and the idea of multiple universes are among the fascinating (and
sometimes very speculative) topics explored. Lastly, Chapter 20 discusses the always-
intriguing search for extraterrestrial intelligence.
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An artist's conception of the James
Webb Space Telescope, whose launch
is now planned by NASA for 2013.
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Saturn's rings, viewed from the Cassini
spacecraft.

Features

The Cosmos: Astronomy in the New Millennium offers instructors a short text with
concise coverage over a wide range of astronomical topics. An early discussion of the
scientific method stresses its importance in the verification of observations. The text
presents up-to-date coverage of many important findings and theories as well as the
latest images, including observations of Jupiter and Saturn from the Cassini-Huygens
mission (including the landing on Titan), close-up observations of Mars, images from
the impact of Deep Impact on a comet in 2005, infrared images of stars in formation
and of gas near them, and coverage of the 2005 total solar eclipse.

We provide, as well, a sampling of the many significant findings from the Hubble
Space Telescope. Many images from the Chandra X-ray Observatory and the Spitzer
Space Telescope also appear, as do results from the Swift spacecraft that is monitoring
gamma-ray bursts, among the most powerful and violent phenomena in the Universe.
Of particular interest is the recent advance in our understanding of the age and
expansion of the Universe, both through better measurements of the current expan-
sion rate and through discussion of the conclusion that the Universe’s expansion is
speeding up with time. We also present the recent exciting measurements that allow
astronomers to determine the overall geometry of the Universe and the long-ago ori-
gin of its structure through detailed observations of the cosmic background radiation.

Origins

The study of our origins, whether it be ourselves as humans, our Earth as a planet, our
Sun as a star, or our Galaxy as a whole, is as interesting to many of us as it is to look at
our own baby pictures. Most of us have gazed at the stars and wondered how they
came to be and what their relationship to us is. NASA has chosen Origins as one of its
major themes for the organization of its missions and has several spacecraft planned
in the Origins program discussed later in Chapter 1. We emphasize the study of ori-
gins in this text, first by singling out specifics on the first page of each chapter and
then by dealing with a variety of relevant material in the text itself.

Pedagogy
Mixed in the book we have five kinds of features:

1. People in Astronomy. Each of these interviews presents a notable contemporary
astronomer engaged in conversation about a variety of topics: current and future
work in astronomy, what led that person to study and pursue astronomy as a
career, and why learning about astronomy is an important scientific and human
endeavor. We hope that you enjoy reading their comments as much as we enjoyed
speaking with them and learning about their varied interests and backgrounds.

2. Star Parties. An occasional feature that shows students how to find things in the
sky. These include observing exercises and links to the star maps that appear on
the inside covers of the book.

3. Figure It Out. In some astronomy courses, it may be appropriate to elaborate on
equations. Because we wrote The Cosmos: Astronomy in the New Millennium to be
a descriptive presentation of modern astronomy for liberal arts students, we kept
the use of mathematics to a minimum. However, we recognize that some instruc-
tors wish to introduce their students to more of the mathematics associated with
astronomical phenomena. Consequently, we provide mathematical features, num-
bered so they can be assigned or not, at the instructor’s option.



4. Lives in Science. These boxes provide biographies of important historical figures
like Copernicus and Galileo.

5. A Closer Look. Using these boxes, students can further explore interesting topics,
such as size scales in the Universe, observing with large telescopes, various celes-
tial phenomena, mythology, and naming systems. We are pleased to supply some
exciting close-ups of Mars, Titan, and a comet, based on 2005’s spacecraft spec-
taculars.

We have provided aids to make the book easy to read and to study from. New
vocabulary is boldfaced in the text and in the expanded summaries that are given in
context at the end of each chapter, and defined in the glossary. The index provides
further aid in finding explanations. An expanded set of end-of-chapter questions cov-
ers a range of material and includes some that are straightforward to answer from the
text and others that require more thought. Appendices provide some information on
planets, stars, constellations, and nonstellar objects. The exceptionally beautiful sky
maps by Wil Tirion (inside the covers of the book) will help you find your way around
the sky when you go outside to observe the stars. Be sure you do.

Recent educational research has shown that students often need to unlearn incor-
rect ideas in order to understand the correct ones. We have thus placed a list of such
“Misconceptions,” including common incorrect ideas and the correct alternatives, on
the book’s website. The book’s website also has a list of many relevant URLs from the
World Wide Web.

The Cosmos, 3rd edition, website (http://astronomy.brookscole.com/cosmos3) is
updated frequently with links to information and photographs from a wide variety of
sources. Students will find multiple-choice self-tests and other useful information. A
section for professors, for which a password is required, provides various download-
able teaching aids, including most of this book’s images. Both professors and students
have access to news updates and new web links. Updates also appear at this book’s
other website at http://www.solarcorona.net. Each professor and each student should
frequently look at these updates and links, which are organized in chapter order. Thus
the updates should be checked for each lecture and each chapter read.

Ancillary Materials

Available to those who adopt this book are the following ancillaries:

Online Instructor’s Manual with Test Bank

This resource manual, updated for The Cosmos, 3rd edition, contains the answers to
all questions in the book. Additional instructor resources include suggested course syl-
labi, listings of main concepts, lists of relevant DVDs and other audiovisual resources,
and a complete test bank with answers. It is available exclusively for download from
the password-protected Instructor’s Website.

Multimedia Manager Instructor’s Resource CD

Almost all the photos and drawings from the text are available for professors to use in
lecturing, supplied both as jpg images and as PowerPoint slides. The Multimedia Man-
ager Instructor’s Resource CD gives instructors a quick way to assemble art, photos,
and multimedia with notes for their lectures. In addition to the images from The Cos-
mos, 3rd edition, the Multimedia Manager includes a collection of Active Figure ani-
mations and additional simulations. Preformatted PowerPoint™ presentations have

Jay M. Pasachoff collection

NASA, ESA, A. Bolton (Harvard-Smithsonian CFA) and the SLACS team
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been assembled for each text. It is easy to modify the PowerPoint™ presentations
using the normal Microsoft” PowerPoint™ program. Also, the simple interface sup-
plied on the CD provides an alternate way for professors to incorporate graphics, digi-
tal video, animations, and audio clips into lectures.

“Clicker Systems”: JoinIn™ on TurningPoint®

“Clicker Systems,” or “personal-response systems,” are increasingly popular ways for
students to provide feedback during lectures and for faculty to provide, in turn, feed-
back to students about their comprehension. Thomson Brooks/Cole now offers you
book-specific JoinIn™ content for Response Systems specifically tailored to The Cos-
mos, 3rd edition. The system allows an instructor to assess students’ progress with
instant in-class quizzes and polls. Our publisher’s exclusive agreement to offer Turn-
ingPoint” software lets instructors pose book-specific questions and display students’
answers seamlessly within Microsoft” PowerPoint™ slides, in conjunction with the
“clicker” hardware of an instructor’s choice. For college and university adopters only.
Instructors should contact their local Thomson representatives to learn more.

Transparency Acetates

One hundred twenty-five overhead transparency acetates containing art from The Cos-
mos, 3rd edition, including twenty-five new to this edition, are available upon request.

ExamView® Computerized Testing

Create, deliver, and customize tests and study guides (both print and online) in min-
utes with this easy-to-use assessment and tutorial system. ExamView offers both a
Quick Test Wizard and an Online Test Wizard that guide instructors step-by-step
through the process of creating tests, while “WYSIWYG” capability allows instructors
to see the test being created on the screen exactly as it will print or display online.
Instructors can build tests of up to 250 questions using up to 12 question types. Using
ExamView’s complete word-processing capabilities, instructors can enter an unlimited
number of new questions or edit existing questions.

WebCT/Now Integration or Blackboard/Now Integration

Instructors can integrate the conceptual testing and multimedia tutorial features of
AceAstronomy™ within a familiar WebCT/Blackboard environment by packaging the
text with this special access code. Instructors can assign the AceAstronomy™ materials
and have the results flow automatically to a WebCT/Blackboard grade book, creating a
robust online course. Students access AceAstronomy™ via their WebCT/Blackboard
course, without using a separate user name or password. For college and university
adopters only. Instructors should contact their local Thomson representatives to learn
more.

AceAstronomy™

This book is integrated with AceAstronomy™, an assessment-centered learning tool
for astronomy. Seamlessly tied to The Cosmos, 3rd edition, through Active Figures
(interactive animations of art from the text), this learning tool is web-based and is
included with every new copy of most versions of the book. This interactive resource
helps students gauge their individual study needs, then gives them a Personalized
Learning Plan that focuses their study time on the concepts they most need to master.



By providing students with a better understanding of exactly what they need to focus
on, AceAstronomy™ has the potential of helping students make the optimal use of
their study time.

Virtual Astronomy Labs

Automatically bundled at no additional cost with new copies of most versions of the
text, the Virtual Astronomy Labs are an online, interactive way for students to learn.
Focusing on twenty of the most important concepts in astronomy, the labs offer stu-
dents hands-on exercises that complement the topics in the text. Instructors can set
up classes online and view student results, or students can print their lab reports for
submission, making the Virtual Astronomy Labs useful for homework assignments,
lab exercises, or extra-credit work.

Planetarium CD-ROMs

Instructors can elect to have a CD-ROM of either Starry Night™ or TheSky Student
Edition™ packaged with the textbook at no additional charge. The RedShift College
Edition CD is available to bundle for an additional fee. Workbooks with exercises and
examples are also available for TheSky™ and RedShift™. Contact your local sales rep-
resentative for complete details.

Pasachoft’s Peterson Field Guide to the Stars and Planets is a suggested accompani-
ment for those wanting monthly star maps, star charts, and other detailed observing
aids. See http://www.solarcorona.com. Quarterly star maps appear on the inside cov-
ers in The Cosmos, 3rd edition.

The Cosmos Website

Adopters of The Cosmos, 3rd edition, have access to a rich array of teaching and learn-
ing resources at the book’s web page (http://astronomy.brookscole.com /cosmos3).
This site features chapter-by-chapter online tutorial quizzes, chapter outlines, chapter
reviews, chapter-by-chapter web links, flashcards, a collection of common student
misconceptions, and more. These items are available to qualified adopters. Please con-
sult with your local sales representative for details. For more information about these
ancillaries, visit the web page above or contact your local Brooks/Cole sales represen-
tative by e-mail at tl.support@thomson.com, by phone at 800-423-0563, or by fax at
859-647-5020. See the web page above for forms to order instructors’ sample copies.
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A Grand Tour of the Heavens

stronomy is in a golden age, filled with the excitement of new discoveries and a
deeper understanding of the Universe, our home—and what an enthralling uni-
verse it is!

We have explored most of the planets in the Solar System, revealing an astonish-
ingly wide variety of terrains and moons. We have discovered planets orbiting other
stars, increasing our confidence that life exists elsewhere. We have solved many of the
mysteries surrounding stellar birth and death, revealing among other things how the
chemical elements inside our bodies, like calcium and oxygen, formed inside stars.
With the Hubble Space Telescope, the Chandra X-ray Observatory, and the Spitzer
Space Telescope we are examining galaxies shortly after their birth, deducing impor-
tant clues to the origin and evolution of our own Milky Way Galaxy.

We have witnessed explosions of stars halfway across the visible Universe whose
power is so tremendous that it rivals a galaxy containing ten billion normal stars.
Indeed, we are lucky that none have recently occurred too close to Earth, for we
wouldn’t survive. We have detected black holes—strange objects whose gravitational
pull is so strong that nothing, not even light, can escape. And, most recently, we have
found strong evidence that what we thought was “empty space” actually contains a
dark, gravitationally repulsive kind of energy that is causing the Universe to expand
faster and faster with time. The origin of this “dark energy” is a complete mystery, but
an understanding of it may revolutionize physics.

The study of astronomy enriches our view of the Universe and fills us with awe,
increasing our appreciation of its sheer grandeur and beauty. We hope that your stud-
ies will inspire you to ask questions about the Universe all around us and show you
how to use your detective skills to search for the answers. Get ready for a thrilling voy-
age unlike any that you’ve ever experienced!

Ace @»Astrnnumyw The AceAstronomy icon throughout this text indicates an opportunity for you

to test yourself on key concepts and to explore animations and interactions of the AceAstronomy
website at http://astronomy.brookscole.com/cosmos3

Saturn, imaged from the Cassini spacecraft, which went into orbit around that planet in
2004. This false-color view shows a storm, known as the “Dragon Storm,” in Saturn’s
clouds and, at right, detail in Saturn’s rings. Methane gas shows as red, so the clouds at
right are under a lot of methane and are therefore low in Saturn’s atmosphere.
NASA/JPL/Space Science Institute

ORIGINS .

We comment on “Origins” and
“Structure and Evolution” as
organizing themes.

AIMS 5

1. Survey the Universe and the
methods astronomers use to
study it (Sections 1.1, 1.2,
1.4).

2. Learn the measurement units
used by astronomers (Section
1.1).

3. See how the sky looks in dif-
ferent seasons (Section 1.3).

4. Understand the value of
astronomy to humans (Section
1.5).

5. Assess the scientific method
and show how pseudoscience
fails scientific tests (Sections
1.6, 1.7).
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CHAPTER 1 A Grand Tour of the Heavens

M FIGURE 1-1 A sense of time.

1.1 Peering through the Universe:
A Time Machine

Astronomers have deduced that the Universe began almost 14 billion years ago. Let us
consider that the time between the origin of the Universe and the year 2006, or 14 bil-
lion years, is compressed into one day. If the Universe began at midnight, then it
wasn’t until slightly after 4 p.m. that the Earth formed; the first fossils date from 6
p-m. The first humans appeared only 2 seconds ago, and it is only 1/300 second since
Columbus landed in America. Still, the Sun should shine for another 9 hours; an
astronomical timescale is much greater than the timescale of our daily lives (M Fig. 1-1).

One fundamental fact allows astronomers to observe what happened in the Uni-

verse long ago: Light travels at a finite speed, 300,000 km /sec (equal to 186,000 miles
per second), or nearly 10 trillion km per year. As a result, if something happens far
away, we can’t know about it immediately. Light from the Moon takes about a second
to reach us (1.3 seconds, more precisely), so we see the Moon as it was roughly one
second ago. Light from the Sun takes about eight minutes to reach us. Light from the
nearest of the other stars takes over four years to reach us; we say that it is over four
“light-years” away. Once we look beyond the nearest stars, we are seeing much farther
back in time (see Figure It Out 1.1: Keeping Track of Space and Time).

The Universe is so vast that when we receive light or radio waves from objects
across our home, the Milky Way Galaxy (a collection of hundreds of billions of stars
bound together by gravity), we are seeing back tens of thousands of years. Even for the
most nearby other galaxies, light has taken hundreds of thousands, or even millions,
of years to reach us. And for the farthest known galaxies, the light has been travelling
to us for billions of years. New telescopes on high mountains and in orbit around the
Earth enable us to study these distant objects much better than we could previously.
When we observe these farthest objects, we see them as they were billions of years ago.
How have they changed in the billions of years since? Are they still there? What have
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Keeping Track of Space and Time

hroughout this book, we shall generally use the met-
Tric system, which is commonly used by scientists.
The basic unit of length, for example, is the meter, which
is equivalent to 39.37 inches, slightly more than a yard.
Prefixes are used (Appendix 1) in conjunction with the
word “meter,” whose symbol is “m,” to define new units.
The most frequently used prefixes are “milli-,” meaning
1/1000, “centi-,” meaning 1/100, “kilo-,” meaning 1000
times, and “mega-,” meaning one million times. Thus 1
millimeter is 1/1000 of a meter, or about 0.04 inch, and a
kilometer is 1000 meters, or about 5/8 of a mile.

As we describe in Figure It Out 1.2: Scientific Nota-
tion, we keep track of the powers of 10 by which we mul-
tiply 1 m by writing the number of tens we multiply
together as an exponent; 1000 m (1000 meters), for
example, is 10° m, since 1000 has 3 zeros following the 1
and thus represents three tens multiplying each other.

The standard symbol for “second” so km /s is
kilometers per second. (We will generally use “sec” in this
book for added clarity.) Astronomers measure mass in kilo-
grams (kg), where each kilogram is 10° grams (1000 g).

We can keep track of distance not only in the metric
system but also in units that are based on the length of
time that it takes light to travel. The speed of light is,
according to Einstein’s special theory of relativity, the
greatest speed that is physically attainable for objects trav-
elling through space. Light travels at 300,000 km/sec
(186,000 miles/sec), so fast that if we could bend it

«_ »

is s,

How Do We Study Things We Can't Touch?

enough, it would circle the Earth over 7 times in a single
second. (Such bending takes place only near a black hole,
though; for all intents and purposes, light goes straight
near the Earth.)

Even at that fantastic speed, we shall see that it would
take years for us to reach the stars. Similarly, it has taken
years for the light we see from stars to reach us, so we are
really seeing the stars as they were years ago. Thus, we are
looking backward in time as we view the Universe, with
distant objects being viewed farther in the past than
nearby objects.

The distance that light travels in a year is called a
light-year; note that the light-year is a unit of length rather
than a unit of time even though the term “year” appears
in it. It is equal to 9.53 x 10'? km (nearly 10 trillion
km)—an extremely large distance by human standards.

A “month” is an astronomical time unit, based on
the Moon’s orbit, and a “year” is an astronomical time
unit, based on the Earth’s orbit around the Sun. The
measurement of time itself is now usually based on
processes in atoms, which are used to define the second.
So the second from atomic timekeeping is slightly differ-
ent from the second that we think of as a sixtieth of a
minute, which is a sixtieth of an hour, which is a twenty-
fourth of a day, which is based on the rotation of the
Earth on its axis. For some purposes, weird stars called
pulsars keep the most accurate time in the Universe. In
this book, when we are talking about objects billions of
years old, it won’t matter precisely how we define the sec-
ond or the year.
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they evolved into? The observations of distant objects that we make today show us
how the Universe was a long, long time ago— peering into space, we watch a movie of
the history of the Universe, allowing us to explore and eventually understand it.

Building on such observations, astronomers use a wide range of technology to
gather information and construct theories to learn about the Universe, to discover
what is in it, and to predict what its future will be. This book will show you how we
look, what we have found, and how we interpret and evaluate the results.

1.2- How Do We Study Things
We Can’t Touch?

The Universe is a place of great variety—after all, it has everything in it! At times,
astronomers study things of a size and scale that humans can easily comprehend: the
planets, for instance. Most astronomical objects, however, are so large and so far away
that we have trouble grasping their sizes and distances. Many of these distant objects
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Scientific Notation

n astronomy, we often find ourselves writing numbers
Ithat have strings of zeros attached, so we use what is
called either scientific notation or exponential notation to
simplify our writing chores. Scientific notation helps pre-
vent making mistakes when copying long strings of num-
bers, and so aids astronomers (and students) in making
calculations.

In scientific notation, which we use in A Closer Look
1.1: A Sense of Scale, included in this chapter, we merely

When a number is not an integer power of 10, we
divide it into two parts: a number between 1 and 10, and
an integer power of 10. Thus the number 3645 is written
as 3.645 x 10°. The exponent shows how many places the
decimal point was moved to the left.

We can represent numbers between zero and one by
using negative exponents. A minus sign in the exponent
of a number means that the number is actually one
divided by what the quantity would be if the exponent
were positive. Thus 1072 = 1/10? = 1/100 = 0.01. Instead
of working with 0.00256, for a further example, we would
move the decimal point three places to the right and

write 2.56 x 1077,

Powers of 1000 beyond kilo- (a thousand) are mega-
(a million), giga- (a billion), tera- (a trillion), peta-, exa-,
zetta-, and yotta-. It has been suggested, not entirely seri-
ously, to use groucho- and harpo-, after two of the Marx
Brothers, for the next prefixes.

count the number of zeros, and write the result as a super-
script to the number 10. Thus the number 100,000,000, a
1 followed by 8 zeros, is written 108. The superscript is
called the exponent. (In spreadsheets, like Microsoft Excel,
the exponent is written after a caret, A, as in 10A8.) We
also say that “ten is raised to the eighth power.”

are fascinating and bizarre—ultra-dense pulsars that spin on their axes hundreds of
times per second, exploding stars that light up the sky and incinerate any planets
around them, giant black holes with a billion times the Sun’s mass.

In addition to taking photographs of celestial objects, astronomers break down an
object’s light into its component colors to make a spectrum (see Chapter 2), much
like a rainbow (M Fig. 1-2). Today’s astronomers, thanks to advances in telescopes and
in devices to detect the incoming radiation, study not only the visible part of the spec-
trum, but also its gamma rays, x-rays, ultraviolet, infrared, and radio waves. We use
telescopes on the ground and in space to observe astronomical objects in almost all
parts of the spectrum. Combining views in the visible part of the spectrum with stud-
ies of invisible radiation gives us a more complete idea of the astronomical object we
are studying than we could otherwise have (M Fig. 1-3). Regardless of whether we are
looking at nearby or very distant objects, the techniques of studying in various parts of
the spectrum are largely the same.

B FIGURE 1-2 The visible spectrum,
light from the Sun spread out in a
band. The dark lines represent missing
colors, which tell us about specific ele-
ments in space or in the Sun absorbing
those colors.

National Optical Astronomy Observatories/Kitt Peak

B FIGURE 1-3 Objects often look
very different in different parts of the
spectrum. @ The double cluster, two
adjacent groups of stars, imaged from
the ground in visible light. @ One of
the clusters imaged from space with
the Chandra X-ray Qbservatory. Colors
show images made in different parts of
the x-ray spectrum.

© Robert Gendler 2004

Nancy Evans, Scott Wolk, Fred Seward, Tom
Barnes, Scott Kenyon, and Jay Pasachoff,

NASA/CXC/SAO



European Southern Observatory

Peter Michaud, Gemini Observatory

Nasa Chandra X-ray Observatory Center/SAQ

B FIGURE 1-6 (left) The center of the Crab Nebula, the remnant of a star that exploded almost 1000
years ago, in visible light. This highly detailed image was taken with the Very Large Telescope in Chile.
(right) An x-ray image of the heart of the Crab Nebula taken with the Chandra X-ray Observatory. The
image reveals tilted 1-light-year rings of material lighted by electrons flowing from the central pulsar,
plus jets of gas extending perpendicular to the rings.

The tools that astronomers use are bigger and better than ever. Giant telescopes
on mountaintops collect visible light with mirrors as large as 10 meters across (M Fig.
1-4). Up in space, above Earth’s atmosphere, the Hubble Space Telescope sends back
very clear images (M Fig. 1-5). Many faraway objects are seen as clearly with Hubble
as those closer to us appear with most ground-based telescopes. This accomplishment
enables us to study a larger number of distant objects in detail. (The ground-based
astronomers are developing methods of seeing very clearly, too, over limited areas of
the sky.) The Chandra X-ray Observatory produces clear images of a wide variety of
objects using the x-rays they emit (M Fig. 1-6).

1.3 Finding Constellations in the Sky

When we look outward into space, we see stars that are at different distances from us.
But our eyes don’t reveal that some stars are much farther away than others of roughly
the same brightness. People have long made up stories about groups of stars that
appear in one part of the sky or another. The major star groups are called constella-
tions. These constellations were given names, occasionally because they resembled
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M FIGURE 1-4 Near the twin 10-m
Keck telescopes

© on Mauna Kea volcano in
Hawaii. Note the Milky Way above the
Gemini North Telescope. A consortium
of universities is planning to make the
Giant Magellan Telescope, to be erected
in Chile, out of several mirrors this size
in order to have the equivalent of a 21-
meter-diameter telescope.

ESA/NASA, ESO, and Danny LaCru

M FIGURE 1-5 An image of part of
a small, neighboring galaxy to our own,
the Tarantula Nebula in the Large Mag-
ellanic Cloud. It was taken with the
Hubble Space Telescope and a European
Southern Qbservatory ground-based
telescope. It was mosaicked and
processed by a 23-year-old amateur
astronomer using publicly available
software. Shock waves from exploding
stars have compressed the gas into the
visible filaments and sheets.
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B FIGURE 1-7 The stars we see as a
constellation are actually at different
distances from us. In this case, we see
the true relative distances of the stars
in the "W" of Cassiopeia, as determined
from the Hipparcos spacecraft. The
stars' appearance projected on the sky
is shown in the upper part.

something (for example, Scorpius, the Scorpion), but mostly to honor a hero or other
subject of a story.

The International Astronomical Union put the scheme of constellations on a defi-
nite system in 1930. The sky was officially divided into 88 constellations (see Appen-
dices) with definite boundaries, and every star is now associated with one and only
one constellation. But the constellations give only the directions to the stars, and not
the stars’ distances. Individual stars in a given constellation generally have quite differ-
ent distances from us (M Fig. 1-7); these stars aren’t physically associated with each
other, and they were born at different times and locations.

Thus, the constellations show where things appear to be in the sky, but not what
they are like or what they are made of. In most of this book, you will study the “how
and why” of astronomy, not merely where things are located or what they are called.
Still, it can be fun to look up at night and recognize the patterns in the sky.

Some groupings of stars are very familiar to many people but are not actually con-
stellations. These configurations, made of parts of one or more constellations, are
known as asterisms. The Big Dipper, for example, is an asterism but isn’t a constella-
tion, since it is but part of the constellation Ursa Major (the Big Bear). As we will see
further in Chapter 4, some asterisms and constellations are sufficiently close to the
celestial north pole in the sky that they are visible at all times of year, as seen from the
United States. The Big Dipper is an example. But other asterisms and constellations,
farther from celestial north, are visible at night for only part of the year. Let us now
survey some of the prominent asterisms and constellations that you can see in each
season; see also Star Party 1.1: Using the Sky Maps.

Ace@‘AstrnnnmyTM Log into AceAstronomy and select this chapter to see the Active Figure
called "Constellations from Different Latitudes.”

1.3a The Autumn Sky

As it grows dark on an autumn evening, you will see the Pointers in the Big
Dipper—the two end stars—point upward toward Polaris. Known as the “north
star,” Polaris is not one of the brightest or nearest stars in the sky, but is well known
because it is close to the direction of the celestial north pole. As we will see in Chapter
4, that means it uniquely appears almost motionless in the sky over the night, and
provides a bearing that can help you get safely out of the woods. Almost an equal dis-
tance on the other side of Polaris is a “W”-shaped constellation named Cassiopeia
(M Fig. 1-8). In Greek mythology, Cassiopeia was married to Cepheus, the king of
Ethiopia (and the subject of the constellation that neighbors Cassiopeia to the west).
Cassiopeia appears sitting on a chair.

As we continue across the sky away from the Pointers, we come to the constella-
tion Andromeda, who in Greek mythology was Cassiopeia’s daughter. In Andromeda,
on a very dark night you might see a faint, hazy patch of light; this is actually the cen-
ter of the nearest large galaxy to our own, and is known as the Great Galaxy in
Andromeda, or the Andromeda Galaxy. Though it is one of the nearest galaxies, about
2.4 million light-years away, it is much farther away than any of the individual stars
that we see in the sky, since they are all in our own Milky Way Galaxy.

Southwest in the sky from Andromeda, but still high overhead, are four stars that
appear to make a square known as the Great Square of Pegasus. One of the corners of
this asterism is actually in the constellation Andromeda.

If it is really dark outside (which probably means that you are far from a city and
also that the Moon is not full or almost full), you will see the hazy band of light
known as the “Milky Way” crossing the sky high overhead, passing right through Cas-
siopeia. This dim band with ragged edges, which marks the plane of our disk-shaped
galaxy (see Chapter 16), has many dark patches that make rifts in its brightness.
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B FIGURE 1-8 The constellation
Cassiopeia is easily found in the sky
from its distinctive "W" shape.

ASIDE 1.1: Observing
the sky

Amateur astronomers often
hold viewing sessions informally
known as “star parties” during
which they observe celestial
objects. Likewise, the occasional
“Star Party” boxes in this text
highlight interesting observa-
tions that you can make.
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Star Pal‘ty 1.1 Using the Sky Maps

Because of Earth’s motion around the Sun over the course
of a year, the parts of the sky that are “up” after dark
change slightly each day. A given star rises (and crosses the
meridian, or highest point of its arc across the sky) about 4
minutes earlier each day. By the time a season has gone by,
the sky has apparently slipped a quarter of the way around
at sunset as the Earth has moved a quarter of the way
around the Sun in its yearly orbit. Some constellations are
lost in the afternoon and evening glare, while others have
become visible just before dawn.

In December of each year, the constellation Orion crosses
the meridian at midnight. Three months later, in March,
when the Earth has moved through one quarter of its orbit
around the Sun, the constellation Virgo crosses the meridian
at midnight, when Orion is setting. Orion crosses the merid-
ian at sunset (that is, 6 hours earlier than in December
—consistent with 4 minutes/day X 90 days = 360 minutes
= 6 hours). Another three months later, in June, Orion
crosses the meridian an additional 6 hours earlier—that is,
at noon. Hence, it isn’t then visible at night. Instead, the
constellation Ophiuchus crosses the meridian at midnight.

Because of this seasonal difference, inside the front and
back covers of this book we have included four Sky Maps,
one of which is best for the date and time at which you are
observing. Suitable combinations of date and time are marked.
Note also that if you make your observations later at night, it
is equivalent to observing later in the year. Two hours later
at night is the same as shifting over by one month.

Hold the map above your head while you are facing
north or south, as marked on each map, and notice where
your zenith is in the sky and on the map. The horizon for
your latitude is also marked. Try to identify a pattern in the

brightest stars that you can see. Finding the Big Dipper, and
using it to locate the pole star, often helps you to orient
yourself. Don’t let any bright planets confuse your search for
the bright stars—knowing that planets usually appear to
shine steadily instead of twinkling like stars (see Chapter 4)
may assist you in locating the planets.

Come back and look at Sections 1.3a—d at the appropriate
time of year—even after you have finished with this course.

The Changing View of the Night Sky

To Virgo

Direction viewed

at midnight Direction viewed

—» at sunset (to Orion)

Orbit of

Earth Earth

(rotating)

To Orion ~
(overhead
at midnight)

{
To Ophiuchus

(overhead
at midnight)
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M FIGURE 1-9 Johann Bayer, in
1603, used Greek letters to mark the
brightest stars in constellations; he also
used lower-case Latin letters. Here we
see Cassiopeia, which has a lot more
detail in the image than the arrange-
ment of stars in the previous image.

Moving southeast from Cassiopeia, along the Milky Way, we come to the constel-
lation Perseus; he was the Greek hero who slew the Medusa. (He flew off on Pegasus,
the winged horse, who is conveniently nearby in the sky, and saw Andromeda, whom
he saved.) On the edge of Perseus nearest to Cassiopeia, with a small telescope or
binoculars we can see two hazy patches of light that are really clusters of hundreds of
stars called “open clusters,” a type of grouping we will discuss in Chapter 11. This
“double cluster in Perseus,” also known as h and ) (the Greek letter “chi”) Persei,
provides two of the open clusters that are easiest to see with small telescopes. (They
already appeared in Figure 1-3.) In 1603, Johann Bayer assigned Greek letters to the
brightest stars and lower-case Latin letters to less-bright stars (M Fig. 1-9), but in this
case the system was applied to name the two clusters as well.

Along the Milky Way in the other direction from Cassiopeia (whose “W” is rela-
tively easy to find), we come to a cross of bright stars directly overhead. This “North-
ern Cross” is an asterism marking part of the constellation Cygnus, the Swan (M Fig.
1-10). In this direction, spacecraft detect x-rays whose brightness varies with time,
and astronomers have deduced in part from that information that a black hole is
located there. Also in Cygnus is a particularly dark region of the Milky Way, called the
northern Coalsack. Dust in space in that direction prevents us from seeing as many
stars as we see in other directions of the Milky Way.

Slightly to the west is another bright star, Vega, in the constellation Lyra (the
Lyre). And farther westward, we come to the constellation Hercules, named for the
mythological Greek hero who performed twelve great labors, of which the most
famous was bringing back the golden apples. In Hercules is an older, larger type of
star cluster called a “globular cluster,” another type of grouping we will discuss in
Chapter 11. It is known as M13, the great globular cluster in Hercules. It resembles a
fuzzy mothball whether glimpsed with the naked eye or seen with small telescopes;
larger telescopes have better clarity and so can reveal the individual stars.

1.3b The Winter Sky

As autumn proceeds and winter approaches, the constellations we have discussed
appear closer and closer to the western horizon for the same hour of the night. By
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early evening on January 1, Cygnus is setting in the western sky, while Cassiopeia and
Perseus are overhead.

To the south of the Milky Way, near Perseus, we can now see a group of six stars
close together in the sky (M Fig. 1-11). The tight grouping tends to catch your atten-
tion as you scan the sky. It is the Pleiades (pronounced “plee’a-deez”), traditionally
the Seven Sisters of Greek mythology, the daughters of Atlas. (We can usually see six
stars with the unaided eye now, so either one of the stars has faded over the millennia
or it was never visible and the association with the Pleiades myth was loose.) These
stars are another example of an open cluster of stars. Binoculars or a small telescope
will reveal dozens of stars there, whereas a large telescope will ordinarily show too
small a region of sky for you to see the Pleiades well. So a bigger telescope isn’t always
better.

Farther toward the east, rising earlier every evening, is the constellation Orion, the
Hunter (M Fig. 1-12). Orion is perhaps the easiest constellation of all to pick out in
the sky, for three bright stars close together in a line make up its belt. Orion is ward-
ing off Taurus, the Bull, whose head is marked by a large “V” of stars. A reddish star,
Betelgeuse (“bee’tl-juice” would not be far wrong for pronunciation, though some say
“beh’tl-jouz”), marks Orion’s armpit, and symmetrically on the other side of his belt,
the bright bluish star Rigel (“rye’jel”) marks his heel. Betelgeuse is an example of a red
supergiant star; it is hundreds of millions of kilometers across, far bigger itself than
the Earth’s orbit around the Sun!

Orion’s sword extends down from his belt. A telescope, or a photograph, reveals a
beautiful region known as the Great Nebula in Orion, or the Orion Nebula. Its general
shape can be seen in even a smallish telescope; however, only photographs clearly
reveal the vivid colors that long telescopic exposure show—though whether it is red-
dish or greenish in an image depends on what kind of film is used. It is a site where
new stars are forming right now, as you read these words.

Rising after Orion is Sirius, the brightest star in the sky. Orion’s belt points directly
to it. Sirius appears blue-white, which indicates that its surface is very hot. Sirius is so
much brighter than the other stars that it stands out to the naked eye. It is part of the
constellation Canis Major, the Big Dog. (You can remember that it is near Orion by
thinking of it as Orion’s dog.)
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B FIGURE 1-10 The Northern Cross,
composed of the brightest stars in the
constellation Cygnus, the Swan. Deneb,
also called alpha () Cygni; gamma (y)
Cygni; and beta (8) Cygni make the
long bar; epsilon, gamma, and delta
Cygni make the crossbar. The bright star
Vega, in Lyra, is nearby. Also marked is
the bright star Altair, in Aquila, the
Eagle. These stars lie in the Milky Way,
which shows clearly on the image.

© Robert Gendler 2004

B FIGURE 1-11 The Pleiades, the
Seven Sisters, in the constellation Tau-
rus, the Bull. It is a star cluster, and
long exposures like this one show dust
around the stars reflecting starlight,
preferentially the bluish colors. When
the Pleiades and the Hyades, another
star cluster, rose just before dawn,
ancient peoples in some parts of the
world knew that the rainy season was
about to begin.
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B FIGURE 1-12 The constellation
Orion, marked by reddish Betelgeuse,
bluish Rigel, and a belt of three stars in
the middle. The Orion Nebula is the
reddish object below the belt. It is M42
on the Winter Sky Map at the end of
the book. Sirius, the brightest star in
the sky, is to the lower left of Orion in
this view.
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ASIDE 1.2: A capital idea

When we refer to our Milky Way
Galaxy, we say “our Galaxy” or
“the Galaxy” with an upper-case
“G.” When we refer to other
galaxies, we use a lower-case

“ o

g.

B FIGURE 1-13 The Milky Way—the
band of stars, gas, and dust that marks
the plane of our disk-shaped Galaxy—is
easily recognized in a dark sky. It is
shown here with Halley's Comet (left,
middle, with a tail) passing by.

Akira Fujii

Back toward the top of the sky, between the Pleiades and Orion’s belt, is a group of
stars that forms the “V”-shaped head of Taurus. This open cluster is known as the
Hyades (“hy’a-deez”). The stars of the Hyades mark the bull’s face, while the stars of
the Pleiades ride on the bull’s shoulder. In a Greek myth, Jupiter turned himself into a
bull to carry Europa over the sea to what is now called Europe.

1.3c The Spring Sky

We can tell that spring is approaching when the Hyades and Orion get closer and
closer to the western horizon each evening, and finally are no longer visible shortly
after sunset. Now Castor and Pollux, a pair of equally bright stars, are nicely placed for
viewing in the western sky. Castor and Pollux were the twins in the Greek Pantheon of
gods. The constellation is called Gemini, the twins.

On spring evenings, the Big Bear (Ursa Major) is overhead, and anything in the
Big Dipper—which is part of the Big Bear—would spill out. Leo, the Lion, is just to
the south of the overhead point, called the zenith (follow the Pointers backward). Leo
looks like a backward question mark, with the bright star Regulus, the lion’s heart, at
its base. The rest of Leo, to the east of Regulus, is marked by a bright triangle of stars.
Some people visualize a sickle-shaped head and a triangular tail.

If we follow the arc made by the stars in the handle of the Big Dipper, we come to
a bright reddish star, Arcturus, another supergiant. It is in the kite-shaped constella-
tion Bootes, the Herdsman.

Sirius sets right after sunset in the spring; however, a prominent but somewhat
fainter star, Spica, is rising in the southeast in the constellation Virgo, the Virgin. It is
farther along the arc of the Big Dipper through Arcturus. Vega, a star that is between
Sirius and Spica in brightness, is rising in the northeast. And the constellation Her-
cules, with its notable globular cluster M13, is rising in the east in the evening at this
time of year.

1.3d The Summer Sky

Summer, of course, is a comfortable time to watch the stars because of the generally
warm weather. Spica is over toward the southwest in the evening. A bright reddish
star, Antares, is in the constellation Scorpius, the Scorpion, to the south. (“Antares”
means “compared with Ares,” another name for Mars, because Antares is also reddish.)

Hercules and Cygnus are high overhead, and the star Vega is prominent near the
zenith. Cassiopeia is in the northeast. The center of our Galaxy is in the dense part of
the Milky Way that we see in the constellation Sagittarius, the Archer, in the south
(W Fig. 1-13).

Around August 12 every summer is a wonderful time to observe the sky, because
that is when the Perseid meteor shower occurs. (Meteors, or “shooting stars,” are not
stars at all, as we will discuss in Chapter 8.) In a clear, dark sky, with not much moon-
light, one bright meteor a minute may be visible at the peak of the shower. Just lie
back and watch the sky in general—don’t look in any specific direction. The rate of
meteors tends to be substantially higher after midnight than before midnight, since
our part of Earth has then turned so that it is plowing through space, crossing through
the paths of pebbles and ice chunks that streak through the sky as they heat up.
Although the Perseids is the most observed meteor shower, partly because it occurs at
a time of warm weather in the northern part of the country, many other meteor show-
ers occur during various parts of the year.

The summer is a good time of year for observing a prime example that shows that
stars are not necessarily constant in brightness. This “variable star,” Delta Cephei,
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appears in the constellation Cepheus, which is midway between Cassiopeia and
Cygnus. Delta Cephei varies in brightness with a 5.4-day period. As we will see in
Chapters 11 and 16, studies of its variations have been important for allowing us to
measure the distances to galaxies. This fact reminds us of the real importance of
studying the sky—which is to learn what things are and how they work, and not just
where they are. The study of the sky has led us to better understand the Universe,
which makes astronomy beautiful and exciting to so many people.

AcesyAstronomy™ Log into AceAstronomy and select this chapter to see the Active Figure
called "Constellations in Different Seasons."

1.4 How Do You Take a Tape Measure
to the Stars?

It is easy to see the direction to an object in the sky but much harder to find its dis-
tance. Astronomers are always seeking new and better ways to measure distances of
objects that are too far away to touch. Our direct ability to reach out to astronomical
objects is limited to our Solar System. We can send people to the Moon and spacecraft
to the other planets. We can even bounce radio waves off the Moon, most of the other
planets, and the Sun, and measure how long the radio waves’ round trip takes to find
out how far they have travelled. The distance (d) travelled by light or by an object is
equal to the constant rate of travel (its speed v) multiplied by the time (f) spent travel-
ling (d = vt).

Once we go farther afield, we must be more ingenious. Repeatedly in this book,
we will discuss ways of measuring distance. For the nearest hundreds of thousands of
stars, we have recent results from a spacecraft that showed how much their apparent
position shifts when we look at them from slightly different angles (see Chapter 11).
For more distant stars, we find out how far away they are by comparing how bright
they actually (intrinsically) are and how bright they appear to be. We often tell their
intrinsic brightness from looking at their spectra (Chapter 11), though we will also see
other methods.

Once we get to galaxies other than our own, we will see that our methods are even
less precise. For the nearest galaxies, we search for stars whose specific properties we
recognize. Some of these stars are thought to be identical in type to the same kinds of
stars in our own Galaxy whose intrinsic brightnesses we know. Again, we can then
compare intrinsic brightness with apparent brightness to give distance. For the far-
thest galaxies, as we shall discuss in Chapter 16, we find distances using the 1920s dis-
covery that shifts in color of the spectrum of a galaxy reveal how far away it is. Of
course, we continue to test these methods as best we can, and some of the most excit-
ing investigations of modern astronomy are related to the determination of distances.
For example, one of the Hubble Space Telescope’s Key Projects has been devoted to
finding distances of galaxies, and has made good progress toward resolving a long-
term controversy over the size and age of the Universe.

1.5 The Value of Astronomy
1.5a The Grandest Laboratory of All

Throughout history, observations of the heavens have led to discoveries that have had
a major impact on people’s ideas about themselves and the world around them. Even

11

ASIDE 1.3: Broken
conversation

If we were carrying on a con-
versation by radio with some-
one at the distance of the
Moon, there would be pauses
of noticeable length after we
finished speaking before we
heard an answer. This is
because radio waves, even at
the speed of light, take over a
second to travel each way.
Astronauts on the Moon have
to get used to these pauses
when their messages travel by
radio waves to people on Earth.
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A Closer Look @ 11

Let us try to get a sense of scale of the Universe, starting
with sizes that are part of our experience and then expand-

A square 100 times larger on
each side is now 1 kilometer
square, about 250 acres. An aer-
ial view of Boston shows how
big this is.

Joseph Distefano, City of Boston, and

Abrams Aerial Survey Corp

A SENSE OF SCALE:
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10 cm = 100 mm

A square 100 times larger on
each side is 10 centimeters x 10
centimeters. (Since the area of a
square is the length of a side
squared, the area of a 10 cm
square is 10,000 times the area
of a 1 mm square.) The area
encloses a flower.

100 km = 10°m

The next square, 100 km on a
side, encloses the cities of Boston
and Providence. Note that
though we are still bound to the
limited area of the Earth, the
area we can see is increasing
rapidly.

MEASURING DISTANCES

Jay M. Pasachoff

NASA

ing toward the enormously large. Imagine a series of cubes,
of which we see one face (a square).

10 m = 1000 cm

Here we move far enough away
to see an area 10 meters on a
side, with Muhammad Ali tri-
umphant.

10,000 km = 10'm

A square 10,000 km on a side
covers nearly the entire Earth.
We see the southwestern United
States, through the clouds, and
northwestern Mexico, including
the Baja California peninsula.

Neil Leifer for Sports lllustratred; © AOL Time Warner, Inc.

NASA
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1,000,000 km = 10°m = 3.3 It sec

When we have receded 100
times farther, we see a square
100 times larger in diameter: 1
million kilometers across. It
encloses the orbit of the Moon
around the Earth. We can meas-
ure with our wristwatches the
amount of time that it takes
light to travel this distance.

- Oort clotd

- Pluto's orbit "

N
Kuiper belt . |

10® m = 38 It days

From 100 times farther away, 1
trillion km across, we see Pluto
and other small, planet-like bod-
ies in the Kuiper belt. At even
larger distances from the Sun,
the Oort cloud is a vast collec-
tion of comets. We have not yet
reached the scale at which
another star besides the Sun

is in a cube of this size.

© NASA/JPL/Caltech Insets

10" m = 5.5 It min

When we look on from 100
times farther away still, we see
an area 100 million kilometers
across, 2/3 the distance from the
Earth to the Sun. We can now
see the Sun and the two inner-
most planets in our field of view.

Barnard's

t
Star o Sun

« Centauri

[ ]
~ Proxima

Centauri

Lalande 21185

Wolf 359

10" m =101t yr

As we continue to recede from
the Solar System, the nearest
stars finally come into view. We
are seeing an area 10 light-years
across, which contains only a
few stars, most of whose names
are unfamiliar (see the Appen-
dices). The brightest stars tend to
be intrinsically very powerful,
but more distant than these dim,
nearby stars.

Saturn image: NASA/JPL/Space Science Institute

Axel Mellinger, Universitat Potsdam
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10°m =91t hr

An area 10 billion kilometers
across shows us the entire Solar
System in good perspective. It
takes light about 10 hours to
travel across the Solar System.
The outer planets have become
visible and are receding into the
distance as our journey outward
continues.

10" m = 10’ It yr

By the time we are 100 times
farther away, we can see a 1000
light-year fragment of our Galaxy,
the Milky Way Galaxy. We see
not only many individual stars
but also many clusters of stars
and many “nebulae”—regions

of glowing, reflecting, or opaque
gas or dust.

(box continued next page)
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A SENSE OF SCALE: MEASURING DISTANCES (continued)

Margaret Geller and John Huchra, Harvard Smithsonian

Hubble Heritage Team (AURA/STScl/NASA)
Center for Astrophysics

Hubble Heritage Team (AURA/STScl/NASA)

10" m= 10"t yr 10" m = 10" It yr 10" m = 10° It yr
In a field of view 100 times Next we move sufficiently far If we could see a field of view
larger in diameter, 100,000 light- away so that we can see an area 100 times larger, 1 billion light-
years across, we would be able to 10 million light-years across. years across, our Local Group of
view our entire Milky Way There are about as many cen- galaxies would appear as but
Galaxy, with its spiral arms, in timeters across this image as part of a supercluster—a cluster
one go. (The picture shown is a there are grains of sand in all of of galaxy clusters. The image
Hubble image of a galaxy similar Earth's beaches. The image shows shows a mapping of a wedge of
to ours.) part of a cluster of galaxies; our the Universe centered on Earth
Galaxy is in such a grouping, the and containing hundreds of
Local Group. thousands of galaxies.

NASA COBE Science Team; X-ray Observatory Center/SAQ

We have even detected radiation from the Universe's earliest years. This map of
the whole sky shows a slight difference in the Universe's temperature in opposite
directions (Chapter 19), resulting from our Sun's motion. In more detailed maps,
we are seeing the seeds from which today's clusters of galaxies grew. A combina-
tion of radio, ultraviolet, x-ray, and optical studies, together with theoretical
work and experiments with giant atom smashers on Earth, is allowing us to
explore the past and predict the future of the Universe.

1.37 x 10*m = 1.37 x 10" It yr

the dawn of mathematics may have stemmed from ancient observations of the sky,
made in order to keep track of seasons and seasonal floods in the fertile areas of the
Earth. Observations of the motions of the Moon and the planets, which are free of
such complicating terrestrial forces as friction and which are massive enough so that
gravity dominates their motions, led to an understanding of gravity and of the forces
that govern all motion.

The regions of space studied by astronomers serve as a cosmic laboratory where
we can investigate matter or radiation, often under conditions that we cannot duplicate
on Earth (M Fig. 1-14). These studies allow us to extend our understanding of the
laws of physics, which govern the behavior and evolution of the Universe.

A new importance has been given to astronomy by the realization that large aster-
oids and comets have hit the Earth every few tens of millions of years with enough
power to devastate our planet. We shall see in Chapter 8 how the dinosaurs and many
other species were extinguished 65 million years ago by an asteroid or comet, accord-
ing to a theory that has become widely favored. All those movies about asteroids and
comets on collision courses with Earth aren’t entirely science fiction!

Many of the discoveries of tomorrow—perhaps the control of nuclear fusion or
the discovery of new sources of energy, or maybe even something so revolutionary



NASA/Goddard Space Flight Center, courtesy of Joe Gurman; SOHO is a joint project of NASA and the

European Space Agency

Naval Research Laboratory and NASA/SOHO is a joint project of NASA and the European Space Agency
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that it cannot now be predicted—will undoubtedly be based on advances made
through such basic research as the study of astronomical systems. Considered in this
sense, astronomy is an investment in our future.

The impact of astronomy on our conception of the Universe has been strong
through the years. Discoveries that the Earth is not at the center of the Universe, or
that the Universe has been expanding for billions of years, affect our philosophical
conceptions of ourselves and of our relations to space and time.

Yet most of us study astronomy not for its technological and philosophical bene-
fits but rather for its beauty and inherent interest. We must stretch our minds to
understand the strange objects and events that take place in the far reaches of space.
The effort broadens us and continually enthralls us all. Ultimately, we study astron-
omy because of its fascination and mystery.

1.5b Origins

It is always fun to look at our own childhood pictures. Similarly, astronomers are
increasingly looking at the baby pictures of the Universe and of various types of
objects in it. NASA has made its “Origins” program a centerpoint of its strategy for
investigation. Under this program, many scientists will use spacecraft, telescopes on
Earth, computers, and just plain clear thought to study all kinds of origins: the origin
of the Universe, of our Galaxy, of stars (M Fig. 1-15), of the Sun, of our Earth and the
elements in it, and of life itself—maybe someday not only life here on Earth but also
on one of the planets around other stars that are being discovered at an increasing
rate. After all, we now know of more planets outside our Solar System than we do
inside, a big change in our view that occurred in the past decade.

NASA’s Origins program has three official major scientific goals: (1) to under-
stand how galaxies formed early in the Universe and to determine the role of galaxies
in the emergence of planetary systems and life; (2) to understand how stars and plan-
etary systems form and to determine whether life-sustaining planets exist around
other stars; and (3) to understand how life originated on Earth and to determine
whether it began and may still exist elsewhere as well. Existing or planned missions
relevant to the Origins program include the Hubble Space Telescope, the Spitzer Space
Telescope, the Keck Interferometer on Mauna Kea (interferometers are ways of linking
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M FIGURE 1-14 The Sun is made
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of

plasma, a strange stage of matter that

is gas so hot that it is ionized and su

b-

ject to magnetic fields. Here we see an
eruption on the Sun's edge that occurred
in 2004. The images are from the Solar

and Heliospheric Observatory (SOHO).

© Animage in the helium radiation

that occurs in gas at temperatures
around 60,000 K, showing the solar
chromosphere. @ An image with a

“coronagraph” showing gas at tempera-
tures of millions of degrees. The coron-

agraph blocks not only the ordinary

solar disk, whose size is shown with a
white circle, but also the inner corona,
in order to limit scattering in the tele-

scope that would fog the image.

NASA/JPL-Caltech

B FIGURE 1-15 A giant cloud of

gas and dust, with thousands of stars

forming. The view, with false color to
bring out different wavelengths of

infrared radiation, was taken with the

Spitzer Space Telescope. It shows the

Tarantula Nebula in the Large Magel-
lanic Cloud. See Figure 1-5 for an opti-

cal view.
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ASIDE 1.4: NASA roadmap

The NASA “roadmap” for the
structure and evolution of the
Universe theme is “Beyond Ein-
stein: From the Big Bang to
Black Holes.” NASA’s former
Physics and Astronomy Division
is now the Universe Division.

ASIDE 1.5: Grammatical note

Note that “data” is a plural
word; the singular form is
“datum,” a distinction not
always followed these days.

several telescopes together, as we shall see in Chapter 4, making them equivalent for
some purposes to a single, huge telescope), various Mars missions, a Europa mission,
and the airplane known as the Stratospheric Observatory for Infrared Astronomy
(SOFIA).

Specific near-future space missions that are part of the Origins program are the
Space Interferometry Mission and the Webb Space Telescope. In the longer term, per-
haps two decades away, NASA is planning the Terrestrial Planet Finder, a telescope or
set of telescopes in space that is to allow imaging of small planets like our own. The
goal of the Terrestrial Planet Finder is to detect directly small, rocky planetary com-
panions to other stars as well as to study spectra rich in features from molecules that
might indicate the habitability of any planets that are discovered.

Another major theme of NASA’s scientific investigations is Structure and Evolu-
tion. In this book, you will learn about the structure of the Solar System, of our
Galaxy, and of space. You will learn the life stories of stars, and see how different kinds
of stars evolve. And you will learn about the evolution of the Universe as a whole.

In this book, we will make these themes explicit as the central organizing struc-
ture. In particular, we will try to point out the links to Origins—to our Universe’s
childhood pictures— on a chapter-by-chapter basis.

1.6 What Is Science?

Science is not merely a body of facts; it is also a process of investigation. The standards
that scientists use to assess their ideas and to decide which to accept—in some sense,
those that are “true”—are the basis of much of our technological world. One of the
guiding principles of science is that results should be reproducible; that is, other scien-
tists should be able to get essentially the same result by repeating the same experiment
or observation. Science is thus a self-checking way of carrying out investigations.

Though acceptable scientific investigations are actually carried out in many ways,
there is a standard model for the scientific method. In this standard model, one first
looks at a body of data and makes educated guesses as to what might explain them. An
educated guess is a hypothesis. Then one thinks of consequences that would follow if
the hypothesis were true and tries to carry out experiments or make observations that
test the hypothesis. If, at any time, the results are contrary to the hypothesis, then the
hypothesis is discarded or modified. (There may, though, be other assumptions that
could be modified or discarded instead, because they are inappropriate. Also, one
needs to check for experimental or observational errors.) If the hypothesis passes its
tests and is established in some basic framework or set of equations, it can be called a
theory.

If the hypothesis or theory survives test after test, it is accepted as being “true.”
Still, at any time a new experiment or observation could show it was false after all.
This process of “falsification,” being able to find out if a hypothesis or theory is false, is
basic to the definition of science formulated by a leading set of philosophers of science.

Sometimes, you see something described as a “law” or a “principle” or a “fact.”
“Laws of nature”—like Kepler’s laws of planetary motion, Newton’s laws of motion, or
Newton’s law of gravitation (see Chapter 5)—are actually descriptions of how nature
behaves, and they might in fact be incorrect. Newton used the word “law” (in Latin)
over three hundred years ago. The words “law” and “principle” are historical usages
associated with certain basic theories. Scientists consider something a “fact” when it is
so well established that it would be extremely unlikely that it is incorrect.

What is an example of the scientific method? Albert Einstein advanced a theory in
1916 to explain how gravity works. (It was developed so completely that it was far
beyond a hypothesis.) His “general theory of relativity” was based on mathematical
equations he worked out from some theoretical ideas. His result turned out to explain



Why Is Science Far Better Than Pseudoscience?

some observations of the orbit of Mercury (the orbit’s elliptical shape slowly rotates
with time) that had been puzzling up to that time, though this hadn’t been Einstein’s
motivation. Still, its basic tests lay ahead.

Einstein’s theory predicted that starlight would appear to be bent by a certain
amount if it could be observed to pass very near the Sun. Such bending would be visi-
ble only during a total solar eclipse, when the sky was dark but the Sun was still pres-
ent in the sky. The theory seemed so important that expeditions were made to total
solar eclipses to test it. When the first telegram came back that the strange prediction
of Einstein’s theory had been verified, the theory was quickly accepted. Successful pre-
dictions are usually given more weight than mere explanations of already known facts
(M Fig. 1-16). Einstein immediately gained a worldwide reputation as a great scientist.
The theory’s nearly complete acceptance by the scientific community was established
as viable alternatives could not be found.

Most of the time, though, the scientific method does not work so straightfor-
wardly. We can consider, for example, our understanding of how the stars shine. Until
the 1930s, it was thought that the Sun got its energy from its contracting gas, but this
idea seemed wrong, because it could not explain how the Sun could be as old as rocks
on Earth whose ages we measured. (Presumably the Sun and Earth formed nearly
simultaneously.) Then scientists suggested that nuclear fusion—the merging of 4
hydrogen nuclei to make a single helium nucleus, in particular—could provide the
energy for the Sun to live 10 billion years (see Chapter 12), and even worked out the
detailed ways in which the hydrogen could fuse. Thus a theory of nuclear energy as a
source of power for the Sun and stars exists. But how could it be tested? The observed
properties of a wide variety of stars around the Universe fit, in several ways, with the
deductions of the theory. Still, a direct test had to wait.

Over the last thirty years, measurements have finally been made of individual sub-
atomic particles called “neutrinos” that should be given off as the fusion process takes
place. Neutrinos from fusion in the Sun were indeed measured, but only at one-third
to one-half the rate expected, as we will describe in Chapter 12. Had our main theory
of stellar energy failed? No, because explanations were discovered for why some of the
neutrinos may not reach us in a detectable form. No physicists doubt that the Sun and
stars get their energy from nuclear fusion, so our theory of the properties of neutrinos
themselves is changing. Thus the astronomical study of neutrinos from the Sun has
led to important changes in the most basic ideas of physics.

So the “scientific method” isn’t cut-and-dried. But it does demand a rigor and
honesty in scientific testing. The standards in science are high, especially those of evi-
dence, and we hope that this book will provide enough examples to enable you to
form an accurate impression of how the process actually works.

1.7- Why Is Science Far Better
Than Pseudoscience?

Though science is itself fascinating, too many people have beliefs that may seem
related to science but either have no present verification or are false. Such beliefs, such
as astrology or the idea that UFOs (unidentified flying objects) are now definitely
bringing aliens from other planets, are pseudoscience rather than science. (“Pseudo”
means that something is not authentic or sincere, in spite of it looking somewhat real.)

Astrology is not at all connected with astronomy, except in a historical context
(they had similar origins, and hence the same root), so it does not really deserve a
place in a text on astronomy. But since so many people incorrectly associate astrology
with astronomy, and since astrologers claim to be using astronomical objects to make
their predictions, let us use our knowledge of astronomy and of the scientific method

Copyright © 1919 by The New York Times Co. Reprinted by permission.
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Stars Not Where They Seemed
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but Nobody Need Worry.
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No More in All the World Could I
Comprehend it, Said Einsteln When
His Daring Publishers Accepted It.

Special Cable to THE NEW Yo K TIMES,

IANDON, Nov. 0.—Efforts made to
put in werds intelligible to the non-
eclentific public the Einstein theory of
light proved by the celipse expedition
B0 far have not heen very successful. The
fiew theory was discussed at a recent
meeting of the ltoyal Society and Royal
Astronomieal Society, Sir Joseph Thom-
son. Presidont of the Eoval Society, de-
vlares it 1s pot pozsible to put Elnstein's
theory Into realld intell'gible words, wet
at the same time Thomson adds:

*The results of tie eclipse expedition
demonstrating that the mmys of light
from the stars are bent or defleciced
from thelr normal course by other aerial
bodies acting upon them and con-
s=quently the inference that light has|
weight form a most important con-
tribution to the laws of gravity given us
alpce Newton laid down his principles.”

Thompson states that the differcnce
between theorics of Newton and those of
Einstein are Infinitesimal in a pcopular|
sense, and as they are purely mathe-
matical and ean only be expressed in
strictly scicnulfic terms it i3 uzeless to|
endeavor to ::ail them for the man in
the, street.

B FIGURE 1-16 This report was one
of the early descriptions of general rel-
ativity's success that captured the pub-
lic's fancy. From The New York Times of
November 10, 1919.
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M FIGURE 1-17 Twelve constella-
tions through which the Sun, Moon,
and planets pass make up the zodiac.

ASIDE 1.6: Too little
knowledge

In 2003, it was reported that
hundreds of thousands of chil-
dren in India could be para-
lyzed by polio because their
parents are unknowledgeably
rejecting the vaccine.

M FIGURE 1-18 The symbols for the
constellations of the zodiac shown on
the historic 15th-century astronomical
clock in Prague.

to assess astrology’s validity. Millions of Americans—a number that shows no signs of
decreasing—believe in astrology as more than just a source of amusement, so the
topic is too widespread to ignore.

Astrology is an attempt to predict or explain our actions and personalities on the
basis of the positions of the stars and planets now and at the instants of our births.
Astrology has been around for a long time, but it has never definitively been shown to
work. Believers may cite incidents that reinforce their faith in astrology, but statistical
measurements do not compellingly show a real effect. If something happens to you that
you had expected because of an astrological prediction, you would more certainly notice
that this event occurred than you would notice the thousands of unpredicted things
that also happened to you that day. Yet we do enough things, have sufficiently varied
thoughts, and interact with enough people that if we make many predictions, some of
them are likely to be at least partially fulfilled by chance. We simply forget the rest.

In fact, even the traditional astrological alignments are not accurately calculated,
for the Earth’s pole points in different directions in space as time passes over millen-
nia. In truth, stars are overhead at different times of year compared with the case mil-
lennia ago, when the astrological tables that are often still in current use were com-
puted. At a given time of year, the Sun is usually in a different sign of the zodiac from
its traditional astrological one (M Fig. 1-17). Further, we know that the constellations
are illusions; they don’t even exist as physical objects. They are merely projections of
the positions of stars that are at very different distances from us.

Studies have shown that superstition actively constricts the progress of science and
technology in various countries around the world and is therefore not merely an inno-
cent force. It is not just that some people harmlessly believe in astrology; their lack of
understanding of scientific structure may actually impede the training or work of peo-
ple needed to solve the problems of our age, such as AIDS, pollution, food shortages,
and the energy crisis.

In addition to the lack of evidence corroborating astrological predictions, one
minor reason why scientists in general and astronomers in particular doubt astrology
is that they cannot conceive of a way in which it could possibly work. The human
brain is so complex that it seems most improbable that any celestial alignment can
affect people, including newborns, in an overall way. The celestial forces that are
known are not sufficient to set personalities or influence daily events. Any unknown
force must have truly remarkable properties to exert any noticeable effect on humans.

Let us mention a specific study showing that astrology doesn’t work, one in which
a psychologist tested certain values. Do Libras and Aquarians rank “Equality” highly?
Do Sagittarians especially value “Honesty”? Do Virgos, Geminis, and Capricorns treas-
ure the quality “Intellectual”? Several astrology books agreed that these and other sim-
ilar examples are values typical of those signs. Although believers often criticize the
objections of skeptics on the grounds that these “group horoscopes” are not as valu-
able or accurate as individualized charts, surely some general assumptions and rules
hold in common, as claimed in newspaper horoscope columns. (Signs of the zodiac
appear in M Fig. 1-18.)

The subjects, 1600 psychology graduate students, did not know in advance what
was being tested. They gave their birth dates, and the questioners determined their
astrological signs. The results: no special correlation with the values they were sup-
posed to hold was apparent for any of the signs. Also, when asked to what extent they
shared the qualities of each given sign, as many subjects ranked themselves above
average as below, regardless of their astrological signs.

From an astronomer’s view, astrology is meaningless, unnecessary, and impossible
to explain without contradicting the broad set of physical laws that we have developed
and tested over the years and that very well explains what happens on the Earth and in
the sky. Astrology snipes at the roots of all pure science. Let’s learn from the stars, but
let’s learn the truth.



Science is more than just a set of facts, since a methodology of investigation and
standards of proof are involved, but science is also more than just a methodology. In
this course, you should not only learn certain facts about the Universe, but in addition
appreciate the way that theories and facts come to be accepted.

We will be discussing such fascinating things as quasars, pulsars, and black holes.
We will consider complex molecules that have spontaneously formed in interstellar
space, and try to decide whether the Universe will expand forever or collapse. We have
sent a rocket into interstellar space bearing a portrait of humans, and have beamed a
radio message toward a cluster of stars 24,000 light-years away. These topics and
actions are part of modern astronomy: what contemporary, often conservative, scien-
tists are doing and thinking about the Universe. So, though it would be tremendously
exciting if celestial alignments could affect individuals, the evidence is so strongly
against this idea that it seems fruitless to spend time on astrology instead of the excit-
ing aspects of the real astronomical Universe.

We will have more to say about pseudoscience in the final chapter of this book,
where we discuss the notion that UFOs are currently bringing aliens to Earth.
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ASIDE 1.7: Self-deception

A team of psychologists from
the California State University
at Long Beach arranged for a
magician to perform three
psychic-like stunts in front of
psychology classes. Even when
they emphasized to the stu-
dents that the performer was a
magician performing tricks, 50
per cent of the class still
believed the magician to be
psychic. Evidently, a lot of self-
deception is involved with
believing in pseudoscience.

This is an enormously exciting time to study astronomy.
Telescopes and the instruments on them are better than
ever, providing new clues to a wide variety of phenomena
and deepening our understanding of the cosmos.

The Universe is about 14 billion years old. Compared
with a 24-hour day scaled to match the age of the Universe,
the Earth formed about 8 hours ago, and humans appeared
only 2 seconds ago (Sec. 1.1).

Scientists often use a version of the metric system, in
which prefixes like “kilo-” for one thousand and “mega-"
for one million go with units like meter for distance and
second for time, or are found in kilogram for mass.
Astronomers also use special units, like the light-year for
the distance light travels in one year (Sec. 1.1). By viewing
objects that are at different distances from Earth, we look
back to different times in the past, because light travels at a
finite speed. Thus, the observation of very distant objects
we see today provides a glimpse of the Universe as it was a
long, long time ago.

Astronomers gain most of their information about the
Universe by studying radiation from objects (Sec. 1.2). In
addition to taking photographs, we can break down an
object’s light into its component colors to make a spec-
trum, like a rainbow. We study not only the visible part of
the spectrum, but also its gamma rays, x-rays, ultraviolet,
visible light, infrared, and radio waves.

The sky is divided into 88 regions known as constella-
tions (Sec. 1.3). The individual stars in a given constellation
are generally at quite different distances from Earth and are
not physically associated with each other; they are simply
apparent groupings of stars. As the Earth rotates about its
axis and revolves around the Sun, different constellations
appear in the night sky. It can be fun to look at the sky and
know some of the constellations, as well as their related
mythology (Sec. 1.3a—d).

Some of the most exciting studies in modern astronomy
are related to the determination of distances (Sec. 1.4). We
can measure how far away the Moon or a planet is by
bouncing radio waves off it and measuring the total amount
of time the waves were in flight. It is much more difficult to
measure the distances of stars, galaxies, and other objects
beyond our Solar System, but later in this book we explain
the methods used by astronomers.

The study of astronomy has had a major impact on the
development of science throughout human history (Sec.
1.5). For example, observations of the changing positions of
the Moon and the planets led to an understanding of grav-
ity and the laws governing the motions of bodies. More-
over, astronomy allows us to investigate human origins,
including the creation of the chemical elements and the for-
mation of the Sun and Earth. The Universe is a cosmic lab-
oratory to test ideas of science in conditions often not avail-
able in laboratories on Earth. Observations of the skies may
even help humans avoid or delay extinction, if we are able
to discover (and subsequently deflect) large asteroids or
comets that are on a collision course with Earth.

One of the main principles of science is that results
should be reproducible; other scientists should be able to
get essentially the same result by repeating the same experi-
ment or observation (Sec. 1.6). Astronomers and other sci-
entists follow the scientific method, which is difficult to
define but provides a standard about which scientists agree.
In the basic form of the scientific method, a hypothesis
passes observational tests to become a theory.

Many people have beliefs that may seem related to sci-
ence but either have no present verification or are false;
they are based on pseudoscience rather than on authentic
science (Sec. 1.7). Astrology (as opposed to astronomy), for
example, passes no scientific tests and so is not a science.
Furthermore, astrology has been shown not to work.
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CHAPTER 1 A Grand Tour of the Heavens

QUESTIONS

1.

2.

‘6.

7.

8.

Why might we say that our senses have been expanded
in recent years?

The speed of light is 3 x 10° km /sec. Express this
number in m/sec and in cm /sec.

. Geologists study different strata to determine condi-

tions on Earth long in the past. For example, dinosaur
bones are found in strata dating from about 245 mil-
lion to 65 million years ago. How is it that
astronomers are able to see parts of the Universe
appearing as they were in the past?

. Distinguish between a hypothesis and a theory. Give a

non-astronomical example of each.

. Discuss an example of science and an example of

pseudoscience, and distinguish between their respec-
tive values.

(a) Write the following in scientific notation: 4642;
70,0005 34.7. (b) Write the following in scientific nota-
tion: 0.254; 0.0046; 0.10243. (c) Write out the follow-
ing in an ordinary string of digits: 2.543 x 10° 2.0043
x 10% 7.673 x 1074

Suppose you wish to construct a scale model of the
Solar System. The distance between the Earth and the
Sun (one “Astronomical Unit”—1 A.U.) is 1.5 x 108
km, and you represent it by 15 km, about the size of a
reasonably big city. (a) What is the scaled distance of
the planet Pluto (39.5 A.U.)? (Hint: use ratios here and
elsewhere when possible!) (b) The Earth is about
12,800 km in diameter. How large is Earth on your
scale? Compare its size with that of a common object.
(c) The Sun’s diameter is about 1.4 x 10° km. How
large is it relative to Earth? (d) The nearest star, Prox-
ima Centauri, is 4.2 light-years away (i.e., 4.0 x 10"
km). How far is this in your scale model? (e) Compare
your answer in part (d) with the true distance to the
Moon, 3.84 x 10° km. Comment on whether this gives
you some idea of the enormous distances of even the
nearest stars.

Suppose an asteroid is found that appears to be head-
ing directly toward Earth (using Earth’s location at the
time of discovery). It is 4.2 A.U. away (i.e., 4.2 times
the Earth-Sun distance), and travelling through the
Solar System with a speed of 20 km /sec. (a) How long
would it take the asteroid to reach Earth (at Earth’s
location at the time of discovery), assuming the aster-
oid’s speed is constant? (b) Will the Earth be at
approximately the same location in its orbit around
the Sun after the time interval computed in part (a)?
Discuss what could happen.

. Look up the horoscopes for a given day in a wide vari-

ety of newspapers. (This can most easily be done over
the Internet.) How well do you think they agree with

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

each other? Do you think the predictions are suffi-
ciently general or vague that quite a few people might
think they came true, regardless of whether they had
anything to do with celestial influences?

True or false? When we observe very distant stars and
galaxies, we see them as they are at the present time
(or nearly the present time), since light travels at the
maximum possible speed.

True or false? Astronomers gain information about
celestial objects by studying many forms of radiation,
including x-rays and infrared, not just visible light.
True or false? Astrology is a pseudoscience, originally
related to astronomy, that has been shown to be incor-
rect.

True or false? When added to a unit of measure, the
prefixes “kilo,” “mega,” and “giga” mean one thou-
sand, one million, and one billion (respectively).

Fill in the blank: The distance travelled by light or by
an object moving with a constant speed is equal to
speed multiplied by

Fill in the blank: If 14 billion years (the approximate
current age of the Universe) were compressed to 1
year (i.e., 12 months), then on the same scale the
Earth (whose true age is about 4.6 billion years)
formed ___ months after the Universe was born.

Fill in the blank: Distinct groups of stars, called

, were given names by ancient astronomers;
stories were associated with them.
Fill in the blank: A light-year is a unit of .
Multiple choice: Suppose the distance from the Sun to
Pluto, 40 A.U. = 6 x 10° km, were compressed to the
size of a pen (15 cm). On this scale, what would be the
distance from the Sun to Aldebaran, a bright star (the
Eye of Taurus, the Bull) whose true distance is roughly
60 light-years? (Note: 1 light-year is about 10'3 km.)
(a) 15 km. (b) 1.5 x 10° km. (¢) 1.5 % 10° cm. (d) 6 X
10 km. (e) 6 x 10 cm.
Multiple choice: An asteroid is found in space with a
constant speed of 4.0 x 10° m/sec. How far does it
travel in 2 minutes? (a) 33.3 m. (b) 4.8 x 10?> m. (c)
2.0 x 10° m. (d) 8.0 x 10° m. (e) 4.8 x 10° m.
Multiple choice: Scientific results must be (a) hypo-
thetical; (b) reproducible; (c) controversial; (d)
believed by at least 50% of scientists; or (e) believed by
100% of scientists.
Multiple choice: The process of breaking light down
into its component colors creates (a) a spectrum;
(b) an image; (c) a pulse; (d) a hologram; or (e) a
movie.

"This question requires a numerical solution.
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TOPICS FOR DISCUSSION

1. What is the value of astronomy to you? How do you 3. Weigh the importance of maintaining the Hubble
rank National Science Foundation (NSF) and National Space Telescope compared with other uses of money
Aeronautics and Space Administration (NASA) funds within NASA for other missions.
for research with respect to other national needs? 4. Discuss the role of pseudoscience, like astrology, in
Reanswer this question when you have completed this our modern society.
course.

2. Weigh the risks of repairing and upgrading the Hubble
Space Telescope with astronauts as opposed to build-
ing a robot capable of carrying out the repair.

MEDIA

AGE@Astronnmym Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources

for this chapter including a list of common misconceptions,
news and updates, flashcards, and more.


http://astronomy.brookscole.com/cosmos3
http://astronomy.brookscole.com/cosmos3
http://astronomy.brookscole.com/cosmos3
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Light, Matter, and Energy:

Powering the Universe

he light that reaches us from the stars and planets is only one type of radiation, a

certain way in which energy moves through space. Radiation in this sense results
from the continuous changes in electricity and magnetism at each point of space, so is
more formally known as electromagnetic radiation or electromagnetic waves.
Gamma rays, x-rays, ultraviolet, ordinary light, infrared, and radio waves are all
merely electromagnetic radiation of different wavelengths.

In this chapter, we discuss the properties of radiation in what we call the spectrum
and how analysis of this radiation enables scientists to study the Universe. After all, we
cannot touch a star! Despite having brought bits of the Moon back to Earth for study,
we cannot yet do the same for even the nearest planets, though we have found a few
rocks from the Moon and from Mars in the form of meteorites (see Chapter 8). At
various points in the book, we will discuss other types of contact that we on Earth
have with the Universe beyond, including particles called cosmic rays and extremely
elusive particles called neutrinos. Remember that this book’s index can take you
straight to any given topic, should you choose to learn about it before the text for-
mally addresses it.

Studies of atoms are important for understanding radiation and how it is given
off. The simplest atom is hydrogen, and we will see how it gives off or takes up radia-
tion at certain colors, which are known as spectral lines. These spectral lines some-
times are visible as bright colors; they are known as emission lines. When seen from
certain angles (to be discussed later), a gas’s spectral lines can appear as gaps in a con-
tinuous band of color; they are then known as absorption lines. We will see how
studying the spectral lines can even tell you whether an object is moving toward or
away from us and how fast.

Finally, we will discuss the measurement scales most commonly used to describe
temperature: Fahrenheit, Celsius, and kelvin. We also show how to convert from one
temperature scale to another.

Ace @»Astrnnumyw The AceAstronomy icon throughout the text indicates an opportunity for you

to test yourself on key concepts and to explore animations and interactions on the AceAstronomy
website at http://astronomy.brookscole.com/pf2e

The reddish color that shows in this visible-light image of gas known as the Trifid Nebula
comes from emission by hydrogen, one of the topics covered in this chapter.
Canada-France-Hawaii Telescope/J.-C. Cuillandre/Coelum

ORIGINS .

We discuss the basic constituents
of atoms and some of the tech-
niques that allow us to explore
the Universe nearly as far back
as the beginning of time. We
discover from studies of light
that distant stars and galaxies
are made of the same kinds of
elements as those found on
Earth.

AIMS .

1. Learn about the spectrum,
how spectral lines are formed
by atoms, and what spectral
lines tell us (Sections 2.1
to 2.4).

2. Explore the nature of the
continuous radiation emitted
by a body of a given temper-
ature (Section 2.2).

3. See how the Doppler effect

tells us about an object’s
motion (Section 2.5).


http://astronomy.brookscole.com/pf2e
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2.1 Studying a Star Is Like Looking
at a Rainbow

Over 300 years ago Isaac Newton showed that when ordinary sunlight is passed
through a prism, a band of color like the rainbow comes out the other side. Thus
“white light” is composed of all the colors of the rainbow (M Fig. 2—1). A graph of
color versus the brightness (we won’t make technical distinctions in this book between
“brightness” and “intensity”) at each color is called a spectrum (plural: spectra), as is
the actual display of color spread out. A very dense gas or a solid gives off a continu-
ous spectrum, that is, a spectrum that changes smoothly in brightness from one color
to the next.

Technically, each color corresponds to light of a specific wavelength, the distance
between two consecutive wave crests or two consecutive wave troughs; see Figure It Out
2.1: The Nature of Light. This “wave theory” of light is not the only way we can consider

, _ light, but it does lead to very useful and straightforward explanations. Astronomers
passes through a prism, a full optical . . .
spectrum results, with different colors often measure the wavelength of light in angstroms (abbreviated A, after A. J.
bent by different amounts. Angstr('jm, a Swedish physicist of the 19th century who mapped the solar spectrum).
One angstrom is 107 % m (that is, one ten-billionth of a meter, 1/10,000,000,000 meter).

Expanding the narrow rainbow of light in the center of Figure 2-2, the range of
visible light from violet light through blue, green, yellow, orange, and red light
extends only from about 4000 A to about 6500 A in wavelength. The entire visible
region of the spectrum is in this narrow range of wavelength, which varies by less than
a factor of 2. You can also see the wavelengths of visible light if you look ahead to

B FIGURE 2-1 When white light

Note that all electromagnetic waves in a vacuum travel
with the same speed, ¢, regardless of their wavelength. The
measured speed is independent of the relative speeds of the
observer and the light source. This is admittedly counter-
intuitive, but it has been completely verified; indeed, it is
one of the foundations of Einstein’s theory of relativity.
Electromagnetic waves do slow down in substances such as
glass and water, and the speed generally depends on wave-
length. This, in fact, is what leads to the spreading out of
the colors when light passes through a prism.

Light can also behave as discrete particles known as
photons (wave or energy “packets”). This is a fundamen-
tal aspect of quantum theory. With the right equipment,
photons can be detected as discrete lumps of energy.

A photon has no mass, but its energy E is given by
the product of Planck’s constant h (named after the
quantum physicist Max Planck) and its frequency v: E =
hv. Planck’s constant is a very small number. (Its value is
listed in Appendix 2 rather than here, to show that you
shouldn’t be memorizing it.)

Photons of higher energy, therefore, have higher fre-
quency and shorter wavelength:

The Nature of Light

Light can be described as an electromagnetic wave: self-
propagating, oscillating (that is, getting larger and
smaller) electric and magnetic fields.

The wavelength, denoted by the Greek lowercase A
(lambda), is the distance from one wave crest to the next;
see the figure. This has units of length, such as cm.

1 Wavelength

The frequency, denoted by the Greek lowercase v (nu),
is the number of times per second that a crest passes a
fixed point. The unit is 1/sec, or hertz (Hz). Hence, the
period of the wave, P (in seconds), is simply 1/v.

In general, the length per wave (A) multiplied by the
number of waves per second () gives the length per sec-

ond traversed by the wave. This is its speed v, so we have
E = hv = hc/A, since \v = .
Av = .
(All photons, regardless of their energy, travel through a

In our case, v = ¢, the speed of light, so Av = ¢ vacuum with the same speed, ¢.)



“Black Bodies" and Their Radiation 25
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Figure 2—4. These wavelengths are about half a millionth of a meter long, since 10,000
A'is 1 micrometer. We can remember the colors we perceive from the name of the
friendly fellow ROY G BIV: Red Orange Yellow Green Blue Indigo Violet, going from
longer to shorter wavelengths. (The name Indigo is no longer as commonly used.)

Astronomers still tend to use angstroms rather than the unit nanometers that is
preferred in the metric system known as Systéme International (SI). Because 10 A = 1
nm, divide all the numbers above by 10 to show their values in nanometers: violet
light is about 400 nm, for example.

Only certain parts of the electromagnetic spectrum can penetrate the Earth’s
atmosphere. We say that our atmosphere has “windows” for the parts of the spectrum
that can pass through it. The atmosphere is transparent (completely clear) at these
windows and opaque (not passing light at all) at other parts of the spectrum. One
window passes what we generally call “light,” and what astronomers technically call
visible light, or “the visible.” (In this book, we will use the term “light” to refer to any
form of electromagnetic radiation.) Another window falls in the radio part of the
spectrum, and modern astronomers can thus base their “radio telescopes” on Earth
and still detect that radiation (M Fig. 2-2).

But we of the Earth are no longer bound to our planet’s surface. Balloons, rockets,
and satellites carry telescopes high up in or above our atmosphere. They can observe
parts of the electromagnetic spectrum that do not reach the Earth’s surface. In recent
years, we have been able to make observations all across the spectrum. It may seem
strange, in view of the longtime identification of astronomy with visible-light observa-
tions, to realize that optical studies no longer dominate astronomy.

2.2 “Black Bodies” and Their Radiation

Many things in astronomy seem simple to study. Stars, for example, are balls of gas,
and they give off visible light and other electromagnetic radiation that on the whole
follow an especially simple rule. If you have two stars of the same size and one is hot-
ter than the other, it is also intrinsically brighter. Furthermore, the hotter star gives off
more of its energy at shorter wavelengths.

B FIGURE 2-2 In a window of
transparency in the terrestrial atmos-
phere, radiation can penetrate to the
Earth's surface. The curve specifies the
altitude at which the intensity of arriv-
ing radiation is reduced to half its orig-
inal value. When this level of reduction
is reached high in the atmosphere, little
or no radiation of that wavelength
reaches the ground.

ASIDE 2.1: A different
syllabus

1t is possible at any time to
consider Chapter 4, which deals
with phases of Solar-System
objects, with motions and
positions in the sky, and with
notions of time and calendars.
That material is independent of
the fundamental concepts of
understanding why the planets,
stars, and galaxies are the way
they are, which we discuss in
this chapter and in most of the
other chapters of this book.
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ASIDE 2.2: How hot is it?

Also see Figure It Out 2.4:
Temperature Conversions, on
page 33.
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The brightness of radiation at different
wavelengths for different temperatures.
“Black bodies"—objects that give off
(emit) radiation in an ideal manner—
have spectra that follow these particular
curves, which depend only on the tem-
perature of the object. The spectra of
stars are fairly similar to these curves;
stars are nearly perfect black bodies.

Black-Body Radiation and Wien's Law

Let us consider the simplest possible object that gives off radiation. It is called a
black body, which indicates that it is, in principle, a simple thing—it isn’t like a
polka-dotted body, for example, that gives off radiation with different properties from
different areas. A black body is an opaque object that absorbs all radiation that is inci-
dent upon it; absolutely no radiation is reflected or transmitted. Atomic motions
within that object (because of its nonzero temperature) then cause it to emit (radiate)
energy in a manner that depends only on its temperature, not on chemical composi-
tion or anything else. This result is called black-body radiation (or thermal
radiation).

Understanding black bodies and their radiation is a key to understanding stars.
Each bit of gas in a star radiates as a black body. However, overall a star is not a per-
fect black body; its spectrum actually does depend in a minor way on the chemical
composition of its outermost layers of gas. Moreover, these outer layers are partly
transparent, so we may see gas having a small range of temperatures when we look at a
star. Nevertheless, for many purposes we can approximate the spectrum of a star as
being that of a black body. (There are, in fact, very few objects in nature that are per-
fect, idealized black bodies, yet the concept is useful in a wide range of circumstances.)

Spectra of hotter black bodies peak (that is, have their highest brightness) at
shorter (bluer) wavelengths than spectra of colder black bodies (see Figure It Out 2.2:
Black-Body Radiation and Wien’s Law). Also, a hot black body emits much more
energy per second than a cold black body of equal surface area (see Figure It Out 2.3:
Black-Body Radiation and the Stefan-Boltzmann Law).

Planets are much cooler than stars, so they give off most of their radiation at long
wavelengths, in the infrared. The Sun, on the other hand, gives off most of its radia-
tion in visible light. When we look at the spectrum of a planet, we see that some of the
radiation is strongest in the visible, which means it is reflected sunlight, while other
radiation is strongest in the infrared and therefore emitted by the planet itself as ther-
mal radiation, largely in the infrared. Thus a graph of the energy given off by a planet
shows two peaks—one in the visible and one in the infrared (M Fig. 2-3). Planets,

(that is, brighter) than that of a colder black body having
the same surface area.

An important property is that the spectrum of a hot
black body peaks at a shorter wavelength than that of a

black body is a perfect absorber: It absorbs all inci-

dent radiation, reflecting and transmitting none. It
has a certain temperature, which is a measure of the aver-
age speed with which the particles within it jiggle around:
the higher the temperature, the greater the average speed.
The randomly moving particles, some of which are
charged (that is, have electric charge), emit electromag-
netic radiation. This emission is called thermal radiation,
or black-body radiation.

A black body is also a perfect emitter: The shape of
the object’s emitted spectrum depends only on its tem-
perature, not on its chemical composition or other prop-
erties. This spectral shape is called the Planck curve, in
honor of the physicist Max Planck; its derivation was a
fundamental problem in quantum physics.

As can be seen in the figure above, at all wavelengths
the spectrum (Planck curve) of a hot black body is higher

colder black body. The product of the temperature (T)
and the peak wavelength (A ) is a constant:

Apax T = 2.9 x 107 AK = 0.29 cm K.

This relation is known as Wien’s law. It is mathematically
derivable from the formula for the Planck curve. For
example, the spectrum of the Sun, whose surface temper-
ature is about 5800 K, peaks at a wavelength of

Apax = (2.9 x 107 A K) /(5800 K) = 5000 A.

A star that is twice as hot as the Sun has a spectrum that
peaks at half this wavelength, or about 2500 A; the prod-
uct of temperature and peak wavelength must remain
constant.



Black-Body Radiation
and the Stefan-Boltzmann Law

nother useful property of black-body radiation is that
Aper unit of surface area, a hot black body emits much
more energy per second than a cold black body. In fact,
the energy emitted is proportional to the fourth power of
the temperature: T x T x T x T. This relation is known
as the Stefan-Boltzmann law, which (like Wien’s law) is
derivable from the Planck curve. It can be expressed as
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as the other, the hotter star emits 2¢ = 16 times as much
energy (per second) as the colder star:

EJ/E, = (¢ T /(0 Ty*) = T/ Ty = (T,/T,)* = 2 = 16.

However, in the above example, if the hotter star’s
radius (R) is Y/, that of the colder star, then its surface area
is (1,)? = Y as large as that of the colder star, because the
surface area of a sphere is given by 477 R% This lesser area
exactly balances the greater emission per unit area, mak-
ing the two stars equally luminous.

In general, the luminosity (L) (that is, the energy

emitted per second, also known as power or intrinsic
brightness) of a black body is given by its surface area (S)
multiplied by the energy emitted per unit area per second
(E): L = SE. For a sphere of radius R and temperature 7,
we have

E=oT4

where E is the energy emitted per unit area (for example,
cm?) per second, T is the surface temperature in kelvins
(it is important that the temperature scale start at
absolute zero), and o (sigma) is a constant (known as the
Stefan-Boltzmann constant).

For example, if two stars (labeled with subscripts 1
and 2) have the same surface area, but one is twice as hot

L = 47 RPo T

Thus, if we know the luminosity and surface temperature
of a star, we can derive its radius R.

therefore, are not perfect black bodies, but by considering each of its spectral peaks
and its black-body approximation, the concept is nonetheless often useful.

Similarly, humans reflect visible light from the Sun or from room lamps, and so
are not perfect black bodies. But we do emit our own thermal (black-body) radiation,
which is most intense at infrared wavelengths that are visible to certain infrared cam-

Reflected Planet's
sunlight

emission

Brightness

eras but not to our eyes. Visible Infrared

B FIGURE 2-3 The spectrum of a
planet includes one peak in the visible
reflected from ordinary sunlight and
another peak in the infrared. The
infrared peak is the thermal emission
(nearly black-body radiation) from the
planet itself, based on its surface tem-
perature. The observed spectrum is the
sum of the two curves; here, it is offset
upward a little for clarity.

2.3+ What Are Those Missing Colors and
Where Are They?

In the early 1800s, when Joseph Fraunhofer looked in detail at the spectrum of the
Sun, he noticed that the continuous range of colors in the Sun’s light was crossed by
dark gaps (M Fig. 2—4). He saw a dozen or so of these “Fraunhofer lines”; astronomers
have since mapped millions. The presence of such lines indicates that the Sun is not a
perfect black body, but they allow astronomers to learn much more about the Sun
(and other stars as well).

The dark Fraunhofer lines turn out to be from relatively cool gas absorbing radia-
tion from behind it. We thus say that they are absorption lines. Atoms of each of the
chemical elements in the gas absorb light at a certain set of wavelengths. By seeing
what wavelengths are absorbed, we can tell what elements are in the gas, and the pro-
portion of them present. We can also measure the temperature of the gas more accu-
rately than from the peak of the nearly black-body spectrum.

Imagine the band of color shown in Figure 2—4 without the dark vertical lines
crossing it. That continuous band of color would be the “continuous spectrum” we
defined in Section 2.1. With the dark lines crossing the spectrum, however, we have an
“absorption-line spectrum” or a “Fraunhofer spectrum.”

How does the absorption take place? To understand it, we have to study processes
inside the atoms themselves. Atoms are the smallest particles of a given chemical ele-
ment. For example, all hydrogen atoms are alike, all iron atoms are alike, and all uranium

ASIDE 2.3: Spelling help

Note that “absorption” is
spelled with a “p,” not with
a second “b.”
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M FIGURE 2-5 A helium atom con-
tains two protons and two neutrons in
its nucleus and two "orbiting” electrons.
The nucleus is drawn much larger than
its real scale with respect to the overall
atom; the actual radius of the electron
cloud is over 10,000 times larger than
that of the nucleus.

Emilio Segre Visual Archives, Uhlenbeck Collection

American Institute of Physics

B FIGURE 2-6 Niels Bohr and his
wife, Margrethe. They have become
widely known in the last few years
through Michael Frayn's play Copen-
hagen, about different perceptions of a
controversial meeting Bohr had with his
former assistant Werner Heisenberg.

B FIGURE 2-4 The dark lines that extend from top to bottom, marking the absence of color at a spe-
cific wavelength, are the Fraunhofer lines. The underlying drawing is Fraunhofer's original. We still use the
capital-letter notation today for the “D" line (sodium) and the "H" line (from ionized calcium, not hydro-
gen!). We now know that Fraunhofer's “C" and “F" lines are basic lines of hydrogen. The “E" line is from
iron and the "G" line is from iron and calcium. Fraunhofer's lowercase "b" is magnesium. The features
marked "A" and "B" are bands from oxygen in the Earth's atmosphere.

atoms are alike. As was discovered by Ernest Rutherford in 1911, atoms contain rela-
tively massive central objects, which we call nuclei (M Fig. 2-5). Distributed around
the nuclei are relatively light particles, which we call electrons. The nucleus contains
protons, which have a positive electric charge, and neutrons, which have no electric
charge and so are neutral. Thus the nucleus—protons and neutrons together—has a
positive electric charge. Electrons, on the other hand, have a negative electric charge.
Each of the chemical elements has a different number of protons in its nucleus.

Why aren’t the electrons pulled into the nucleus? In 1913, Niels Bohr (M Fig. 2—6)
made a suggestion that some rule (at that time the rule was arbitrary) kept the elec-
trons at fixed distances, in what are often (inaccurately) thought of as orbits. His sug-
gestion was an early step in the development of the quantum theory, which was elab-
orated in the following two decades. The theory incorporates the idea that light
consists of individual packets—quanta of energy; the utility of considering such indi-
vidual, non-continuous objects had been developed a decade earlier.

We can think of each quantum of energy as a massless particle of light, which is
called a photon; see Figure It Out 2.1: The Nature of Light. Photons of blue light have
higher energy than photons of red light, but they all travel at the same speed through a
vacuum. For some purposes, it is best to consider light as waves, while for others it is
best to consider light as particles (that is, as photons). Though we will not explore
quantum theory in detail here, we should mention that it is one of the major intellec-
tual advances of the 20th century.

Let us return to absorption lines. We mentioned that they are formed as light
passes through a gas (M Fig. 2—7). The atoms in the gas take up (absorb) some of the
light (photons) at specific wavelengths. The energy of this light goes into giving the
electrons in those atoms more energy, putting them in higher levels. Each change in
energy corresponds to a fixed wavelength of absorbed light; the greater the energy
absorbed, the shorter the absorbed photon’s wavelength.

But energy can’t pile up in the atoms. If we look at the atoms from the side, so that
they are no longer seen in silhouette against a background source of light, we would
see the atoms give off (emit) just as much energy as they take up (absorb), in random
directions. Essentially, they emit this energy at the same set of wavelengths as the
absorbed light, producing emission lines (abrupt spikes in the brightness of light) at
these wavelengths; see M Figure 2—38.
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B FIGURE 2-7 When we view a hotter source that emits continuous radiation through a cooler gas,
we may see absorption lines. These absorption lines appear at the same wavelengths at which the gas
gives off emission lines when viewed with no background or against a cooler, darker background. Each
of the spectra in the little boxes is the spectrum you would see looking back along the arrow. Note that
the view from the right shows an absorption line. Only when you look through one source silhouetted
against a hotter source do you see the absorption lines.
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B FIGURE 2-8 When photons are emitted, we see an emission line. Continuous radiation may or may
not be present (Cases A and B, respectively). An absorption line must absorb radiation from something;
hence, an absorption line only appears when there is also continuous radiation (Case C). The top and
bottom horizontal rows are graphs of the spectrum before and after the radiation passes by an atom.

A schematic diagram of the atom'’s energy levels is shown in the center row (to simplify the situation,
only two levels are given).

All stars have absorption lines. They are formed, basically, as light from layers just
inside the star’s visible surface passes through atoms right at the surface. The surface is
cooler, so the atoms there absorb energy, making absorption lines. (Detailed models
are much more complicated.) Emission lines occur only in special cases for stars. We
see absorption lines on the Sun’s surface, but we can see emission lines by looking just
outside the Sun’s edge, where only dark sky is the background. Extended regions of gas
called “nebulae” (M Fig. 2—-9) give off emission lines, as we will explain later, because
they are not silhouetted against background sources of light.

As we will discuss in more detail below, each of the chemical elements has its own
distinctive, unique set of spectral lines, like a fingerprint, because of the different
numbers of electrons and their allowed energy levels. So if you take the spectrum of a
distant star, you may see several overlapping patterns of spectral lines. These patterns
allow you to tell what chemical elements are in the star. We know what stars consist of
from an analysis of their spectral

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy
Exercise “The Electromagnetic Spectrum.”
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2.4 The Story Behind the Bohr Atom

Bohr, in 1913, presented a model of the simplest atom—hydrogen—and showed how
it produces emission and absorption lines. Stars often show the spectrum of hydrogen.
Laboratories on Earth can also reproduce the spectrum of hydrogen; the same set of
spectral lines appears both in emission and in absorption.

Hydrogen consists of a single central particle (a proton) in its nucleus with a sin-
gle electron surrounding it (M Fig. 2—10). The model for the hydrogen atom explained
why hydrogen has only a few spectral lines (M Fig. 2—11), rather than continuous
bands of color. It postulated that a hydrogen atom could give off (emit) or take up
(absorb) energy only in one of a fixed set of amounts, just as you can climb up stairs
from step to step but cannot float in between. The position of the electron relative to
the nucleus determines its specific, discrete energy level, the amount of energy in a
hydrogen atom. So the electron can only jump from energy level to energy level, and
not hover in between values of the fixed set of energies allowable.

When light hits an electron and makes it jump from a lower energy level to a
higher energy level, a photon is absorbed, contributing to an absorption line. (When
there are many absorbed photons, we see an absorption line in an otherwise continu-
ous spectrum.) The photon that can be absorbed has an energy exactly equal to the
difference between the higher and lower electronic energy levels. An atom cannot
absorb a photon having too little energy, and it cannot take just part of the energy of a

() ® - Photon
Excited Hydrogen atom Hydrogen atom Excited
hydrogen atom in its ground state in its ground state hydrogen atom

+ Photon +

B FIGURE 2-10 Since the hydrogen atom has only a single electron, it is a particularly simple case
to study. The lowest possible energy state of an atom is called its ground state; the electron is closest to
the nucleus. All other energy states are called excited states; the electron is farther from the nucleus.
© When an atom in an excited state gives off a photon, it drops back to a lower energy state, perhaps
even to the ground state. We see the photons given off for a given transition as an emission line.

© The formation of an absorption line, by taking up (absorbing) photons from incoming continuous
radiation. Figure 2-12 shows more details for the specific transitions.
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M FIGURE 2-11 The Balmer series, representing transitions down to (or up from) the second energy
state of hydrogen. The strongest line in this series, Ha (H-alpha), is in the red. Note how the lines get
closer and closer together as you go to shorter wavelengths. This distinct pattern makes the Balmer
series, and thus hydrogen, easy to identify in a spectrum.
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high-energy photon (releasing the excess energy as a lower-energy photon). Either all
or none of the energy is absorbed.

When the electron jumps from a higher energy level to a lower one, a photon is
given off (emitted). Such photons can go away from the atom in any direction, regard-
less of the direction of the original photon that was absorbed by the atom. Many pho-
tons together make an emission line.

The Bohr atom is Bohr’s model that explains the hydrogen spectrum. In it, elec-
trons can have orbits of different sizes. Each orbit corresponds to an energy level
(M Fig. 2—12). Only certain orbits are allowable. Bohr himself couldn’t give a clear rea-
son for this; he said that’s just the way it is. (Note, however, that according to modern
quantum theory, the electron orbits are not like planetary orbits; instead, the electron
behaves as though it were distributed throughout its orbit. Also, we now understand
the details of atoms in the context of quantum theory, but these are complicated.)

H-alpha photon

Possible |
second step

Lyman-beta
photon

M FIGURE 2-12 The representation of hydrogen energy levels known as the Bohr atom. @ Each of
the circles shows the lone electron in a different energy level. @ A schematic transition in which an
electron is excited from level 1 to level 3 by an incoming photon. It can then jump down to level 2, emit-
ting a red photon, or directly to level 1 (a greater difference in energy), emitting an ultraviolet photon,
which has more energy than the red photon.
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B FIGURE 2-13 An atom missing one or more electrons is ionized. Neutral helium is shown at left; it
has two electrons to balance the charge of the two protons. lonized helium is shown at right. It has only
one electron, so its net charge is +1.

We use the letter n to label the energy levels. We call the energy level for n = 1 the
ground level, as it is the lowest possible energy state. Excited levels have n = 2 and
higher. The hydrogen atom’s series of transitions from or to the ground level is called
the Lyman series, after the American physicist Theodore Lyman. The lines fall in the
ultraviolet, at wavelengths far too short to pass through the Earth’s atmosphere. Tele-
scopes above the atmosphere now enable us to observe Lyman lines from the stars.

The series of transitions with n = 2 as the lowest level is the Balmer series, which
is in the visible part of the spectrum. The bright red emission line in the visible part of
the hydrogen spectrum, known as the Ha (H-alpha) line, corresponds to the transition
from level 3 to level 2. The transition from n = 4 to n = 2 causes the HB (H-beta) line,
and so on. Because the series falls in the visible where it is so well observed, we usually
call the lines simply H-alpha, etc., instead of Balmer alpha, etc. So the Lyman series is
transitions to or from lower level 1, and the Balmer series is transitions to or from
lower level 2. Other series of hydrogen lines correspond to transitions with still differ-
ent lower levels.

Since the higher energy levels have greater energy (they are higher above the
ground state), a spectral line caused solely by transitions from a higher level to a lower
level is an emission line. When, on the other hand, continuous radiation falls on cool
hydrogen gas, some of the atoms in the gas can be raised to higher energy levels and
absorption lines result.

Each of the chemical elements has its own set of discrete energy levels. Although
the details are much more complex than in the simple Bohr model of the hydrogen
atom, the general principles are similar. Thus, each of the chemical elements produces
a unique pattern of spectral lines, like a fingerprint. The relative strength of the lines
actually seen in the spectrum of a particular element depends on the distribution of
electrons among the various energy levels, and this in turn depends on temperature
and other factors.

Some atoms have lost one or more electrons, through either collisions with other
particles or absorption of high-energy photons; they are said to be ionized (M Fig.
2-13). The spectrum of an ionized element is different from the spectrum of the same
element when it is not ionized, because the distribution of electron energy levels is dif-
ferent. Similarly, the spectrum of each molecule (two or more atoms bound to each
other) is unique.

2.5 The Doppler Effect and Motion

Even though we can’t reach out and touch a star, we can examine its light in great
detail. Above, you saw how studying starlight reveals the temperature of a star (from
its color) and what chemical elements it has near its surface (from its spectral lines).
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M FIGURE 2-14 @ A stationary source is emitting waves of wavelength A, in a circular pattern
around it. Four wave crests, labeled 1 through 4, are shown. The observed wavelength is independent of
the observer's position relative to the source. @ The source is moving to the left (green arrow) with a
constant speed. Along the direction of motion, the source partially keeps up with its most recently emit-
ted wave crest before it emits another wave crest, so the crests get bunched closer together. From the
left, the observed wavelength A is shorter than Ag; this is a "blueshift." Conversely, an observer on the
right would see A > Ay; this is a "redshift." Perpendicular to the direction of motion, the spacing of the
wave crests is unaffected, and an observer would therefore measure a wavelength A = A,

Studying starlight also tells us how fast the star is moving toward or away from us.
The technique applies to all kinds of objects, including the planets.

The effect that motion has on waves is known as the Doppler effect, and was stud-
ied by Christian Doppler about 150 years ago (see M Fig. 2—14). It works for any
waves—water waves, sound waves, or light waves. We will give more details about it
when we study the motion of stars (Chapter 11).

For the moment, we need only realize that when an object is coming toward you,
the waves you are getting from it are compressed, so the wavelength becomes shorter.
When an object is going away from you, the waves you are getting from it are spread
out, and the wavelength becomes longer.

Since the visible part of the spectrum has blue at short wavelengths and red at long
wavelengths, the wavelengths are shifted toward the blue when objects are approach-
ing and toward the red when objects are receding. Astronomers use the term blueshift
to describe the shifts in wavelength of objects that are approaching and the term red-
shift to describe the shifts in wavelength of objects that are receding. Note that the
light still travels at ¢, the speed of light in a vacuum; wavelengths and frequencies
change, but the measured speed is independent of the motion of the source or of the
observer.

One example of redshifts and blueshifts deals with planets in the Solar System. If
you take spectra of several parts of a planet, and see that one side is blueshifted and
the other side is redshifted, then you know that the first side is approaching you and
the other side is receding (M Fig. 2—15). You have found out that the planet is rotating!
By measuring how much the light is shifted, you can even tell how fast the planet is
rotating. The Doppler effect is a powerful tool for studying distant objects.

Perhaps the most exciting use of the Doppler effect has been the discovery, in
1999, of the first relatively normal planetary system other than our own Solar System.
Since 1995, over 160 planets had been discovered around other stars. The discovery in
a few cases of several planets around the same star confirms that at least most of these
objects are indeed planets rather than some kind of failed companion star; we would
not expect there to be so many failed stars in a system.

The Doppler Effect and Motion 33

M FIGURE 2-15 |f a planet is rotat-
ing, one side will be approaching us,
blueshifting its spectral lines, while the
other side will be receding from us, red-
shifting its spectral lines.
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Temperature Conversions

hough most Americans use the Fahrenheit tempera-
Tture scale, in which water freezes at 32°F and boils at
212°F, most of the rest of the world uses the Celsius scale,
in which water freezes at 0°C and boils at 100°C. Note that
the difference between freezing and boiling points for
each scale is 180°F and 100°C, respectively, so a change of
180°F equals a change of 100°C, or 9°F for every 5°C.

There is little, if any, water on the stars or on most
planets, so astronomers use a more fundamental scale.

approached. Since absolute zero is about —273.16°C, and
a rise of one kelvin (1 K) is the same as a rise of 1°C, the
freezing point of water (0°C) is about 273 K (see figure
below).

To convert from kelvins to °C, simply subtract 273.
To change from °C to °F, we must first multiply by 9/5
and then add 32. You may (or may not) find it easy to
remember: times two, minus point two, plus thirty-two.
That is, multiply by 2, subtract two-tenths of the original
(which gives you 9/5), and then add 32, to get °F. For
stellar temperatures, the 32° is too small to notice, and a
sufficient level of approximation is often simply to multi-

Their scale, the kelvin scale (whose symbol is K), begins  ply °C by 2 (see figure below).

at absolute zero, the coldest temperature that can ever be
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Temperature scales in the range useful for stellar studies.

The technique used to find most of these planets relies upon the Doppler effect,
since the planets are too faint and too close to their parent stars to be seen directly,
even with our best telescopes on Earth or in space. The technique depends on the fact
that the star isn’t entirely steady in space, but rather moves to and fro as the planet
around it moves fro and to.

Consider, for example, a pair of dancers waltzing: They usually rotate around a
point between them. If one of the dancers were invisible, we could still see the other
dancer moving around. Similarly, we can see the visible object, the star, moving
slightly toward and away from us, and infer that there must be an invisible object, the
planet, moving in step but in the opposite direction at every time. Since the star is so
much more massive than the planet, it moves less than the planet (M Fig. 2—16).

The breakthrough in 1995 that enabled astronomers to detect these planets came
when they developed some extremely precise ways of measuring Doppler shifts, more
precise than had been possible before. More planets are now known outside the Solar
System than inside it. We will describe those “extrasolar planets,” or “exoplanets,” in
Chapter 9.
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Doppler Shift due to
Stellar Wobble

Unseen planet

B FIGURE 2-16 The technique used by several teams of scientists to detect planets around Sun-like
stars by searching for periodically changing Doppler shifts in the stars' spectra. The diagram shows a
particular star at two positions in its orbit. The successive redshifts and blueshifts of that star's spectrum
reveal the otherwise unseen planet. It must always be on the opposite side of the system's “center of
mass" (like the fulcrum of a see-saw; Chapter 11 has more details) from the star.

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Doppler Shift."

| CONCEPT REVIEW

Electromagnetic radiation is a combination of electricity
and magnetism changing together in space; it is also known
as electromagnetic waves (Introductory section). The
wavelength is the distance between two consecutive crests
(or troughs) of the wave, and different wavelengths corre-
spond to different colors (Sec. 2.1). The rainbow produced
by passing light through a prism, as well as the graph of
color (wavelength) versus the brightness at each color, is
called a spectrum. Such spectra are extremely valuable to
astronomers; they can be used to determine the tempera-
ture, chemical composition, and other properties of the
object being studied. From the Earth’s surface, we view
through atmospheric windows that pass only certain types
of electromagnetic radiation, chiefly visible and radio.

A very dense gas or solid gives off a continuous spec-
trum that changes smoothly in brightness from one color
to the next (Sec. 2.2). In the case of a black body, an object
that absorbs all radiation that is incident upon it (none is
reflected or transmitted), the shape of the emitted continu-
ous spectrum depends only on the object’s surface tempera-
ture, not on its chemical composition or other properties.
This result is called black-body radiation or thermal
radiation. Spectra of hotter black bodies are brightest at
shorter (bluer) wavelengths than spectra of cooler black
bodies. Also, a hot black body is intrinsically brighter
than a cold black body of equal surface area.

Atoms are composed of positively charged nuclei
“orbited” by negatively charged electrons (Sec. 2.3). The
nuclei are made of positively charged protons (which dis-
tinguish each chemical element) and neutral neutrons.

Quantum theory explains how to describe atoms, and
the rules that prevent electrons from spiraling into nuclei.
When an atom loses one or more electrons, it is ionized.
Two or more atoms bound together form a molecule.

Light sometimes acts as though it were made of parti-
cles, which are called photons (Sec. 2.3). Absorption lines
are dark gaps in a spectrum caused by atoms (or molecules)
absorbing some of the photons that are passing through
them; the electrons jump from lower to higher energy
levels. Conversely, emission lines are locations in a spec-
trum where extra photons are present. They are caused
by electrons jumping from higher to lower energy levels,
thereby emitting light.

The Bohr atom, with electrons at different radii cen-
tered on the nucleus, explains the spectrum of hydrogen
in detail (Sec. 2.4). Transitions to the lowest energy level,
called the ground level, do not cause lines in the visible
part of the spectrum, but rather in the ultraviolet. Transi-
tions between the second energy level and higher levels
(called excited levels) lead to photons being added or sub-
tracted in the visible part of the spectrum. The resulting
spectral lines are known as the Balmer series.

The Doppler effect is a change in wavelength of light
caused by an object’s motion along a line toward or away
from you (Sec. 2.5). If you and the object are receding from
each other, the object’s spectrum appears redshifted, while
blueshifts are seen if you and the object are approaching
each other. Larger relative speeds produce bigger Doppler
shifts.
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QUESTIONS

1.

10.
11.

12.

13.

14.

15.

16.

17.

f18.
19.
20.

What is the difference between a gamma ray and a
radio wave?

. Why is electromagnetic radiation so important to

astronomers?

. Discuss the difference between the general concept of

the spectrum and the particular spectrum we see as a
rainbow.

. Does white light contain red light? Green light?

Discuss.

. After Newton separated sunlight into its component

colors with a prism, he reassembled the colors. What
should he have found and why?

. Identify Roy G Biv. Identify A. J. Angstrom. What

relation do they have to each other?

. How can our atmosphere have a “window”? Can our

air leak out through it? Explain.

. Describe the relation of Fraunhofer lines to emission

lines and to absorption lines.

. Describe how the same atoms can sometimes cause

emission lines and at other times cause absorption
lines.

Sketch an atom, showing its nucleus and its electrons.
Sketch the energy levels of a hydrogen atom, showing
how the Balmer series arises.

On a sketch of the energy levels of a hydrogen atom,
show with an arrow the transition that matches Ha in
absorption. Also show the transition that matches Ha
in emission.

If you were to take an emission nebula and put it in
front of a very hot, bright source of continuous radia-
tion, what change would you see in the nebula’s spec-
trum? Explain.

If the surface of a star were increasing in temperature
as you went outward, would you see absorption lines
or emission lines in its spectrum? Explain how this
case differs from what we see in normal stars, which
decrease in temperature as you go outward in the
region from which they give off most of their light.

Does the Bohr atom explain iron atoms? Describe
from this chapter what type of atom the Bohr atom
explains.

If someone were to say that we cannot know the com-
position of distant stars, since there is no way to per-
form experiments on them in terrestrial laboratories,
how would you respond?

A spectral line from the left side of Saturn’s rings, as
you see them, is at a wavelength slightly shorter than
the same spectral line measured from the right side
of Saturn’s rings. Which way (direction) is Saturn
rotating, and why?

Give the temperature in degrees Celsius for a 60°F day.
What Fahrenheit temperature corresponds to 30°C?

The Earth’s average temperature is about 27°C. What
is its average temperature in kelvins?

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

The Sun’s surface is about 5800 K. What is its temper-
ature in °F?

An iron rod is heated by a welder’s torch. Initially it
glows a dull red, then a brighter orange, and finally
very bright white. Discuss this sequence in terms of
black-body radiation.

Does the Doppler effect depend on the distance
between the source of light and the observer?

Explain.

The HB line of hydrogen has a wavelength of 4861 A.
(a) What is its frequency? (b) What is the frequency
of a line with twice the wavelength of Ha?
Announcers at a certain radio station say that they are
at “95 FM on your dial,” meaning that they transmit
at a frequency of 95 MHz (95 megahertz, or 95 million
cycles per second). What is the wavelength of the radio
waves from this station?

(a) If one photon has 10 times the frequency of
another photon, which photon is the more energetic,
and by what factor? (b) Answer the same question
for the case where the first photon has twice the
wavelength of the second photon.

Consider a black body whose temperature is 3 K. At
what wavelength does its spectrum peak? (We will see
the importance of this radiation in the discussion of
cosmology in Chapter 19.)

Suppose the peak of a particular star’s spectrum occurs
at about 6000 A. (a) Use Wien’s law to calculate the
star’s surface temperature. (b) If this star were a factor
of four hotter, at what wavelength would its spectrum
peak? In what part of the electromagnetic spectrum is
this peak?

(a) Compare the luminosity (amount of energy given
off per second) of the Sun with that of a star the same
size but three times hotter at its surface. (b) Answer
the same question, but now assume the star also has
twice the Sun’s radius.

How many times hotter than the Sun’s surface is
the surface of a star the same size, but that gives off
twice the Sun’s energy per second (that is, is twice
as luminous)?

True or false? When we see other people, our eyes
are detecting the visible light that each of us radiates
as an approximate “black body” (thermal emitter).

True or false? If the surface temperature of Star
Zeppo is 3 times that of Star Harpo, then the wave-
length at which Star Zeppo’s spectrum peaks is

the wavelength at which Star Harpo’s spectrum peaks.

True or false? The Doppler effect has been used to
measure the rotation rates of planets in our Solar
System, as well as to detect the presence of planets
around some other stars.

True or false? The type of spectral feature usually
observed from a hot gas with no star behind it along
the line of sight is an absorption line.



35. Multiple choice: Which one of the following state-
ments about atoms is false? (a) Electrons have discrete
energy levels. (b) Each element produces a unique
pattern of spectral lines, like a fingerprint. (c) Photon
emission occurs randomly, in any direction. (d) An
electron in an atom may absorb either part or all of
the energy of a photon. (e) Absorption occurs when
an electron in an atom jumps from a lower energy
level to a higher energy level.

36. Multiple choice: In a vacuum, photons of higher
energy (a) move faster than lower energy photons;
(b) have higher frequencies and shorter wavelengths
than lower energy photons; (c) have more mass than
lower energy photons; (d) are not as likely to become
redshifted as lower energy photons; or (e) travel less
distance between their source and the observer than
lower energy photons.

37. Multiple choice: A local radio station broadcasts at
100.3 megahertz (megahertz = 10° cycles per second;
symbol MHz). What is the approximate wavelength
of the signal? (a) 3000 angstroms. (b) 30 meters.

(c) 1.86 miles. (d) 30 centimeters. (e) 3 meters.

38. Multiple choice: Which one of the following state-
ments about electromagnetic waves is false?
(a) Human eyes are able to detect only a tiny fraction
of all possible electromagnetic waves. (b) If electro-

TOPICS FOR DISCUSSION

1. What are some examples in which you know that mag-
netic or electric fields play a prominent role? Is there
evidence that one type of field produces or interacts
with the other type?

2. Why is spectroscopy useful in astronomy? Describe
and explain three possible applications.
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magnetic wave Zoe has twice the wavelength of elec-
tromagnetic wave Simon, then Zoe also has twice the
frequency of Simon. (c) “White light” such as sunlight
actually consists of many electromagnetic waves,
having different wavelengths, mixed together. (d) An
electromagnetic wave consists of oscillating electric
and magnetic fields that are perpendicular to each
other and perpendicular to the direction of motion.
(e) The measured speed of an electromagnetic wave
is independent of the speed of its source relative to
the observer.

39. Fill in the blank: If a neutral atom loses one or more
electrons, the atom is said to be

40. Fill in the blank: By observing the of a star
or planet, we can determine what kinds of atoms or
molecules are present and their relative abundance.

41. Fill in the blank: Electromagnetic radiation behaves as
though it has properties of both and

42, Fill in the blank: According to the Stefan-Boltzmann
law, the ratio of the energy emitted per second by
two black bodies having the same surface area is
proportional to the power of the ratio of their
temperatures.

"This question requires a numerical solution.

3. Is any object truly a perfect “black body,” absorbing
absolutely all of the energy that hits it? If there are few
such objects, why is the black-body concept useful?

4. What do you think of the dual nature of light, being
both a wave and a particle? Is this contrary to your
intuition?

Ace®yAstronomy™ Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources
for this chapter including a list of common misconceptions,
news and updates, flashcards, and more.
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Light and Telescopes:
Extending Our Senses

Everybody knows that astronomers use telescopes, but not everybody realizes that
the telescopes astronomers use are of very different types. Further, very few mod-
ern telescopes are used directly with the eye. In this chapter, we will first discuss the
telescopes that astronomers use to collect visible light, as they have for hundreds of
years. Then we will see how astronomers now also use telescopes to study gamma
rays, x-rays, ultraviolet, infrared, and radio waves.

3.1 The First Telescopes for Astronomy

Almost four hundred years ago, a Dutch optician put two eyeglass lenses together, and
noticed that distant objects appeared closer (that is, they looked magnified). The next
year, in 1609, the English scientist Thomas Harriot built one of these devices and
looked at the Moon. But all he saw was a blotchy surface, and he didn’t make anything
of it.

Credit for first using a telescope to make astronomical studies goes to Galileo
Galilei. In 1609, Galileo heard that a telescope had been made in Holland, so in Venice
he made one of his own and used it to look at the Moon. Perhaps as a result of his
training in interpreting light and shadow in drawings (he was surrounded by the
Renaissance and its developments in visual perspective), Galileo realized that the light
and dark patterns on the Moon meant that there were craters there (M Fig. 3—1). With
his tiny telescopes—using lenses only a few centimeters across and providing, with an
eyepiece, a magnification of only 20 or 30, not much more powerful than a modern
pair of binoculars and showing a smaller part of the sky—he went on to revolutionize
our view of the cosmos, as will be further discussed in Chapter 5.

Whenever Galileo looked at Jupiter through his telescope, he saw that it was not
just a point of light, but appeared as a small disk. He also spotted four points of light
that moved from one side of Jupiter to another (M Fig. 3—2). He eventually realized
that the points of light were moons orbiting Jupiter, the first proof that not all bodies
in the Solar System orbited the Earth.
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<@l The Hubble Space Telescope as seen from the space shuttle that had just brought astro-

nauts to service it.
NASA's Johnson Space Center

ORIGINS .

We discuss the telescopes used
by astronomers to see the far-
thest and faintest objects,
including a new generation of
huge telescopes on the ground
and major visible, x-ray, and
infrared space telescopes aloft.
These instruments allow us to
learn about the earliest epochs
of the Universe, to study how
stars form, and to search for
other planetary systems, among
other things.

AIMS 5

1. Discuss the historical impor-
tance of the development
of telescopes (Section 3.1).

2. See how telescopes work,
and understand the main
uses of telescopes (Sections
3.2 and 3.3).

3. Learn about a variety of tele-
scopes on the ground and in
space for studying radiation
inside and outside the visible
spectrum (Sections 3.4 to 3.8).
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M FIGURE 3-1 @ An engraving of
Galileo's observations of the Moon from
his book Sidereus Nuncius (The Starry
Messenger), published in 1610. @ A
modern photo appears for comparison.
Galileo was the first to report that the
Moon has craters. It seems reasonable
that Galileo had been sensitized to
interpreting surfaces and shadows by
the Italian Renaissance and by his
related training in drawing. Aristotle
and Ptolemy had held that the Earth
was imperfect but that everything
above it was perfect, so Galileo's obser-
vation contradicted them.

M FIGURE 3-2 @ Jupiter and three of its four Galilean
satellites; from left to right: Callisto, Ganymede, Jupiter,
Europa. lo was hidden behind Jupiter. The relative brightness
of the satellites was enhanced. @ Some of Galileo's notes
about his first observations of Jupiter's moons. Simon Marius
also observed the moons at about the same time; we now
use the names Marius proposed for them: lo, Europa,
Ganymede, and Callisto, though we call them the Galilean
satellites. @ An image of Jupiter (circled in purple) and four
of its moons made in 2002 with a replica of one of Galileo's
2.5-cm (1-in) telescopes.
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B FIGURE 3-3 Venus goes through a full set of phases, from new to full (crescent to nearly full
shown here).

The existence of Jupiter’s moons contradicted the ancient Greek philoso-
phers—chiefly Aristotle and Ptolemy—who had held that the Earth is at the center of
all orbits (see Chapter 5). Further, the ancient ideas that the Earth could not be in
motion because the Moon (and other objects) would be “left behind” was also wrong.
Galileo’s discovery of the moons thus backed the newer theory of Copernicus, who
had said in 1543 that the Sun and not the Earth is at the center of the Universe. And
Galileo’s lunar discovery—that the Moon’s surface had craters—had also endorsed
Copernicus’s ideas, since the Greek philosophers had held that celestial bodies were all
“perfect.” Galileo published these discoveries in 1610 in his book Sidereus Nuncius
(The Starry Messenger).

Seldom has a book been as influential as Galileo’s slim volume. He also reported
in it that his telescope revealed that the Milky Way was made up of a myriad of indi-
vidual stars. He drew many individual stars in the Pleiades, which we now know to be
a star cluster. And he reported some stars in the middle of what is now known as the
Orion Nebula. But one attempt made by Galileo in his Sidereus Nuncius didn’t stick:
he proposed to use the name “Medicean stars,” after his financial backers, for the
moons of Jupiter. Nowadays, recognizing Galileo’s intellectual breakthroughs rather
than the Medicis’ financial contributions, we call them the “Galilean moons.”

Galileo went on to discover that Venus went through a complete set of phases,
from crescent to nearly full (M Fig. 3-3), as it changed dramatically in size
(M Fig. 3—4). These variations were contrary to the prediction of the Earth-centered
(geocentric) theory of Ptolemy and Aristotle that only a crescent phase would be seen
(see Chapter 5). The Venus observations were thus the fatal blow to the geocentric
hypothesis. He also found that the Sun had spots on it (which we now call
“sunspots”), among many other exciting things.

3.2° How Do Telescopes Work?

The basic principles of telescopes are easy to understand. In astronomy we normally
deal with light rays that are parallel to each other, which is the case for light from the
stars and planets, since they are very far away (M Fig. 3-5). Certain curved lenses and
mirrors can bring starlight to a single point, called the focus (M Fig. 3—6). The many
different points of light coming from an extended object (like a planet) together form
an image of the object in the focal plane. If an eyepiece lens is also included, then the
image becomes magnified and can be viewed easily with the human eye. For example,
each “monocular” in a pair of binoculars is a simple telescope of this kind, much like
the ones made by Galileo.

But Galileo’s telescopes had deficiencies, among them that white-light images
were tinged with color, and somewhat out of focus. This effect, known as chromatic
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B FIGURE 3-4 The position in the
sky of Venus at different phases, in an
artist's rendition of a computer plot.
Venus is a crescent only when it is in a
part of its orbit that is relatively close
to the Earth, and so looks larger at
those times.

Akira Fujii

Drawn from a plot made with

Visible Universe.
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Diverging
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M FIGURE 3-6 The focal length is
the distance behind a lens to the point
at which a very distant object is
focused. [The focal length of the
human eye is about 2.5 cm (1 inch)]. An
object in a slightly different part of the
sky (indicated by parallel light rays
tilted with respect to the horizontal
ones) is imaged at a slightly different
location in the focal plane, as shown.

Essentially
parallel

Diverging slightly

B FIGURE 3-5 The light we see from a star is almost parallel, diverging imperceptibly, because stars
are so distant.

aberration (M Fig. 3-7), is caused by the fact that different colors of light are bent by
different amounts as the light passes through a lens, similar to what happens to light
in a prism (as discussed in Chapter 2). Each color ends up having a different focus.

Toward the end of the 17th century, Isaac Newton, in England, had the idea of
using mirrors instead of lenses to make a telescope. Mirrors do not suffer from chro-
matic aberration. When your focusing mirror is only a few centimeters across, how-
ever, your head would block the incoming light if you tried to put your eye to this
“prime” focus. Newton had the bright idea of putting a small, flat “secondary mirror”
just in front of the focus to reflect the light out to the side, bringing the focus point
outside the telescope tube. This Newtonian telescope (M Fig. 3—8) is a design still in
use by many amateur astronomers. But many telescopes instead use the Cassegrain
design, in which a secondary mirror bounces the light back through a small hole in
the middle of the primary mirror (M Fig. 3-9).

Violet Green Red
focus focus focus

B FIGURE 3-7 Chromatic aberration occurs when white light passes through a simple lens. The vari-
ous colors of light come to a focus at different distances from the lens; there is no single "best focus,”
and objects end up showing a tinge of color.
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B FIGURE 3-8 The path of light in a Newtonian telescope; note the diagonal mirror that brings the
focus out to the side. Many amateur telescopes are of this type.
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M FIGURE 3-10 @ A spherical mirror (that is, part of the interior of a sphere) focuses light that orig-
inates at its center of curvature back on itself, as does the circular arc shown here. @ A spherical mirror
(or a circular arc, as shown here) suffers from spherical aberration in that it does not perfectly focus light
from very large distances, for which the incoming rays are essentially parallel (recall Fig. 3-5).

Lenses that don't have the proper shape can also show spherical aberration.

Spherical mirror

Note that the hole, or an obstruction of part of the incoming light by the second-
ary mirror, only decreases the apparent brightness of the object; it does not alter its
shape. Every part of the mirror forms a complete image of the object.

Spherical mirrors reflect light from their centers back onto the same point, but do
not bring parallel light to a good focus (M Fig. 3—10). This effect is called spherical
aberration. We now often use mirrors that are in the shape of a paraboloid (a
parabola rotated around its axis, forming a curved surface) since only paraboloids
bring parallel light near the mirror’s axis to a focus (M Fig. 3—11). However, light that
comes in from a direction substantially tilted relative to the mirror’s axis is still out of
focus; thus, simple reflecting telescopes generally have a narrow field of view.

Through the 19th century, telescopes using lenses (refracting telescopes, or
refractors) and telescopes using mirrors (reflecting telescopes, or reflectors) were
made larger and larger. The pinnacle of refracting telescopes was reached in the 1890s
with the construction of a telescope with a lens 40 inches (1 m) across for the Yerkes
Observatory in Wisconsin, now part of the University of Chicago (M Fig. 3—12).

It was difficult to make a lens of clear glass thick enough to support its large diam-
eter; moreover, such a thick lens may sag from its weight, absorbs light, and also suf-
fers from chromatic aberration. And the telescope tube had to be tremendously long.
Because of these difficulties, no larger telescope lens has ever been put into long-term
service. (A 1.25-m refractor, mounted horizontally to point at a mirror that tracked
the stars, was set up for a few months at an exposition in Paris in 1900.) In 2002, over
100 years later, a lens also 40 inches (1 m) across was put into use at the Swedish Solar
Telescope on La Palma, Canary Islands.

The size of a telescope’s primary lens or mirror is particularly important because
the main job of most telescopes is to collect light—to act as a “light bucket.” All the
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B FIGURE 3-9 A Cassegrain tele-
scope, in which a curved secondary
mirror bounces light through a hole in
the center of the primary mirror.

/

/ Parabola

M FIGURE 3-11 A paraboloid is a
three-dimensional curve (two-
dimensional surface) created by spin-
ning a parabola on its axis of symmetry.
As shown here, a parabola focuses
parallel light to a single point, as

does a paraboloid.

M FIGURE 3-12 The Yerkes refractor,
still one of the two largest in the world,
has a 1-m-diameter lens.

Yerkes Observatory
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Light-Gathering Power of a Telescope

telescope’s main purpose is to collect light quickly
Aand in large quantities. The mirror or lens of a tele-
scope acts as a gigantic eye pupil that intercepts the light
rays from a distant object. The larger its area, the more
light it will collect in a given time, allowing fainter
objects to be seen. (The length of the telescope tube is
irrelevant to this “light-gathering power.”)

The area of a circle is proportional to the square of
its radius r (or diameter D = 2r):

A =7 = w(D/2)? = wD*4.

Therefore, the ratio of the areas of two telescopes with
circular mirrors of diameter D; and D, is given by

CHAPTER 3 Light and Telescopes: Extending Our Senses

Let’s say that D, = 8 m (a typical size for a large opti-
cal telescope), and D; = 8 mm = 0.008 m (as for the
pupil opening of a dilated eye). The ratio of areas is

(D,/D,)* = (8 m/0.008 m)? = 1000> = 10°.

Thus, looking through the eyepiece of such a telescope,
one could see stars a million times fainter than with the
unaided eye!

By attaching a detector to the telescope, the exposure
time can be made very long, making even fainter stars
visible. Some electronic detectors, such as charge-coupled
devices (CCDs), are far more sensitive than eyes, and
detect most of the photons that hit them. With large tele-
scopes, long exposures, and high-quality CCDs, objects
over 10° (a billion) times fainter than the limit of the
unaided eye have been detected.

AJA, = DD = (D,/D,)

light is brought to a common focus, where it is viewed or recorded. (See Figure It Out
3.1: Light-Gathering Power of a Telescope.) The larger the telescope’s lens or mirror, the
fainter the objects that can be viewed or the more quickly observations can be made. A
larger telescope would also provide better resolution—the ability to detect fine
detail—if it weren'’t for the shimmering (turbulence) of the Earth’s atmosphere, which
limits all large telescopes to about the same resolution (technically, angular resolu-
tion). Only if you can improve the resolution is it worthwhile magnifying images. For
the most part, then, the fact that telescopes magnify is secondary to their ability to
gather light.

Ace(®yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Lenses-Focal Length."
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called "Resolution and Telescopes.”
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3.3 Modern Telescopes

From the mid-19th century onward, larger and larger reflecting telescopes were con-
structed. But the mirrors, then made of shiny metal, tended to tarnish. This problem
was avoided by evaporating a thin coat of silver onto a mirror made of glass. More
recently, a thin coating of aluminum turned out to be longer lasting, though silver
with a thin transparent overcoat of tough material is now coming back into style. The
100-inch (2.5-m; see Figure It Out 3.2: Changing Units) “Hooker” reflector at the Mt.
Wilson Observatory in California became the largest telescope in the world in 1917. Its
use led to discoveries about distant galaxies that transformed our view of what the
Universe is like and what will happen to it and us in the far future (Chapters 16 and 18).

In 1948, the 200-inch (5-m) “Hale” reflecting telescope opened at the Palomar
Observatory, also in California, and was for many years the largest in the world. Cur-
rent electronic imaging detectors, specifically charge-coupled devices (CCDs) similar



© 1999 Subaru Telescope, National Astronomical Observatory of Japan

to those in camcorders and digital cameras, have made this and other large telescopes
many times more powerful than they were when they recorded images on film.

Some of the most interesting astronomical objects are in the southern sky, so
astronomers need telescopes at sites more southerly than the continental United
States. For example, the nearest galaxies to our own—known as the Magellanic
Clouds—are not observable from the continental United States. The National Optical
Astronomy Observatories, supported by the National Science Foundation, have a half-
share in two telescopes, each with 8-m mirrors, the northern-hemisphere one in
Hawaii and the southern-hemisphere one in Chile. The project is called Gemini, since
“Gemini” are the twins in Greek mythology (and the name of a constellation) and
these are twin telescopes. The other half-share in the project is divided among the
United Kingdom, Canada, Chile, Australia, Argentina, and Brazil. By sharing, the
United States has not only half the time on a telescope in the northern hemisphere,
but also half the time on a telescope in the southern hemisphere, a better case than
having a full telescope in the north and nothing in the south.

The observatory with the greatest number of large telescopes is now on top of the
dormant volcano Mauna Kea in Hawaii, partly because its latitude is as far south as
+20°, allowing much of the southern sky to be seen, and partly because the site is so
high that it is above 40 per cent of the Earth’s atmosphere. To detect the infrared part
of the spectrum, telescopes must be above as much of the water vapor in the Earth’s
atmosphere as possible, and Mauna Kea is above 90 per cent of it. In addition, the
peak is above the atmospheric inversion layer that keeps the clouds from rising, usu-
ally giving about 300 nights each year of clear skies with steady images. Consequently,
several of the world’s dozen largest telescopes are there (M Fig. 3—13).

In particular, the California Institute of Technology (Caltech) and the University
of California have built the two Keck 10-m telescopes (M Fig. 3—14), whose mirrors
are each twice the diameter and four times the surface area of Palomar’s largest reflec-
tor. Hence, each one is able to gather light four times faster. When it was built, a sin-
gle 10-m mirror would have been prohibitively expensive, so University of California
scientists worked out a plan to use a mirror made of 36 smaller hexagons (M Fig. 3—-15).

Caltech

James Clerk Maxwell

R
R
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M FIGURE 3-13 Mauna Kea, with its
many huge telescopes. The Keck twin
domes with the Subaru dome near
them are at the middle left; the NASA
Infrared Telescope Facility is above
them; and the Canada-France-Hawaii,
Gemini North, University of Hawaii
88-inch, United Kingdom Infrared, and
University of Hawaii 24-inch telescopes
are on a ridge at top. In the "submil-
limeter valley" at lower right, we see
the Caltech 10-m and James Clerk
Maxwell 15-m submillimeter telescopes
(Maxwell, one of the very greatest
physicists of all time—one of the big
three along with Newton and Einstein,
in the view of many—unified electricity
and magnetism theoretically), as well
as the first to be installed of eight 6-m
telescopes and the assembly building of
the Smithsonian Astrophysical Observa-
tory's submillimeter array.
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B FIGURE 3-14 The dome of the
Keck | 10-m telescope silhouetted
against the Milky Way.

V7 The first telescope worked so well that a twin (Keck II) was quickly built beside it. Not

e only the Gillett Gemini North 8-m telescope but also a Japanese 8-m telescope, named
- | Subaru (for the star cluster known in English as the Pleiades), are on Mauna Kea.

P ; I ' The University of Texas and Pennsylvania State University have built a 9.2-m tele-

B FIGURE 3-15 Each 10-m mirror scope in Texas, the largest optical telescope in the world after the Kecks. It is on an

Jay M. Pasachoff

of the Keck telescopes is made of 36 inexpensive mount and has limited mobility, but it is very useful for gathering a lot of
contiguous hexagonal segments, which light for spectroscopy. A clone has been built in South Africa—the South Africa Large
are continuously adjustable. Several . .

. Telescope (SALT)—by many international partners.
outrigger telescopes are planned, . . / R
though their construction is held up Another major project is the European Southern Observatory’s Very Large Tele-
for local political reasons. scope, an array of four 8-m telescopes (M Fig. 3—16) in Chile. Most of the time they

We can also always multiply anything by 1 without
changing its value. So if we are given, say, a telescope size
that is 8 m = 800 cm, as for some in the current genera-
tion of large telescopes, we can convert that unit to
inches by multiplying by the conversion factor just
derived and making sure that units at the top and the
bottom of the equation cancel properly. Thus

Changing Units

hen changing from one system of units to another,
Wit is helpful to keep careful track of the conversion
factors, to make sure you aren’t getting them upside-
down. For example, 1 inch = 2.54 cm. You can always

divide both sid.es of an equa.ltion by the.same n.ur.n.ber 800 cm x (L inch) _ (800) inches _ 0. o
(except zero) without destroying the equality. So dividing (2.54 cm) (2.54) g

. . ; (approximating
both sides of the previous equation by 2.54 cm, we get (1 800/2.54 = 300).

inch)/(2.54 cm) = 1.

Richard Wainscoat, Institute for Astronomy, University of Hawaii
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European Southern Observatory

B FIGURE 3-16 Domes of the Very Large Telescope, in Chile. The entire project consists of four indi-
vidual 8-m telescopes plus four smaller telescopes (a few of which are still under construction). One

of these movable 1.8-m "auxiliary telescopes” is visible here. From left to right in this 2004 image, we
see Antu, Kueyen, Melipal, an auxiliary telescope, the 2.6-m VLT Survey Telescope (a wide-field imaging
telescope), and Yepun.

are used individually, but technology is advancing to allow them to be used in combi-
nation to give still more finely detailed images. (The Keck pair is also being used occa-
sionally in that mode.) The images are superb (M Fig. 3—17). A pair of 6.5-m tele-
scopes on Las Campanas, another Chilean peak, is the Magellan project, a
collaboration among the Carnegie Observatories, the University of Arizona, Harvard,
the University of Michigan, and MIT. A compound Giant Magellan Telescope, with
several mirrors making a surface equivalent to that of a 21.5-m telescope, is now in
the planning stages by parts of the Magellan collaboration, as is a 30-m Keck-style tel-
escope spearheaded by Caltech and the University of California.

The Large Binocular Telescope project is under way in Arizona with two 8.4-m
mirrors on a common mount. Partners include the University of Arizona, Arizona
State, Northern Arizona University, Ohio State, Notre Dame, Research Corporation,
and European institutes. The Astrophysical Institute of the Canary Islands, with Euro-
pean membership, and with additional participation from Mexico and the University of
Florida, is completing a 10.4-m telescope of the Keck design on La Palma, Canary Islands.

As we mentioned, the angular size of the finest details you can see (the resolution)
is basically limited by turbulence in the Earth’s atmosphere, but a technique called @ FGURE 3-17 The spiral galaxy
adaptive optics is improving the resolution of more and more telescopes. In adaptive NGC 1097, imaged with one of the tel-
optics, the light from the main mirror is reflected off a secondary mirror whose shape  escopes of the Very Large Telescope in
can be slightly distorted many times a second to compensate for the atmosphere’s dis- Eizilli‘i;?ehzeseigeomeitgmz toerl]ezgoOfeﬁ_
tortions. With this technology and other advances, the resolution from ground-based " ';magpe. Thig galaxy has a cenﬁral
telescopes has been improving recently after a long hiatus. However, the images show  plack hole whose mass is tens of mil-
fine detail only over very small areas of the sky, such as the disk of Jupiter. lions of times that of the Sun.

European Southern Observatory
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B FIGURE 3-18 By having a non-
spherical thin lens called a correcting
plate, a Schmidt camera is able to focus
a wide angle of sky onto a curved piece
of film. Since the image falls at a loca-
tion where you cannot put your eye,
the image is always recorded on film.
Accordingly, this device is often called a
Schmidt camera rather than a Schmidt

telescope.

3.4 The Big Picture:
Wide-field Telescopes

As mentioned above, ordinary optical telescopes see a fairly narrow field of view—
that is, a small part of the sky is in focus. Even the most modern have images of less
than about 1° x 1° (for comparison, the full moon appears roughly half a degree in
diameter), which means it would take decades to make images of the entire sky (over
40,000 square degrees). The German optician Bernhard Schmidt, in the 1930s,
invented a way of using a thin lens ground into a complicated shape together with a
spherical mirror to image a wide field of sky (M Fig. 3—18).

The largest Schmidt telescopes, except for one of interchangeable design, are at
the Palomar Observatory in California and at the United Kingdom Schmidt site in
Australia (M Fig. 3—19); these telescopes have front lenses 1.25 m (49 inches) in diam-
eter and mirrors half again as large. (The back mirror is larger than the front lens in
order to allow study of objects off to the side.) They can observe a field of view some
7° x 7°—almost the size of your fist held at the end of your outstretched arm, com-
pared with only the size of a grain of sand at that distance in the case of the Hubble
Space Telescope!

Spherical mirror

2\‘

© 1987 and 1979, ROE/AAOQ, image by David F. Malin

0]

M FIGURE 3-19 @ Three individual images, each taken with the U.K. Schmidt telescope (which is in
Australia) through a filter in a different color, are printed together to make the full-color image. @ This
color view of the Horsehead Nebula in Orion is from the top-left quarter of the three monochromatic
(single-color) images. The white circles show the size of the Moon.



The Palomar camera, now named the “Oschin” Schmidt telescope, was used in the
1950s to survey the whole sky visible from southern California with photographic film
and filters that made pairs of images in red and blue light. This Palomar Observatory
Sky Survey is a basic reference for astronomers. Hundreds of thousands of galaxies,
quasars, nebulae, and other objects have been discovered on them. The Schmidt tele-
scopes in Australia and Chile have extended this survey to the southern hemisphere.
In the 1990s, Palomar carried out a newer survey with improved films and more over-
lap between adjacent regions. Among other things, it is being compared with the first
survey to see which objects have changed or moved. Both surveys have been digitized,
to improve their scientific utility. The Palomar Schmidt has now been converted to
digital detection with CCDs, and is largely being used to search for Earth-approaching
asteroids.

An interesting method of surveying wide regions of sky has been developed by the
Sloan Digital Sky Survey team. They use a telescope (not of Schmidt design) at Apache
Point, New Mexico, to record digital CCD images of the sky as the Earth turns,
observing simultaneously in several different colors (M Fig. 3—20). So many data were
collected that developing new methods of data handling was an important part of the
project. They have mapped hundreds of millions of galaxies and half a million
“quasars” (extremely distant, powerful objects in the centers of galaxies; see Chapter
17). The telescope took spectra of 500,000 of the galaxies and 60,000 of the quasars
that it mapped.

3.5 Amateurs Are Catching Up

It is fortunate for astronomy as a science that so many people are interested in looking
at the sky. Many are just casual observers, who may look through a telescope occasion-
ally as part of a course or on an “open night,” when people are invited to view through
telescopes at a professional observatory, but others are quite devoted “amateur astro-
nomers” for whom astronomy is a serious hobby. Some amateur astronomers make
their own equipment, ranging up to quite large telescopes perhaps 60 cm in diameter.
But most amateur astronomers use one of several commercial brands of telescopes.

Computer power and the techniques for CCD image processing have advanced so
much that these days, amateur astronomers are producing pictures that professionals
using the largest telescopes would have been proud of a decade ago. One interesting
technique is to take thousands of photos very quickly, use a computer to throw out
the blurriest, and combine the rest to form a sharp image. Some amateurs are even
contributing significantly to professional research astronomers, obtaining high-quality
complementary data.

Many of the amateur telescopes are Newtonian reflectors, with mirrors 15 cm in
diameter being the most popular size (M Fig. 3—21a). It is quite possible to shape your
own mirror for such a telescope. The Dobsonian telescope is a variant of this type,
made with very inexpensive mirrors and construction methods. Ordinary Dobsonians
don’t track the stars as the sky revolves overhead, but they are easy to turn by hand in
the up-down direction (called “altitude”) and in the left-right direction (called
“azimuth”) on cheap Teflon bearings. (Computerized tracking can be added.)

Compound telescopes that combine some features of reflectors with some of the
Schmidt telescopes are very popular. This Schmidt—Cassegrain design (M Fig. 3-21b)
bounces the light, so that the telescope is relatively short, making it easier to transport
and set up. Many of the current versions of these telescopes are now being provided
with a computer-based “Go-To” function, where you press a button and the telescope
“goes to” point at the object you have selected. Some have Global Positioning System
(GPS) installed, so that the telescope knows where it is located. Then you point to at
first one and then another bright star whose names you know, and the telescope’s
computer calculates the pointing for the rest of the sky.

Jay M. Pasachoff

University of Chicago News Office
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Amateurs Are Catching Up

M FIGURE 3-20 The filters of the
Sloan Digital Sky Survey; the charge-
coupled devices (CCDs) are behind
them. The color bands include ultravio-
let, blue-green, red, far red, and near
infrared.
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M FIGURE 3-21 © An amateur
astronomer's Newtonian telescope. Note
that the eyepiece is perpendicular to
the tube near the tube's top. @ A cut-
away drawing of this Newtonian tele-
scope. @ A cutaway drawing of a
compound Schmidt-Cassegrain design,
now widely used by amateurs because
of its light-gathering power and porta-
bility.
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B FIGURE 3-22 An astronaut
(marked with an arrow) works on the
Hubble Space Telescope during its 2002
servicing mission, when the Advanced
Camera for Surveys was installed and
the infrared camera was restored to
working order. The telescope is named
after Edwin Hubble, who discovered the
true nature of galaxies and the redshift
-distance relation for galaxies that led
to our understanding of the expansion
of the Universe (see Chapter 16).

NASA's Johnson Space Center

Goodrich Corp., Optical and Space Systems Division

M FIGURE 3-23 The 2.4-m (94-inch)
mirror of the Hubble Space Telescope,
before launch but after it was ground
and polished and covered with a reflec-
tive coating. This single telescope has
already made numerous discoveries

but is raising as many questions as it
answers. So we need still more ground-
based telescopes as partners in the
enterprise, in addition to more tele-
SCOpES in space.

B FIGURE 3-24 Sections of the
Hubble Ultra Deep Field, a tiny region
of the sky viewed over and over with
the Hubble Space Telescope's Advanced
Camera for Surveys. Many faint and
distant galaxies are revealed, often
interacting with each other.

3.6 Glorious Hubble After Initial Trouble

The first moderately large telescope to be launched above the Earth’s atmosphere is the
Hubble Space Telescope (HST or Hubble, for short; M Fig. 3-22), built by NASA
with major contributions from the European Space Agency. The set of instruments on
board Hubble is sensitive not only to visible light but also to ultraviolet and infrared
radiation that don’t pass through the Earth’s atmosphere. (These regions of the elec-
tromagnetic spectrum will be discussed in more detail below.)

The Hubble saga is a dramatic one. When launched in 1990, the 94-inch (2.4-m)
mirror was supposed to provide images with about 10 times better resolution than
ground-based images, because of Hubble’s location outside of Earth’s turbulent atmos-
phere. (But the latest advances in adaptive optics now eliminate, for at least some
types of infrared observations involving narrow fields of view, the advantage Hubble
formerly had over ground-based telescopes.) Unfortunately, the main mirror (M Fig.
3-23) turned out to be made with slightly the wrong shape. Apparently, an optical
system used to test it was made slightly the wrong size, and it indicated that the mirror
was in the right shape when it actually wasn’t. The result is some amount of spherical
aberration, which blurred the images and caused great disappointment when it was
discovered soon after launch.

Fortunately, the telescope was designed so that space-shuttle astronauts could visit
it every few years to make repairs. A mission launched in 1993 carried a replacement
for the main camera and correcting mirrors for other instruments, and brought the
telescope to full operation. A second generation of equipment, installed in 1997,
included a camera, the Near Infrared Camera and Multi-Object Spectrometer
(NICMOS), that is sensitive to the infrared; however, it ran out of coolant sooner than
expected. A mission in December 1999 replaced the gyroscopes that hold the telescope
steady and made certain other repairs and improvements, such as installing better
computers. A mission in 2002 installed the Advanced Camera for Surveys (ACS) and a
cooler (refrigerator) that made the infrared camera work again. With increased sensi-
tivity and a wider field of view than the best camera then on board, ACS is about 10
times more efficient in getting images, so it is taking Hubble to a new level.

Hubble’s high resolution is able to concentrate the light of a star into an extremely
small region of the sky—the star or galaxy isn’t blurred out. This, plus the very dark
background sky at high altitude, even at optical wavelengths but especially in the
infrared (where Earth’s warm atmosphere glows brightly), allows us to examine much
fainter objects than we could formerly (M Fig. 3—24). The combination of resolution

NASA, ESA, S. Beckwith (STScl) and the HUDF Team
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and sensitivity has led to great advances toward solving several basic problems of
astronomy. As we shall see later (Chapter 16), we were able to pin down our whole
notion of the size and age of the Universe much more accurately than before. Thus,
Hubble fills a unique niche, and was well worth its much larger cost compared with a
ground-based telescope of similar size.

Still another upgrade of Hubble had been planned for many years, but it was put
on hold after the space-shuttle Columbia disaster on February 1, 2003. At the time of
this writing (fall 2005), it is unknown whether the upgrade can be accomplished
(either with a robotic or a crewed mission) before the batteries fail or too many gyro-
scopes break. Thus, the future of Hubble is unclear, given limitations on our space-
shuttle fleet and declines in Federal funding; consult our website or Hubble’s for the
latest information.

A Next Generation Space Telescope, named the James Webb Space Telescope after
the Administrator of NASA in its moon-landing days, is under construction with a
nominal launch date of 2013. Currently planned to have a 6.5-m mirror, the telescope
will be optimized to work at infrared wavelengths, which will make it especially useful
in studying the origins of planets and in looking for extremely distant objects in the
Universe. But it will not have high-resolution visible-light capabilities, so it won’t be a
direct replacement for Hubble.

3.7 You Can’t Look at the Sun at Night

Telescopes that work at night usually have to collect a lot of light. Solar telescopes
work during the day, and often have far too much light to deal with. They have to get
steady images of the Sun in spite of viewing through air turbulence caused by solar
heating. So solar telescopes are usually designed differently from nighttime telescopes.
The Swedish Solar Telescope on La Palma, with its 1-m mirror, uses adaptive optics to
get fantastically detailed solar observations. Planning is under way for a 4-m (13-ft)
Advanced Technology Solar Telescope, larger than any previous solar telescope, with
the 10,000-foot (3050-m) altitude of Haleakala on Maui, Hawaii, selected as the site.

Solar observatories in space have taken special advantage of their position above
the Earth’s atmosphere to make x-ray and ultraviolet observations. The Japanese
Yohkoh (Sunbeam) spacecraft, launched in 1991, carried x-ray and ultraviolet tele-
scopes for study of solar activity. Yohkoh was killed by a solar eclipse in 2001; its track-
ers, used to find the edge of the round Sun, got confused, allowing the telescope to
drift away and to start spinning. A successor with improved imaging detail, named
Solar-B until it is launched, is to be its replacement.

The Solar and Heliospheric Observatory (SOHO), a joint European Space Agency/
NASA mission, is located a million kilometers upward toward the Sun, for constant
viewing of all parts of the Sun. The Transition Region and Coronal Explorer (TRACE)
gives even higher-resolution images of loops of gas at the edge of the Sun (M Fig. 3-25).

B FIGURE 3-25 Spikes of hot chro-
mospheric gas from the Transition
Region and Coronal Explorer (TRACE)
spacecraft imaged in the ultraviolet as
part of one of the authors' (J.M.P)
research.
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M FIGURE 3-26 Waves of electric
and magnetic fields travelling across

space are called "radiation." The wave-
length is the length over which a wave

repeats.

ASIDE 3.1: X-ray black-hole
satellite

The Japanese-American Suzaku
satellite, launched in 2005, is
capturing x-rays over a wide
energy range to study violent
phenomena such as those
occuring near black holes,
including those at the centers
of many galaxies. Though one
instrument failed, two others
are working.

All these telescopes gave especially interesting data during the year 2000 —2001 maxi-
mum of sunspot and other solar activity. A new set of high-resolution solar spacecraft
should be in place for the sunspot maximum of 2010 -2011.

3.8 How Can You See the Invisible?

As discussed more fully in Chapter 2, we can describe a light wave by its wavelength
(M Fig. 3-26). But a large range of wavelengths is possible, and visible light makes up
only a small part of this broader spectrum (M Fig. 3-27). Gamma rays, x-rays, and
ultraviolet light have shorter wavelengths than visible light, and infrared and radio
waves have longer wavelengths.

3.8a X-ray and Gamma-ray Telescopes

The shortest wavelengths would pass right through the glass or even the reflective
coatings of ordinary telescopes, so special imaging devices have to be made to study
them. And x-rays and gamma rays do not pass through the Earth’s atmosphere, so
they can be observed only from satellites in space. NASA’s series of three High-Energy
Astronomy Observatories (HEAOs) was tremendously successful in the late 1970s.
One of them even made detailed x-ray observations of individual objects with resolu-
tion approaching that of ground-based telescopes working with ordinary light.

NASA’s best x-ray telescope is called the Chandra X-ray Observatory, named
after a scientist (S. Chandrasekhar; see Chapter 13) who made important studies of
white dwarfs and black holes. It was launched in 1999. It makes its high-resolution
images with a set of nested mirrors made on cylinders (M Figs. 3—-28 and W 3-29).
Ordinary mirrors could not be used because x-rays would pass right through them.
However, x-rays bounce off mirrors at low angles, just as stones can be skipped across
a lake at low angles (M Fig. 3—30). Chandra joins Hubble as one of NASA’s “Great
Observatories.” The European Space Agency’s XMM-Newton mission has more tele-
scope area and so is more sensitive to faint sources than Chandra, but it doesn’t have
Chandra’s high resolution.

NASA’s Swift spacecraft, named in part for the swiftness (within about a minute)
with which it can turn its ultraviolet/visible-light and x-ray telescopes to point at
gamma-ray burst positions, started its observations in 2005. NASA’s major Constella-
tion-X quartet of x-ray spacecraft is on the drawing board for 2019.

In the gamma-ray part of the spectrum, the Compton Gamma Ray Observatory
was launched in 1991, also as part of NASA’s Great Observatories program. NASA

0.01A 0.1A 1A

100A  1000A 10,000 A
Tpm 10 pm 100 pm 1000 pm
Tmm
Tcm 10cm 100 cm

B FIGURE 3-27 The spectrum of electromagnetic waves. The silhouettes represent telescopes or
spacecraft used or planned for observing that part of the spectrum: the Compton Gamma Ray Observa-
tory, the Chandra X-ray Observatory, the Hubble Space Telescope, the dome of a ground-based telescope,
the Spitzer Space Telescope, and a ground-based radio telescope.
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B FIGURE 3-28 An outside view of the nested Chandra X-ray
Qbservatory mirrors.

destroyed it in 2000, since the loss of one more of its gyros would have made it more
difficult to control where its debris would land on Earth. It made important contribu-
tions to the study of exotic “gamma-ray bursts” (Chapter 14) and other high-energy
objects. The European Space Agency launched its “Integral” (International, Gamma-
Ray Astrophysics Laboratory) telescope in 2002. Besides observing gamma rays, it can
make simultaneous x-ray and visible-light observations.

Some huge “light buckets” are giant ground-based telescopes, bigger than the
largest optical telescopes, but focusing only well enough to pick up (but not accurately
locate) flashes of visible light in the sky (known as “Cerenkov radiation”) that are
caused by gamma rays hitting particles in our atmosphere. The MAGIC telescope
(Major Atmospheric Gamma-ray Imaging Cerenkov Telescope) on La Palma in the
Canary Islands is such a device.

3.8b Telescopes for Ultraviolet Wavelengths

Ultraviolet wavelengths are longer than x-rays but still shorter than visible light. All
but the longest wavelength ultraviolet light does not pass through the Earth’s atmos-
phere, so must be observed from space. For about two decades, the 20-cm telescope
on the International Ultraviolet Explorer spacecraft sent back valuable ultraviolet
observations. Overlapping it in time, the 2.4-m Hubble Space Telescope was launched,
as discussed above; it has a much larger mirror and so is much more sensitive to ultra-
violet radiation.

Several ultraviolet telescopes have been carried aloft for brief periods aboard space
shuttles, and brought back to Earth at the end of the shuttle mission. At present,
NASA’s Far Ultraviolet Spectrographic Explorer (FUSE) is taking high-resolution
spectra largely in order to study the origin of the elements in the Universe. NASA’s
Galaxy Evolution Explorer (GALEX) is sending back ultraviolet views of distant and
nearby galaxies to find out how galaxies form and change.

3.8c Infrared Telescopes

From high-altitude sites such as Mauna Kea, parts of the infrared can be observed
from the Earth’s surface. From high aircraft altitudes, even more can be observed, and
NASA has refitted an airplane with a 2.5-m telescope to operate in the infrared. Cool
objects such as planets and dust around stars in formation emit most of their radiation

B FIGURE 3-29 One of the cylindrical mirrors from the Chandra X-ray Obser-
vatory. Its inside is polished to reflect x-rays by grazing incidence.

X-rays
Nested array
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Nested
array of
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M FIGURE 3-30 Follow the arrows
from the left on the light rays to see
how each bounces off first a paraboloid
and then a hyperboloid (the surface
formed by spinning a hyperbola on its
axis of symmetry) to come to a com-
mon focus. As the three-dimensional
drawing in the lower part of the
diagram shows, four similar parabo-
loid/hyperboloid mirror arrangements,
used at low angles to incoming x-rays
and all sharing the same focus, are
nested within each other to increase
the area of telescope surface that
intercepts x-rays in NASA's Chandra
X-ray Observatory. A photo of one
segment was shown in the preceding
figure (Fig. 3-29).
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in the infrared, so studies of planets and of how stars form have especially benefited
from infrared observations. This Stratospheric Observatory for Infrared Astronomy
(SOFIA) telescope should have its first scientific flights in 2006.

An international observatory, the Infrared Astronomical Satellite (IRAS), mapped

the sky in the 1980s, and then was followed by the European Infrared Space Observa-
tory (ISO) in the mid-1990s. Since the telescopes and detectors themselves, because of
their warmth, emit enough infrared radiation to overwhelm the faint signals from
space, the telescopes had to be cooled way below normal temperatures using liquid
helium. These telescopes mapped the whole sky, and discovered a half-dozen comets,
hundreds of asteroids, hundreds of thousands of galaxies, and many other objects.
ISO took the spectra of many of these objects.
M FIGURE 3-31 The sky, mapped by Since infrared penetrates the haze in space, its whole-sky view reveals our own
E?;ftc?)rmsr?écgg,a::\?erglznr:aEiszlotrﬁg ?\;)ﬁlf\i_ Milky Way Galaxy. During '1990—1.994, the' Cosmic Background Explorer '(COBE)
Way and thus the shape of our Galaxy. spacecraft mapped the sky in a variety of infrared (M Fig. 3—-31) and radio wave-
The image here is false color, a transla- lengths, primarily to make cosmological studies. NASA’s Wilkinson Microwave
tion into visible wavelengths of three Anisotropy Probe (WMAP) was launched in 2001 to make higher-resolution observa-
::lar:g”\;v%zlsetngths that penetrate tions. We shall discuss their cosmological discoveries in Chapter 19.

The whole sky was mapped in the infrared in the 1990s by 2MASS, a joint
ground-based observation by the University of Massachusetts at Amherst and the
Imaging Processing and Analysis Center at Caltech. (The “2” in the acronym is for its
2-micron wavelength and the initials of 2 Micron All Sky Survey are “Mass.”)

A large, sensitive infrared mission, the Spitzer Space Telescope (M Fig. 3—32a),
was launched as the infrared Great Observatory in 2003. It has been producing phe-
nomenal images (for example, M Fig. 3—32b). The European Space Agency plans its
Herschel infrared telescope for launch in 2007. (Sir William Herschel discovered
infrared radiation about two hundred years ago.)

3.8d Radio Telescopes

Since Karl Jansky’s 1930s discovery (M Fig. 3—33) that astronomical objects give off
radio waves, radio astronomy has advanced greatly. Huge metal “dishes” are giant

NASA/JPL-Caltech/S. Carey (Caltech)

NASA/JPL/Caltech

M FIGURE 3-32 @ NASA's Spitzer Space Telescope before launch. We see its lightweight beryllium
mirror. @ A region of star formation, imaged with the Spitzer Space Telescope. This photograph is com-
posed of images obtained at four wavelengths: 3.6 microns (shown as blue), 4.5 microns (shown as
green), 5.8 microns (shown as orange), and 8 microns (shown as red). This object, DR6, is about as large
across as the nearest star is to the Sun (4 light years).
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M FIGURE 3-33 @ Karl Jansky (inset) and the full-scale model of the rotating antenna with which he
discovered radio waves from space. @ A sculpture honoring the original Jansky telescope, erected at the
original site in Holmdel, New Jersey, in 1998.

reflectors that concentrate radio waves onto antennae that enable us to detect faint sig-
nals from objects in outer space.

A still larger dish in Arecibo, Puerto Rico, is 1000 feet (330 m) across, but points
only more or less overhead. Still, all the planets and many other interesting objects
pass through its field of view. This telescope and one discussed below starred in the
movie Contact.

Astronomers almost always convert the incoming radio signals to graphs or inten-
sity values in computers and print them out, rather than converting the radio waves to
sound with amplifiers and loudspeakers. If the signals are converted to sound, it is
usually only so that the astronomers can monitor them to make sure no radio broad-
casts are interfering with the celestial signals.

Radio telescopes were originally limited by their very poor resolution. The resolu-
tion of a telescope depends only on the telescope’s diameter, but we have to measure
the diameter relative to the wavelength of the radiation we are studying. For a radio
telescope studying waves 10 cm long, even a 100-m telescope is only 1000 wavelengths
across. A 10-cm optical telescope studying ordinary light is 200,000 wavelengths
across, so it is effectively much larger and gives much finer images (M Fig. 3—34); see
Figure It Out 3.3: Angular Resolution of a Telescope.

Radio wave Light wave
13% \ 8\

Radio telescope dish

Light telescope mirror

ASIDE 3.2: Eyesight

The optical quality of the
human eye, not the size
of its lens, determines its
final resolution.

B FIGURE 3-34 Ffor familiarity's
sake, we often refer to telescopes by
their physical size, though this is not
the most significant measure. It is more
meaningful to measure the diameter of
telescope mirrors in terms of the wave-
length of the radiation that is being
observed than it is to measure them in
terms of units like centimeters that
have no particularly relevant signifi-
cance. The radio dish at left is only 13,
wavelengths across, whereas the mirror
at right is 8 wavelengths across, making
it effectively much bigger. The wave-
lengths are greatly exaggerated in this
diagram relative to the size of any
actual reflectors. For the Bonn radio tel-
escope used to observe 10-cm waves,
the 100-m diameter divided by 0.1 m
per wave = 1000 wavelengths.

David B. Jansky, courtesy of Woodruff Sullivan and the Astronomical Society of the Pacific
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Angular Resolution of a Telescope

elescopes improve the clarity with which objects are
Tseen: they have higher angular resolution (the ability
to see fine detail) than the human eye.

Angular measure is important in astronomy. The full
circle is divided into 360 degrees (360°). The Moon and
the Sun each subtend (cover) about 1/2°. Each degree
consists of 60 arc minutes (60'). Each minute of arc con-
sists of 60 arc seconds (60"). A second of arc is very
small—approximately the angle subtended by a dime
viewed from a distance of 3.7 km. One can also use radi-
ans for angular measure. There are 27 radians in 360°, so
1" = 1/206265 radian.

If two point-like objects are closer together than
about 1 arc minute, the unaided eye will perceive them as
only one object because their individual “blur circles”
merge together. With a telescope, the size of the individ-
ual blur circles decreases, and the objects become resolved
(see the figure). The angular diameter of the blur circle is
proportional to A/D, where A is the observation wave-
length and D is the diameter of the lens or mirror. Hence,
in principle, large telescopes are able to resolve finer
details than small telescopes (at a given wavelength).

A rule of thumb found by the amateur astronomer
Dawes in the 19th century is that the resolution (in arc sec-
onds) equals 0.002A/D, if A is given in angstroms (A) and
D is given in centimeters. This resolution is the angular
separation at which a double star is detectable as having
two separate components (if they have equal brightness).

In practice, Earth’s atmosphere blurs starlight: Layers
of air with different densities move in a turbulent way rela-
tive to each other, and the rays of light bend in different
directions. This is related to the twinkling of starlight. The
angular resolution of telescopes larger than 20-30 cm
is limited by the blurring effects of the atmosphere (typi-
cally 1 arc second, and rarely smaller than 1/3 arc second),
not by the size of the mirror or lens. Thus, even bigger
ground-based telescopes do not give clearer images, unless
advanced techniques such as adaptive optics are used.

In addition to their primary use for gathering light from faint objects,
telescopes are often used to increase the resolution, or clarity—our
ability to distinguish details in an image. We see a pair of point
sources (sources so small or so far away that they appear as points),
in the right-hand column, that are not quite resolved in (top row) vio-
let light (about 4000 A) and (bottom row) red light (about 6500 A).
Note that the rightmost violet image is substantially better resolved
than the rightmost red image. In this series, the images were obtained
with lenses (or mirrors) of different diameter; from right to left, the
diameter is larger by a factor of 2 in successive images. In astronomy,

Christopher C. Jones, Union College

National Radio Astronomy Observatory

As an example, the resolution of a telescope 1 m (i.e.,
100 cm) in diameter for green light of approximately
5000 A is given by 0.002(5000/100) = 0.1 arc second.

as long as we aren't limited by shimmering (turbulence) in the Earth's
atmosphere, a smaller image disk is produced by a larger telescope or
at a shorter wavelength.

A new radio telescope at the National Radio Astronomy’s site at Green Bank, West
Virginia, replacing one that collapsed, has a reflecting surface 100 m in diameter in an
unusual design (M Fig. 3—35). New technology has made it possible to observe radio
waves well at relatively short wavelengths, those measured to be a few millimeters.
Molecules in space are especially well studied at these wavelengths. The new Byrd
Green Bank Telescope is useful for studying such molecules.

A breakthrough in providing higher resolution has been the development of
arrays of radio telescopes that operate together and give the resolution of a single tele-
scope spanning kilometers or even continents. The Very Large Array (VLA) is a set
of 27 radio telescopes, each 26 m in diameter, and was also seen in the movie Contact
(M Fig. 3-36). All the telescopes operate together, and powerful computers analyze
the joint output to make detailed pictures of objects in space. These telescopes are
linked to allow the use of “interferometry” to mix the signals; analysis later on gives
images of very high resolution. The VLA’s telescopes are spread out over hundreds of
square kilometers on a plain in New Mexico. An Expanded VLA (EVLA), with
improved electronics and additional dishes, is under construction.

M FIGURE 3-35 The 100-m Robert
C. Byrd Green Bank Telescope, which
went into use in 2001.
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An “observing run” with one of the world’s largest tele-
scopes is a highlight of the work of many astronomers. The
construction of several huge telescopes at the top of Mauna
Kea (“White Mountain”) in Hawaii has made the mountain
the site of one of the world’s major observatories. It was
chosen because of its clear and steady air. These conditions
stem from the fact that the summit is so high—4200 m
(13,800 ft) above sea level—and the mountain is surrounded
by ocean. Though there are other tall mountains in the
world, few have such favorable conditions for astronomy.

Let us imagine you have applied for observing time and
have been chosen. During the months before your observing
run, you make lists of objects to observe, prepare charts of
the objects’ positions in the sky based on existing star maps
and photographs, and plan the details of your observing
procedure. The air is very thin at the telescope; you may not
think as clearly or rapidly as you do at lower altitudes.
Therefore, it is wise and necessary to plan each detail in
advance.

The time for your observing run comes, and you fly off
to the island of Hawaii, the largest of the islands in the state
of Hawaii. You drive up the mountain, as the scenery
changes from tropical to relatively barren, crossing dark lava
flows. First stop is the mid-level facility (Hale Pohaku) at an
altitude of 2750 m (9000 ft). The Onizuka Center for Inter-
national Astronomy at Hale Pohaku is named after Ellison
Onizuka, the Hawaiian astronaut who died in the space-
shuttle Challenger explosion in 1986.

The next night is yours. During the afternoon, you test
the instrument with which the data will be obtained and
determine the exact configuration in which it is to be used.
For example, if you will be obtaining optical spectra of
objects, the spectrograph needs to be focused properly and
you must choose specific wavelength ranges to observe. An
afternoon trip to the summit might be necessary.

After dinner you return to the summit to start your
observing. You dress warmly, since the nighttime tempera-
ture approaches freezing at this altitude, even in the sum-
mertime. Although most telescope domes are equipped with
warm rooms in which astronomers sit when collecting data,
occasionally you might step outside to absorb the magnifi-
cence of the dark sky— or to monitor the motion of
encroaching clouds.

During the night you are assisted by a Telescope Opera-
tor who knows the telescope and its systems very well, and
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who is responsible for the telescope, its operation, and its
safety. The operator points the telescope to the object you
have chosen to observe and makes sure the telescope is
properly compensating for the Earth’s rotation. A television
camera mounted on the telescope shows objects within the
telescope’s field of view. You examine that region of the sky,
carefully comparing it with your chart to identify the right
object among many random, unwanted stars. That object is
then centered at the proper position to take data.

Nearly everything else is computer-controlled. You meas-
ure the brightness of the object at the wavelength you are
observing, or begin an exposure to get a spectrum, by start-
ing a computer program on a console provided for the
observer. The data are stored in digital form on computer
disks and tapes, and you might even transfer them over the
Internet to your university computer.

Suppose you are interested in what kinds of chemical ele-
ments are produced and ejected by supernovae (exploding
stars) or how they reveal the overall structure of the Uni-
verse and its expansion. One of us (A.F.) is a regular user of
the Keck Telescopes on supernova projects. Or, suppose you
are studying Pluto’s atmosphere by watching it pass in front
of a star. One of us (J.M.P.) made such an observation at
Mauna Kea in 2002. In either case, you labor through the
night, occasionally seeing an obviously exciting result, but
often just getting tantalizing hints that demand much more
detailed and time-consuming analysis.

At some time during the night, you may go into the tele-
scope dome to ponder the telescope at work. The telescope
all but blocks your view of the sky. Hardly anyone ever actu-
ally looks through the telescope; indeed, there is usually no
good way to do so. Still, you may sense a deep feeling for
how the telescope is looking out into space.

You drive down the mountain to Hale Pohaku in the
early morning sun. Over the next few days and nights,
you repeat your new routine. When you leave Mauna Kea,
it is a shock to leave the pristine air above the clouds. But
you take home with you data about the objects you have
observed. It may take you months or years to fully study
the data that you gathered in a few brief days and nights
at the top of the world. But you hope that your data will
allow a more complete understanding of some aspect of
the Universe. Sometimes major conceptual breakthroughs
are made.

A

W.M. Keck Observatory

The view from one of the ridges of telescopes across Mauna Kea, with the submillimeter valley at left, the Subaru and twin Keck telescopes in
the middle, and the NASA Infrared Telescope Facility at right.
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B FIGURE 3-36 The Very Large Array (VLA) is laid out in a giant "Y" with a diameter of 27 km, and
sprawls across a plain in New Mexico. It contains 27 telescopes (plus a spare). It is so large that even the
weather is sometimes different from one side to another. Its imaging capability has been important for
understanding radio sources. An expansion to greater distances is under way.

To get even higher resolution, astronomers have built the Very Long Baseline
Array (VLBA), spanning the whole United States. Its images are many times higher in
resolution than even those of the VLA. Astronomers often use the technique of
“very-long-baseline interferometry” to link telescopes at such distances, or even
distances spanning continents, but the VLBA dedicates telescopes full-time to such
high-resolution work.

Ace@Astrunumy"‘ Log into AceAstronomy and select this chapter to see the Active Figure
called "Different Telescopes.”

| CONCEPT REVIEW

About 400 years ago, Galileo was the first to use telescopes
for extensive astronomical studies (Sec. 3.1). He discovered
lunar craters, the disk and four main moons of Jupiter,
countless stars in the Milky Way, the phases of Venus,
sunspots, and other phenomena. These findings con-
tributed to the Copernican revolution, to be further dis-
cussed in Chapter 5.

Refracting telescopes use lenses and reflecting tele-
scopes use mirrors to collect light (Sec. 3.2). Spherical
aberration occurs when parallel light is not reflected or
refracted to a good focus, the place where the image is
formed; it is solved for on-axis light with a mirror in the
shape of a paraboloid. Chromatic aberration, a property
only of lenses, occurs when light of different colors does
not reach the same focus. Newtonian telescopes reflect the
light from the main mirror diagonally out to the side;
Cassegrain telescopes use a secondary mirror to reflect the
light from the main mirror through a hole in the primary.

The larger the area of the telescope’s main lens or mir-
ror, the better its light-gathering power, the ability to detect
faint objects (Sec. 3.2). Also, the larger the diameter, the
higher the theoretical resolution—the ability to distinguish
detail. In practice, the shimmering of the Earth’s atmos-
phere limits the resolution of large telescopes, but a new

technique called adaptive optics allows astronomers to
achieve very clear images over small fields of view (Sec.
3.3). Charge-coupled devices (CCDs) are a common type
of electronic detector that is extremely sensitive to light,
allowing very faint objects to be studied.

Schmidt telescopes have a very wide field of view (Sec.
3.4). One of the most important astronomical surveys ever
conducted was the Palomar Observatory Sky Survey; in the
1950s, it mapped the whole sky visible from southern Cali-
fornia. Recently, the Sloan Digital Sky Survey carried out a
CCD survey of a large portion of the sky.

Amateur astronomy has long been a popular hobby.
Improvements in telescope design and computer technol-
ogy have increased the portability and ease of operation of
telescopes (Sec. 3.5). Equipped with CCDs and fancy
image-processing computer programs, some amateur
astronomers have even been contributing high-quality data
to research projects conducted by professional astronomers.

The 2.4-m Hubble Space Telescope has been in the
limelight since 1990 (Sec. 3.6). Although initially disap-
pointing because its primary mirror suffered from spherical
aberration, corrective optics were subsequently installed by
space-shuttle astronauts and the telescope began delivering
phenomenal results. For example, Hubble provides optical



observations with resolution about ten times better than
most ground-based data. It has been critical for ultraviolet
observations, and many of its studies in the infrared have
been superior as well. Ground-based solar telescopes,
which collect enormous amounts of light and must deal
with the effects of solar heating, have technical differences
from nighttime telescopes (Sec. 3.7). Solar telescopes in
space provide access to wavelengths not visible from Earth’s
surface and also obtain optical images with very high reso-
lution. Telescopes to observe x-rays, gamma rays, and
most ultraviolet light must be above the Earth’s atmo-
sphere. For nearly a decade, NASA’s now-defunct Compton
Gamma Ray Observatory provided data at the highest ener-
gies (Sec. 3.8a). The Chandra X-ray Observatory, one of

QUESTIONS

1. What are three discoveries that immediately followed
the first use of the telescope for astronomy?

2. What advantage does a reflecting telescope have over a
refracting telescope?

3. What limits a large ground-based telescope’s ability to
see detail?

4. List the important criteria in choosing a site for an
optical observatory meant to study stars and galaxies.

5. Describe a method that allows us to make large optical
telescopes more cheaply than simply scaling up
designs of previous large telescopes.

6. Name some of the world’s largest telescopes and their
locations.

7. What are the similarities and differences between mak-
ing radio observations and using a reflector for optical
observations? Compare the path of the radiation, the
detection of signals, and limiting factors.

8. Why is it sometimes better to use a small telescope in
orbit around the Earth than it is to use a large tele-
scope on a mountaintop?

9. Why is it better for some purposes to use a medium-
size telescope on a mountain instead of a telescope in
space?

10. Describe the problem that initially occurred with the
Hubble Space Telescope, and how it was corrected.

11. Describe and compare the Hubble Space Telescope,
the Spitzer Space Telescope, and the Chandra X-ray
Observatory. Mention their uses, designs, and other
relevant factors.

12. What are two reasons why the Hubble Space Telescope
can observe fainter objects than we can now study
from the ground?

T13. What is the light-gathering power of a telescope that is
3 meters in diameter, relative to a 1-m telescope? What
is it relative to a dilated human eye (pupil 6 mm in
diameter)?

"14. How many times more light is gathered by a single
Keck telescope, whose mirror is equivalent in area to
that of a circle 10 m in diameter, than by the Palomar
Hale telescope, whose mirror is 5 m in diameter, in
any given interval of time?
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NASA’s “Great Observatories,” has been an outstanding suc-
cess. The Hubble Space Telescope has been NASA’s premier
ultraviolet telescope, but there have been other important
ultraviolet telescopes as well (Sec. 3.8b). While some parts of
the infrared can be observed with telescopes on the ground,
telescopes in airplanes or in orbit, such as NASA’s Spitzer
Space Telescope, are also necessary (Sec. 3.8¢).

Radio telescopes on the ground observe a wide range of
wavelengths covered by radio waves (Sec. 3.8d). Arrays of
radio telescopes, such as the Very Large Array (VLA) in
New Mexico and the continent-spanning Very Long Base-
line Array (VLBA), give high resolution through a process
known as interferometry, linking the data from the different
telescopes.

15. Assume for simplicity that you have only one eye. Let’s
say that on a dark, clear night you can barely see Star
Moe with your fully dilated (pupil 6 mm in diameter)
naked eye. (a) How big an eye would you need to
barely see Star Curly, which is 100 times fainter than
Star Moe? Although human eyes aren’t that large,
one can buy small, inexpensive telescopes that have
mirrors or lenses this size. (b) However, suppose
you instead want to see Star Shemp, a million times
fainter than Star Moe. How big would your telescope
have to be? (c) Compare this with existing telescopes
at major observatories. Do you think you could afford
to buy one?

16. Why might some stars appear double in blue light,
though they could not be resolved in red light with the
same telescope?

17. What mirror diameter gives 0.1 arc second resolution
for infrared radiation of wavelength 2 micrometers?

18. What mirror diameter gives 1 arc second resolution
for radio radiation of wavelength 1 m? Compare this
with the size of existing optical telescopes.

19. Why is light from stars and planets considered to be
“parallel light”?

20. Why are optical and radio telescopes often built in
groups, or arrays?

21. How is it possible to focus x-rays into images if x-rays
pass right through most materials?

22. True or false? All other things being equal, the faintest
star one can see through a 10-m diameter telescope is
10 times fainter than the faintest star one can see
through a 1-m diameter telescope.

23. True or false? In some cases, radio telescopes at many
different locations have been used together, combining
the light, to produce images with much higher resolu-
tion than that of the individual telescopes.

24. True or false? The primary purpose of an astronomical
telescope is to magnify images of stars and other
objects.

25. True or false? The clarity of images obtained with
large ground-based optical telescopes is generally
degraded by turbulence in Earth’s atmosphere, unless
special correction techniques are used.
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26. True or false? Although Galileo was not the first to
use two lenses in the form of a telescope, he was the
first to conduct systematic astronomical studies with
a telescope.

27. Multiple choice: Which one of the following is not an
advantage of the Hubble Space Telescope (Hubble)
over ground-based telescopes in gathering information
about the Universe? (a) Hubble is better able to collect
ultraviolet light. (b) Hubble detects fainter objects
at optical wavelengths because it has a darker sky.

(c) Hubble detects fainter objects at infrared wave-
lengths because it has a darker sky. (d) Hubble pro-
duces clearer images of celestial objects at optical
wavelengths. (e¢) Hubble was cheaper to build than
ground-based telescopes of comparable diameter.

28. Multiple choice: Eloise’s telescope has a mirror 10 m
in diameter, while Deborah’s telescope has a mirror 2
m in diameter. The tube of Eloise’s telescope is twice
the length of the tube of Deborah’s telescope. When
both telescopes are being used from the same location
and in the same manner, the faintest stars Eloise can
seeare ___ times fainter than the faintest stars
Deborah can see. (a) 5. (b) 10. (c) 12.5. (d) 25. (e) 50.

29. Multiple choice: A ground-based telescope to observe
x-rays with x-ray detectors would (a) give astronomers
a chance to study the hot interiors of stars and planets;
(b) be worthless because x-rays cannot get through the
Earth’s atmosphere; (c) be worthless because
astronomers have not yet devised detectors sensitive to
x-rays; (d) be worthless because no astronomical
objects emit x-rays; or (e) be useful only to Superman,
who has x-ray vision.

30. Multiple choice: All other things being equal, and
ignoring atmospheric effects, a reflecting telescope
with a large primary mirror will have, compared with
a telescope with a smaller primary mirror, (a) better

TOPICS FOR DISCUSSION

1 Isita coincidence that major improvements in astro-
nomical detectors were made at nearly the same time
as the electronics and computer revolution that began
in the late 1970s?

2. Was the Hubble Space Telescope worth the roughly $2
billion that it cost? Reconsider this question after com-
pleting this textbook or your astronomy course.

MEDIA

Ace‘syAstronomy™ Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

light-gathering power only; (b) better resolution only;

(c) better light-gathering power and better resolution;

(d) better light-gathering power but poorer resolution;
or (e) no clear advantage unless the secondary mirror

is also larger.

31. Multiple choice: Chromatic aberration is a problem in
telescopes and refers to .

(a) refracting : differing focal lengths for different
wavelengths of light. (b) reflecting : differing focal
points from different parts of the mirror. (c) refracting
: the smearing of light due to atmospheric turbulence.
(d) reflecting : the smearing of light due to atmo-
spheric turbulence. (e) space : the deformation of the
glass due to the absence of gravity.

32. Fill in the blank: About 300 years ago, puta
small diagonal mirror in front of the focal point of the
primary mirror to produce the first workable reflecting
telescope.

33. Fill in the blank: Electronic gadgets called
are now used much more frequently than photo-
graphic film to record images and spectra of astro-
nomical objects.

34. Fill in the blank: The ability to distinguish between
details or to distinguish two adjacent objects as sepa-
rate is known as .

35, Fill in the blank: A radio telescope 100 m in diameter,
when used to measure 1-cm waves, is wave-
lengths across.

36. Fill in the blank: Substantial improvements have
recently been made to narrow-field images made with
ground-based telescopes by using the technique of

, which corrects for distortions in the waves
of incoming light.
"This question requires a numerical solution.

3. Does it make sense that an obstruction inside of a tele-
scope (such as the secondary mirror), or the hole in
the center of the primary mirror of a Cassegrain tele-
scope, doesn’t produce a hole in the object that is
being viewed?

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources

for this chapter including a list of common misconceptions,
news and updates, flashcards, and more.
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JEFF HOFFMAN

Jeffrey Hoffman is a NASA Scientist-Astronaut. He grew up
near New York City, and went into the city every month or
so to visit the American Museum of Natural History's Hayden
Planetarium. After graduating from Amherst College
(Amherst, Massachusetts) in 1966, he attended graduate
school in astronomy at Harvard University, receiving his Ph.D.
in 1971.

He then worked in England with the x-ray astronomy
group at the University of Leicester for 3 years. While in
England, he married, and his wife and he had their first
child. Then he returned to the United States, working at the
MIT Center for Space Research for 2 years. In 1978, he was
selected by NASA as a scientist-astronaut, and moved to
Houston. He flew on the space shuttle for the first time in
1985, making NASA's first unplanned space walk in an
attempt to repair a malfunctioning satellite. In 1990 he was
on the mission that carried aloft the "Astro” set of ultraviolet
telescopes. During missions in 1992 and 1996, he conducted
tests of a new type of space technology: the use of long
tethers in space to generate electricity and to change the
orbits of satellites. In 1993, he was one of the astronauts
who repaired the Hubble Space Telescope. Hoffman is cur-
rently Professor of the Practice of Aeronautical Engineering
at MIT. He is also director of the Massachusetts Space Grant
Consortium.

How did you enjoy
being in space?

Answering as an astronomer first, astronomers are used
to working on mountaintops, and space is the ultimate
mountaintop. Actually, for me, working on the Astro mis-
sion [a set of ultraviolet telescopes carried on a space
shuttle] was unique, because my professional work had
been x-ray astronomy using satellites, so I had never actu-
ally done anything with traditional telescopes. The first
time I guided an actual optical-type telescope in my life
was in space, but my three astronomer-astronaut col-
leagues let me do it anyway. Since I had spent most of my
professional career building x-ray telescopes to fly in
rockets and satellites, it was gratifying to fly with some
telescopes on board. Of course, the fun of being in space
goes beyond what your actual mission is. No matter what
you are doing up there, it is an incredible view, an incred-
ible feeling. But working as an astronomer on one of my
space flights gave me a lot of professional satisfaction.

What did it feel like
to repair the Hubble
Space Telescope?

Fixing the Hubble Space Telescope was the most impor-
tant and challenging task of my entire astronaut career. It
is easy in retrospect to forget the incredible shock pro-
duced by the discovery of Hubble’s initial optical flaw, but
in many ways the whole future of NASA’s human space-
flight program rested on our ability to show that astro-
nauts working in space suits could fix the problem. Had
we not succeeded, it is quite possible that Congress would
not have given NASA the go-ahead to build the new
International Space Station. We worked extremely hard
training for the mission, spending over 400 hours under-
water and countless weeks in simulators. When we finally
took off, I can honestly say that we had done everything
we could think of to ensure the success of the mission. Of
course, we knew that there were many unexpected things
that could go wrong no matter how hard we trained. In
fact, as things turned out, the most surprising thing about
the mission was how few unpleasant surprises we had.

At the end of the fifth and final space walk, we were
elated at having been able to accomplish every one of the
tasks that we had set out to do. Of course, we would not
know for several weeks whether the new optics we
installed had actually corrected Hubble’s vision. It was
New Year’s Eve when I finally got the news from some
astronomer friends working at the Space Telescope Sci-
ence Institute that Hubble was finally working flawlessly.
What a great way to celebrate the new year!

How did you get to
be an astronaut?

How did I originally decide I wanted to be an astronaut?
That’s been going on for a long time, ever since I was a lit-
tle kid. I first got interested in astronomy back in the Hay-
den Planetarium in New York City. But I got interested

NASAs Johnson Space Center
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not only in astronomy but also in anything having to do
with space, including rockets. Of course, there was no
such thing as a real space program back then, and I
wanted to be a scientist. The first astronauts were all jet
pilots, and that didn’t appeal to me, though I was excited
by the rocket part of it.

But when they announced that they needed scientists
to be astronauts on the shuttle program, I always knew
that this was something I wanted to do, so I applied.

... MY INSPIRATION TO BECOME AN ASTRONOMER
AND TO BECOME AN ASTRONAUT SPRING FROM THE
SAME FASCINATION AT LOOKING BEYOND WHERE WE

ARE NOW, LOOKING OUT FROM THE EARTH.”

What do you do
for NASA now?

After I left flight status as an astronaut, I spent four years
representing NASA in Europe. This was a bit like being an
ambassador. Spaceflight is increasingly an international
activity, and it is useful to have someone “on the scene”
to work with our partner space agencies. My office was in
the American Embassy in Paris, since the headquarters of
the European Space Agency is located in Paris. My techni-
cal background and experience with international projects
during my various space missions gave me the qualifica-
tions for this job. In addition, I speak several European
languages, which helps a lot.

Now, I have entered my fourth career, following
being an astronomer, astronaut, and diplomat, as a fac-
ulty member of the Department of Aeronautics and
Astronautics at the Massachusetts Institute of Technology.
I am now working more as an engineer than an astro-
physicist, a result of my extensive experience in space
operations and design during my many years at NASA.
We try to expose our students to all the phases involved in
space projects: conceiving, designing, constructing, test-
ing, and operating. I bring to the department special per-
sonal experience in operating space systems, which I try
to share with students. In addition, I am involved in
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research projects using the International Space Station as
a test bed for new satellite control technology and trying
to develop more maneuverable space suits.

What would you most like
to see NASA do next?

Exploration in all its aspects is NASA’s primary mission.
We need to develop space telescopes even more powerful
than Hubble to continue our exploration of the astro-
nomical universe. I think the search for extra-solar plane-
tary systems and the search for life in the Universe is one
of the most exciting scientific goals of the new millen-
nium. Closer to home, we have a lot of exploring to do in
our own Solar System. I am particularly excited about
searching for signs of life on Mars and Europa. And of
course I am interested in expanding human capability to
travel and work in space. The International Space Station
is the next step in this development. Making all this hap-
pen requires more reliable and cheaper space transporta-
tion, which is also one of NASA’s main goals.

What message do you
have for students?

First of all, I like to try to spread an ecological message
that we have to take care of the Earth, our planetary home
in space. We get a lot of responses to pictures that we take
of the Earth from space, particularly where we can show
the environmental changes taking place on the planet.
Kids really seem to respond to that. We get disturbing
sequences of pictures taken over the last 15 years showing
the deforestation of the Amazon, the encroaching desert
in sub-Saharan Africa, and land erosion in Madagascar,
one environmental disaster after the other, which you can
see better from space than from anywhere else.

I also like to talk to young people about the fact that
you can study physics and astronomy and apply it in
numerous different ways other than just becoming a pro-
fessional astronomer. For instance, I can show my
younger son, who is thinking about what he wants to do
after university, two examples of friends of mine from
graduate school. One of them started in physics and
moved to biology and one was in applied mathematics
and also moved to biology, and both do a lot of work in
environmental science. Both developed the skills of math-
ematical analysis and facility with computers, which we



use all the time to model complex systems in astronomy. I
often find that my training as a physicist allows me to cut
to the heart of problems in a way that some people who
were trained as engineers sometimes don’t do. The other
thing that I often stress is the fact that my inspiration to
become an astronomer and to become an astronaut
spring from the same fascination at looking beyond where
we are now, looking out from the Earth. I hope that we
can keep the dream alive for the next generation so that
they will be able to live out some of their dreams as well,
whether they are studying through telescopes or travelling
outside the Earth.

NASA's Johnson Space Center
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What comments do you have about the
crewed space program?

I never felt that space flight was without risk. Space is a
hazardous environment, unforgiving of human errors or
mechanical failures. People have died exploring the
oceans, the mountains, and the polar regions of the Earth,
but it is part of the human spirit to push onward and out-
ward. The exploration of space is one of the most exciting
aspects of the past half-century. I wish we had a way to get
into and back from space more safely, but I think it is
important to continue. We owe it to the next generation.
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Observing the Stars and Planets:

Clockwork of the Universe

Throughout their existence,
humans have used the apparent
positions of celestial objects to
define the day, month, year, and
seasons, as well as for navigation.

AIMS .

he Sun, the Moon, and the stars rise every day in the eastern half of the sky and set

in the western half. If you leave your camera on a tripod with the lens open for a
few minutes or hours in a dark place at night, you will photograph the “star
trails”—the trails across the photograph left by the individual stars. In this chapter,
we will discuss the phases of the Moon and planets, and how to find stars and planets
in the sky. Stars twinkle; planets don’t twinkle as much (M Fig. 4—1). We will also dis-
cuss the motions of the Sun, Moon, and planets, as well as of the stars in the sky.

4.1 The Phases of the Moon and Planets

From the simple observation that the apparent shapes of the Moon and planets
change, we can draw conclusions that are important for our understanding of the
mechanics of the Solar System. In this section, we shall see how the positions of the
Sun, Earth, and other Solar-System objects determine the appearance of these objects.

The phases of moons or planets are the shapes of the sunlighted areas as seen
from a given vantage point. The fact that the Moon goes through a set of such phases
approximately once every month is perhaps the most familiar astronomical observa-
tion, aside from the day/night cycle and the fact that the stars come out at night
(M Fig. 4-2¢, 4-3). In fact, the name “month” comes from the word “moon.” The
actual period of the phases, the interval between a particular phase of the Moon and
its next repetition, is approximately 29Y> Earth days.

The Moon is not the only object in the Solar System that goes through phases.
Mercury and Venus both orbit inside the Earth’s orbit, and so sometimes we see the

Ace@AstrunomyW The AceAstronomy icon throughout this text indicates an opportunity for you

to test yourself on key concepts, and to explore animations and interactions of the AceAstronomy
website at http://astronomy.brookscole.com/cosmos3

<@l This long exposure shows stars circling the celestial north pole; the Hawaiian volcano Mauna

Kea, where many telescopes are located, is in the foreground. The shortest bright arc is
Polaris, the “North Star,” only about 1° from the pole. (Though only the 49th-brightest star
in the sky, it is famous because of its location.)

Peter Michaud, Gemini Observatory

B FIGURE 4-1 A camera was moved steadily from left to right, with the bright star Sirius (bottom
trail) in view. The star trail shows twinkling. Also, the camera was moved from left to right (top trail)
when pointed at Jupiter, which left a more solid, less twinkling trail. Notice the contrast between the
less-twinkling planet trail and the more-twinkling star trail. The fact that the star trail breaks up into bits
of different colors was caused by part of the twinkling effect of the Earth's atmosphere, given that Sirius
was low in the sky when the picture was taken.

Pekka Parviainen

1o

Understand why objects in the
Solar System often seem to go
through phases (Section 4.1).

. Learn about eclipses of the Sun

and of the Moon (Section 4.2).

. Learn why stars seem to twin-

kle (Section 4.3).

. Become familiar with the scale

used by amateur and profes-
sional astronomers to describe
how bright stars and planets
look (Section 4.4).

. Explore the basic motions of

celestial objects, and how they
make us see and experience
rising and setting (Section 4.5).

. Discuss the celestial analogues

of longitude and latitude
(Section 4.6).

. Understand how seasons

occur (Section 4.7).

. Learn about time and calen-
dars (Sections 4.8 and 4.9).
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NASA/JPL/Arizona State U.

NASA/JPL/Space Science Institute

ASIDE 4.1: The rising Moon

The Moon rises an average of
about 50 (actually 48.8) min-
utes later each day. Multiplying
48.8 minutes/day by 29'/, days
(the Tunar month) gives 1440
minutes, which is 24 hours.
Thus, at a given phase, the
Moon rises at the same time
each month.

FIGURE 4-3 The phases of the
Moon, as seen from Earth. Each phase
is labeled to match the corresponding
Sun-Moon-Earth relative position that
Fig. 4-2c showed from a point of view
high above the Solar System.

by Kevin Reardon, now at INAF/Osservatorio

Williams College—Hopkins Observatory,
Astrofisico di Arcetri, Florence
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FIGURE 4-2 @ As the 2001 Mars Odyssey spacecraft left Farth, its visible-light camera recorded
Earth as a crescent of reflected sunlight, since at that time the spacecraft was behind most of the hemi-
sphere facing the Sun. @ Though Saturn’s disk always looks full when seen from Earth, the views back-
ward toward the Sun from the Cassini spacecraft show Saturn and its moons as crescents. Here we see a
2005 view of Rhea. @ The phases of the Moon depend on the Moon's position in orbit around the Earth.
Here we visualize the situation as if we were looking down from high above the Earth's orbit. Each of the
Moon images shows how the Moon is actually lighted. Note that the Sun always lights one hemisphere
of the Moon—the one directly facing the Sun, which is generally not the one facing the Earth.

side that faces away from the Sun and sometimes we see the side that faces toward the
Sun; see Chapter 5 for more details. Thus at times Mercury and Venus are seen as
crescents, though it takes a telescope to observe their shapes. Spacecraft to the outer
planets have looked back and seen the Earth as a crescent (M Fig. 4—2a) and the other
planets as crescents (M Fig. 4—2b) as well.

Waxing crescent First quarter Waxing gibbous
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B FIGURE 4-4 Because the phase of
the Moon depends on its position in
the sky with respect to the Sun, a full
moon always rises at sunset. A crescent
moon is either setting shortly after
sunset, as shown here, or rising shortly
before sunrise. (These statements are
true when viewing the Moon from lati-
tudes relatively near Earth's equator.
Close to either pole, the relationship
between lunar phase and time of rising
or setting is more complicated.)

East West East West

The explanation of the phases is quite simple: the Moon is a sphere that shines by
reflecting sunlight, and at all times the side that faces the Sun is lighted and the side
that faces away from the Sun is dark. The phase of the Moon that we see from the
Earth, as the Moon revolves (orbits) around us, depends on the relative orientation of
the three bodies: Sun, Moon, and Earth. The situation is simplified by the fact that the
plane of the Moon’s revolution around the Earth is nearly, although not quite, the
same as the plane of the Earth’s revolution around the Sun; they are inclined relative
to each other by 5°.

When the Moon is almost exactly between the Earth and the Sun, the dark side of
the Moon faces us. We call this a “new moon.” A few days earlier or later we see a
sliver of the lighted side of the Moon, and call this a “crescent.” As the month pro-
gresses, the crescent gets bigger (a “waxing crescent”), and about seven days after a
new moon, half the face of the Moon that is visible to us is lighted. We are one quarter
of the way through the cycle of phases, so we have the “first-quarter moon.”

When over half the Moon’s disk is visible, it is called a “gibbous moon” (pro-
nounced “gibb'-us”). As the sunlighted portion visible to us grows, the gibbous moon
is said to be “waxing.” One week after the first-quarter moon, the Moon is on the
opposite side of the Earth from the Sun, and the entire face visible to us is lighted.
This is called a “full moon.” Thereafter we have a “waning gibbous moon.” One week
after full moon, when again half the Moon’s disk that we see appears lighted, we have a
“third-quarter moon.” This phase is followed by a “waning crescent moon,” and
finally by a “new moon” again. The cycle of phases then repeats.

Note that since the phase of the Moon is related to the position of the Moon with
respect to the Sun, if you know the phase, you can tell approximately when the Moon
will rise. For example, since the Moon is 180° across the sky from the Sun when it is
full, a full moon rises just as the Sun sets (M Fig. 4—4). Each day thereafter, the Moon
rises an average of about 50 minutes later. The third-quarter moon, then, rises near
midnight, and is high in the sky at sunrise. The new moon rises with the Sun in the
east at dawn, and sets with the Sun in the west at dusk. The first-quarter moon rises
near noon and is high in the sky at sunset.

It is natural to ask why the Earth’s shadow doesn’t generally hide the Moon during
full moon, and why the Moon doesn’t often block the Sun during new moon. These
phenomena are rare because the Moon’s orbit is tilted by about 5° relative to the

Full moon Waning gibbous Third quarter Waning crescent



68 CHAPTER 4 Observing the Stars and Planets: Clockwork of the Universe

One month's
revolution

B FIGURE 4-5 After the Moon has
completed its 27'/3-day revolution
around the Earth with respect to the
stars, it has moved from point A to B.
But the Earth has moved one month's
worth around the Sun. It takes about
an extra two days for the Moon to
complete its revolution around the Earth
as measured with respect to the Sun.

Sun's rays

[b)

Earth—Sun plane, making it difficult for the Sun, Earth, and Moon to become exactly
aligned. However, when they do reach the right configuration, eclipses occur, as we
will soon discuss.

The Moon revolves around the Earth every 27'/5 days with respect to the stars. But
during that time, the Earth has moved partway around the Sun, so it takes a little more
time for the Moon to complete a revolution with respect to the Sun (M Fig. 4-5). Thus
the cycle of phases that we see from Earth repeats with this 29'-day period.

Ace@‘AstrnnumyW Log into AceAstronomy and select this chapter to see the Active Figure
called “Lunar Phases."

AceyAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Phases of the Moon."

Ace@‘AstrnnumyW Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise “Moon Phase Calendar.”

4.2 Celestial Spectacles: Eclipses

Because the Moon’s orbit around the Earth and the Earth’s orbit around the Sun are
not precisely in the same plane (M Fig. 4—6), the Moon usually passes slightly above
or below the Earth’s shadow at full moon, and the Earth usually passes slightly above
or below the Moon’s shadow at new moon. But up to seven times a year, full moons or
new moons occur when the Moon is at the part of its orbit that crosses the Earth’s
orbital plane. At those times, we have a lunar eclipse or a solar eclipse (M Fig. 4-7).
Thus up to seven eclipses (mostly partial) can occur in a given year.

M FIGURE 4-6 @ The plane of the Moon's orbit is tipped by 5° with respect to the plane of the Earth's orbit, so the Moon usually passes above or
below the Earth's shadow. Therefore, we don't have lunar eclipses most months. (The diagram is not to scale.) © An actual image of the Earth and
Moon, illustrating their true separation: about 30 Earth diameters. The image was obtained with the infrared camera on board the 2001 Mars Odyssey
spacecraft. Taken at a wavelength of 9 um, the image shows colder regions, such as the South Pole near the Earth's bottom, as dark, and Australia,
which is warmer, as bright. Each pixel corresponds to 900 km across, about the size of Texas.

NASA/JPL/Arizona

State U.
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Many more people see a total lunar eclipse than a total solar eclipse when one
occurs. At a total lunar eclipse, the Moon lies entirely in the Earth’s full shadow and
sunlight is entirely cut off from it (neglecting the atmospheric effects we will discuss
below). So for anyone on the entire hemisphere of Earth for which the Moon is up,
the eclipse is visible. In a total solar eclipse, on the other hand, the alignment of the
Moon between the Sun and the Earth must be precise, and only those people in a nar-
row band on the surface of the Earth see the eclipse. Therefore, it is much rarer for a
typical person on Earth to see a total solar eclipse—when the Moon covers the whole
surface of the Sun—than a total lunar eclipse.

We will discuss the science of the Sun in Chapter 10. Historically, many important
things about the Sun, such as the hot “corona” (see below) and its spectrum, were dis-
covered during eclipses. Now, satellites in space are able to observe the middle and
outer corona on a daily basis, and to study the Sun in a variety of important ways. A
few observatories on high mountains study some aspects of the inner corona, but what
they can observe is limited. There are still gaps in what spacecraft and ground-based
observatories can do to observe the corona, and eclipses remain scientifically useful for
studies that fill in those gaps. For example, coronagraphs in space have to hide not only
the Sun’s surface but also a region around it, for technological reasons (M Fig. 4—8). So
images taken on the days of eclipses cover those physical gaps. In addition, eclipse
images can be obtained with shorter intervals than images with current spacecraft.

Celestial Spectacles: Eclipses
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B FIGURE 4-7 When the Moon is
between the Earth and the Sun, we
observe an eclipse of the Sun. When
the Moon is on the far side of the Earth
from the Sun, we see a lunar eclipse. The
part of the Earth's shadow that is only
partially shielded from the Sun's view is
called the "penumbra”; the part of the
Earth's shadow that is entirely shielded
from the Sun is called the "umbra." (The
diagram is not to scale.)

ASIDE 4.2: Drama in the sky

The phenomenon of the dark-
ening of the sky around you as
totality approaches is dramatic.
Watching on television loses
most of the glory. For a few
seconds, the chromosphere is
visible as a pinkish band around
the leading edge of the Moon.
Then, as totality begins, the
corona comes into view in all
its magnificence (Fig. 4-12).

B FIGURE 4-8 A compound image
of a solar eclipse. The disk of the Sun is
from the Extreme-Ultraviolet Imaging
Telescope on the Solar and Heliospheric
Observatory (SOHO) spacecraft; the
middle zone is from the Williams Col-
lege Eclipse Expedition headed by one
of the authors (J.M.P), and the outer
part is from the Large-Angle Spectro-
graphic Coronagraph on SOHO. Note
how features can be traced from lower
levels in the corona to higher levels
because of the way the images are used
together.
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Star Pal‘ty 4.1 Observing Solar Eclipses

he next total solar eclipse visible from the United States
isn’t until 2017 and from Canada until 2024 (except for
one far north in 2008). In general, one must travel far to
witness totality. At a given location on Earth, the average
interval between total solar eclipses is over 300 years.
Should you go out of your way to observe a total solar
eclipse? The entire event is indescribably beautiful and mov-
ing. Photographs and words simply do not convey the drama,
beauty, and thrill of a total solar eclipse: It must be witnessed
in person. In our opinion, everyone should see at least one!
Only during the total part of a total eclipse can one look
at the Sun directly without special filters. (During the Baily’s
beads that mark the last few seconds before or after totality,
it is also safe to observe the eclipse directly with the naked
eye, though not with binoculars or a telescope.) During
other phases and types of eclipses, you can observe the Sun
safely only through special filters or by projecting the image

Jay M. Pasachoff and Shelby B. Kimmel, Williams

College Expedition

] ]

of successful eclipse viewers after totality.

so that you are not looking directly at the Sun. Appropriate
filters to use include welder’s glass, shade 14, which is
available at welding supply shops, or one of the special
solar-viewing filters available from certain vendors (http://
www.eclipses.info).

Alternatively, to make a pinhole camera (Fig. 4—11b) that
projects the image of the Sun (so that you dor’t look directly
at the Sun), punch a small hole (about 3 mm across) in a
piece of thin cardboard. Face the cardboard toward the Sun
and project the resulting image of the Sun onto a flat sur-
face, such as another piece of cardboard, which you look at
while you are facing away from the Sun. This method works
best if the flat surface is in the shade, directly behind the
cardboard with the hole in it. If you punch multiple holes,
you will get an image of the Sun from each one; be creative
by spelling your name, drawing a simple object, etc.

Fred Bruenjes, www.moonglow.com

Jay M. Pasachoff and Shelby B. Kimmel, Williams

College Expedition
Alex Filippenko

o

The total solar eclipse of April 8, 2005. @ A wide-angle view, showing the eclipsed Sun. At the horizon, we see a 360° view of the sky glowing
reddish from sunlight outside the Moon's shadow reflected into the shadow, where the camera was located. @ The diamond-ring effect as
totality began. @ The solar corona surrounding the dark silhouette of the Moon in the middle of the 30-second period of totality. @ Image of
the partially eclipsed Sun projected by a monocular (half of a pair of binoculars), next to two round pieces of candy, showing the festive mood
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4.2a Eerie Lunar Eclipses

A total lunar eclipse is a much more leisurely event to watch than a total solar eclipse.
The partial phase, when the Earth’s shadow gradually covers the Moon, usually lasts
over an hour, similar to the duration of the partial phase of a total solar eclipse. But
then the total phase of a lunar eclipse, when the Moon is entirely within the Earth’s
shadow, can also last for over an hour, in dramatic contrast with the few minutes of a
total solar eclipse (see Section 4.2b).

During a total lunar eclipse, the sunlight is not entirely shut off from the Moon: A
small amount is refracted (bent) around the edge of the Earth by our atmosphere.
Much of the short-wavelength light (violet, blue, green) is scattered out by air mole-
cules, or absorbed by dust and other particles, during the sunlight’s passage through
our atmosphere. The remaining light is reddish-orange, and this is the light that falls
on the Moon during a total lunar eclipse. (For the same reason, the light from the Sun
that we see near sunset or sunrise is orange or reddish; the blue light has been scat-
tered away or absorbed by particles; see A Closer Look 4.1: Colors in the Sky.) Thus, the
eclipsed Moon, though relatively dark, looks orange or reddish (M Fig. 4-9); its over-
all appearance, in fact, is rather eerie and three-dimensional.

Weather permitting, people in the continental United States will be able to see a
total lunar eclipse at or near moonrise on March 3, 2007. Everybody in the United
States (including Alaska and Hawaii) and Canada will be able to see the total lunar
eclipse of August 28, 2007, near moonset. The total lunar eclipse of February 21, 2008,
will also be visible throughout the Americas. Try to see a lunar eclipse if you can!

4.2b Glorious Solar Eclipses

The hot, tenuous outer layer of the Sun, known as the corona, is fainter than the blue
sky. To study it, we need a way to remove the blue sky while the Sun is up. A total
solar eclipse does just that for us.

Dennis di Cicco

o 0

M FIGURE 4-9 @ A total lunar eclipse, showing both partial and total phases. The camera was guided on the position of the Earth's umbral
shadow. Note that the photograph shows that the Earth's shadow is round, and thus that the Earth is round. The totally eclipsed Moon appears faintly
in the center of the shadow and looks reddish. @ Another view of a total lunar eclipse, this one a longer exposure than in (a).
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COLORS IN THE SKY

A Closer Look @ 41
Why is the sky blue? Air molecules in the Earth’s atmos-
phere scatter (reflect) short-wavelength photons of
light (violet, blue, and green) more effectively than they
scatter longer-wavelength photons (orange or red), prefer-
entially sending the short-wavelength light around in all
directions, including toward our eyes. So, away from the
Sun, the sky looks some shade of blue (see the figure). The
response of the eye’s color cones plays a role in making the
sky blue instead of violet.

Why are sunsets and sunrises red? When the Sun is high
in the sky, it appears white (not yellow, a common miscon-
ception). As the Sun moves progressively lower in the sky,
we have to look more and more diagonally through the
Earth’s layer of air. The path of light through the atmos-
phere increases, so more of the short-wavelength photons
get scattered away by air molecules before they reach us; the
Sun then looks yellow, sometimes followed by orange (see
the figure).

Also, various particles in the atmosphere, such as dust
and smoke, tend to absorb blue light more than red light,
further contributing to the Sun’s changing color. As it
approaches the horizon, it looks progressively more orange

and red. Just before sunset (or just after sunrise), the Sun is
sometimes very red if there is much dust aloft. Reflection of
these orange and red rays of sunlight by air, dust, and
clouds gives the sky its vivid sunset/sunrise colors.

Noon

Air molecules preferentially scatter violet, blue, and green light,
causing the sky away from the Sun to appear some shade of blue.
The longer the path through the air, the more short-wavelength
light is lost, so the setting Sun appears orange or red.

Solar eclipses arise because of a happy circumstance: Though the Moon is about

Terrestrial photos by Jay M. Pasachoff

400 times smaller in diameter than the solar photosphere (the disk of the Sun we see
every day, also known as the Sun’s “surface”), it is also about 400 times closer to the
Earth. Because of this coincidence, the Sun and the Moon cover almost exactly the
same angle in the sky—about /,° (M Fig. 4-10).

Occasionally the Moon passes close enough to the Earth—Sun line that the Moon’s
shadow falls upon the surface of the Earth. The central part of the lunar shadow
barely reaches the Earth’s surface. This lunar shadow sweeps across the Earth’s surface
in a band up to 300 km wide. Only observers stationed within this narrow band can
see the total eclipse.

From anywhere outside the band of totality, one sees only a partial eclipse. Some-
times the Moon, Sun, and Earth are not precisely aligned and the darkest part of the
shadow—called the umbra—never hits the Earth. We are then in the intermediate

Empire

meters

40 km

384,000 km

150,000,000 km |

B FIGURE 4-10 An apple, the Empire State Building, the Moon, and the Sun are very different from
each other in physical size, but here they cover the same angle because they are at different distances
from us.
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M FIGURE 4-11 @ The partially eclipsed Sun, as seen through a safe filter that eliminates all
but one part in about 100,000 of the incident sunlight. @ Diagram of a pinhole camera, essen-
tially just a hole in an opaque screen such as cardboard. Two of the rays of light, in this case
from the extreme ends of an arrow, show the formation of an inverted image of the arrow. @
The multiple images of the partially eclipsed Sun of July 11, 1991, produced by the pinhole-like
gaps between leaves in a tree.

part of the shadow, which is called the penumbra. Only a partial eclipse is visible on
Earth under these circumstances (M Fig. 4—11a).

As long as the slightest bit of photosphere is visible, even as little as 1 per cent, one
cannot see the important eclipse phenomena—the faint outer layers of the Sun—that
are both beautiful and the subject of scientific study. Thus partial eclipses are of little
value for most scientific purposes. After all, the photosphere is 1,000,000 times
brighter than the outermost layer, the corona; if 1 per cent of the photosphere is
showing, then we still have 10,000 times more light from the photosphere than from
the corona, which is enough to ruin our opportunity to see the corona.

To see a partial eclipse or the partial phase of a total eclipse, you should not look at
the Sun except through a special filter, just as you shouldn’t look at the Sun without such
a special filter on a non-eclipse day (see Star Party 4.1: Observing Solar Eclipses). You
need the filter to protect your eyes because the photosphere is visible throughout the
partial phases before and after totality. Its direct image on your retina for an extended
time could cause burning, heating, and blindness. Alternatively, you can project the
image of the Sun with a telescope or binoculars onto a surface, being careful not to
look up through the eyepiece. A home-made pinhole camera (M Fig. 4—11b) is the
simplest and safest device to use, forming an image of the Sun. Multiple images of the
Sun appear with cameras having many pinholes, and are sometimes produced by nat-
ural phenomena such as holes between leaves in trees (M Fig. 4—11¢).

You still need the special filter or pinhole camera to watch the final minute of the
partial phases. As the partial phase ends, the bright light of the solar photosphere pass-
ing through valleys on the edge of the Moon glistens like a series of bright beads,
which are called Baily’s beads. At that time, the eclipse becomes safe to watch unfil-
tered, but only with the naked eye, not with binoculars or telescopes. The last bit of
the uneclipsed photosphere seems so bright that it looks like the diamond on a ring—
the diamond-ring effect (M Fig. 4—12a).

During totality (M Fig. 4—12b), you see the full glory of the corona, often having
streamers of gas near the Sun’s equator and finer plumes near its poles. You can also see
prominences (M Fig. 4—12c¢), glowing pockets of hydrogen gas that appear red. The
total phase may last just a few seconds, or it may last as long as about 7 minutes. (The
next eclipse to be almost that long will cross China, including Shanghai, on July 22,

Celestial Spectacles: Eclipses

Alex Filippenko
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M FIGURE 4-12 The total solar eclipse of April 8, 2005, viewed from a ship in the middle of the Pacific Ocean, since totality was not visible from
land. @ The diamond-ring effect, with just a little bit of the bright underlying solar disk not covered by the edge of the Moon, marks the beginning
and the end (in this particular case) of the total phase of a solar eclipse. Here, sunlight shining through valleys or between mountains on the edge of
the Moon led to the effect looking like a double diamond ring. @ The totally eclipsed Sun is safe to view with the naked eye, binoculars, or a tele-
scope; here we see the corona. O Some prominences (red), a thin layer known as the chromosphere (also red), and the inner corona during totality.

2009, though the maximum duration will be available only over the Pacific ocean, and
people on land will have to settle for “only” about 5 minutes of totality.) Astronomers
use their spectrographs and make images through special filters. Tons of equipment
are used to study the corona during this brief time of totality.

At the end of the eclipse, the diamond ring appears on the other side of the Sun,
followed by Baily’s beads and then the more mundane partial phases.

Somewhere in the world, a total solar eclipse occurs about every 18 months, on
average (M Fig. 4—13). The most recent total solar eclipse, on March 29, 2006, crossed
Africa from Ghana through Libya and northwestern Egypt, passed a tiny Greek island
and the middle of Turkey, and continued on through Russia, Georgia, and Kazakh-
stan. The total solar eclipse of August 1, 2008, will cross Siberia, western Mongolia,
and northern China. The total solar eclipse of July 22, 2009, will cross India and
China, reaching its peak length over the Pacific Ocean southeast of Japan. Not until
2017 will a total eclipse cross the United States.

Sometimes the Moon covers a slightly smaller angle in the sky than the Sun,
because the Moon is in the part of its elliptical orbit that is relatively far from the
Earth. When a well-aligned eclipse occurs in such a circumstance, the Moon doesn’t
quite cover the Sun. An annulus—a ring— of the photosphere remains visible, so we
call this special type of partial eclipse an annular eclipse. In the continental United
States, we won’t get an annular eclipse until May 20, 2012 (M Fig. 4—14).

Rarely, a solar eclipse is annular over some parts of the eclipse path on Earth, and
total over other parts; two such “hybrid” cases will occur in 2013 (Fig. 4—14). In Fig-
ure 4—12 and in Star Party 4.1: Observing Solar Eclipse, we show photographs taken
during the total part of the hybrid eclipse of April 8, 2005. Totality was visible only in
the middle of the Pacific Ocean, and was observed by just 1000 people who were on
the three ships that sailed to observe it. Fortunately, both of the authors were included
in that group. Contrast this with the over 10 million people who will have the oppor-
tunity to observe the 2009 eclipse when it passes over Shanghai!

We will discuss the scientific value of eclipses in the chapter on the Sun, Chapter 10.
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B FIGURE 4-13 Total eclipses of the
Sun from 2001 to 2025. On April 8,
2005, totality was visible only in the
middle of a band whose ends showed
just an annular eclipse, so that path is
marked (in blue) in the next figure (Fig.
4-14) rather than here. The two hybrid
(annular/total) eclipses of 2013 are also

© Fred Espenak, NASA's Goddard Space Flight Center

© Fred Espenak, NASA's Goddard Space Flight Center; inset: Jay M. Pasachoff
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B FIGURE 4-14 Annular eclipses of the Sun from 2001 to 2025. The inset shows an image of the
annular eclipse of May 10, 1994, photographed from New Hampshire. The parts of the very narrow paths
of three annular/total "hybrid" eclipses (one in 2005, two in 2013) from which totality is seen are shown
in blue.

4.3 Twinkle, Twinkle, Little Star . . .

If you look up at night in a place far from city lights, you may see hundreds of stars
with the naked eye. They will seem to change in brightness from moment to
moment—that is, to twinkle. This twinkling comes from the moving regions of air in
the Earth’s atmosphere. The air bends starlight, just as a glass lens bends light. As the
air moves, the starlight is bent by different amounts and the strength of the radiation
hitting your eye varies, making the distant, point-like stars seem to twinkle (as we saw in
Figure 4-1).

shown only in Figure 4-14.

ASIDE 4.3: Venus is no UFO

When a planet is low enough
on the horizon, as Venus often
is when we see it, it too can
twinkle because there is so
much turbulent air along the
line of sight. Since the bending
of light by air is different for
different colors, we sometimes
even see Venus or a bright star
turning alternately reddish and
greenish. On those occasions,
professional astronomers some-
times get calls that UFOs have
been sighted—especially when
the crescent moon is nearby,
drawing attention to the
unusual configuration.
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Unlike stars, planets are close enough to us that they appear as tiny disks when
viewed with telescopes, though we can’t quite see these disks with the naked eye. As
the air moves around, even though the planets’ images move slightly, there are enough
points on the image to make the average amount of light we receive keep relatively
steady. (At any given time, some points are brighter than average and some are
fainter.) So planets, on the whole, don’t twinkle as much as stars. Generally, a bright
object in the sky that isn’t twinkling is a planet.

4.4 The Concept of Apparent Magnitude

To describe the apparent brightness of stars in the sky, astronomers— professionals
and amateurs alike—usually use a scale that stems from the ancient Greeks. Over two
millennia ago, Hipparchus described the typical brightest stars in the sky as “of the
first magnitude,” the next brightest as “of the second magnitude,” and so on. The
faintest stars were “of the sixth magnitude.”

The magnitude scale—in particular, apparent magnitude, since it is how bright
the stars appear—is fixed by comparison with the historical scale (M Fig. 4—15). The

Using the Magnitude Scale

housands of years since the terminology was first
Tused by Hipparchus, we still use a similar scale, the
magnitude scale, though now it is on a mathematical
basis. Its basic structure— characterizing the brightness
of the naked-eye stars with easy-to-visualize numbers
between about 0 and 6—is simple to use.

For example, if you are lucky enough to be outdoors
at a telescope, you can tell in a moment that a 1st-
magnitude star is brighter than a 3rd-magnitude star.
Whether you use more complicated aspects of the magni-
tude scale (below) is optional, and later in this book we
give brightnesses not only using magnitudes but also
using the actual values for brightness or relative bright-
ness that some people prefer.

Technically, each difference of 5 magnitudes is a factor
of 100 times in brightness. A 1st-magnitude star is exactly
100 times brighter than a 6th-magnitude star—that is,
we receive exactly 100 times more energy in the form of
light. Sixth magnitude is still the faintest that we can see
with the naked eye, though because of urban sprawl the
dark skies necessary to see such faint stars are harder to
find these days than they were long ago. Objects too faint
to see with the naked eye have magnitudes greater than 6th.

A few stars and planets are brighter than 1st magni-
tude, so the scale has also been extended in the opposite
direction into negative numbers. For example, Sirius (the
brightest star in the sky) has a magnitude of —1.5, and
Venus can reach magnitude —4.4.

Since each difference of 5 magnitudes is a factor of
100 times, each one magnitude is a number that, when
five of them are multiplied together, equals 100. No inte-
ger has this property. After all, 1 x 1 x I x 1 x 1 =1, 2
X 2 X 2 x 2 x 2 = 32, which is less than 100, and 3 x 3 x
3 x 3 x 3 = 243, which is greater than 100, so the num-
ber we want is somewhere between 2 and 3. A number
with this property is simply called “the fifth root of 100.”
So, each difference of 1 magnitude is a factor of the fifth
root of 100 (which is approximately equal to 2.512, or
even just 2.5) in brightness. This choice is necessary to
make a difference of 5 magnitudes (1 + 1 + 1 + 1 + 1,
an additive process) equal to a factor of 100 (2.5 x 2.5 X
2.5 x 2.5 x 2.5, a multiplicative process).

For those who would like the formula linking magni-
tudes m (which we add and subtract) with brightnesses b
(which we multiply or divide), it is

by = 2.512(m=m)« b

Examples: If Star B is 1 magnitude fainter than Star A
(say 3rd magnitude instead of 2nd magnitude), my — m,
=3 —2=1,b,/by = 2.512! = 2,512, and b, = 2.512b,
making Star A approximately 2.512 times brighter than
Star B.

If Star B is 2 magnitudes fainter than Star A, b,/b, =
2.5122, which is approximately 6, so Star A is about 6
times brighter than Star B.

A magnitude difference of 5 corresponds to (2.512 .. .)°
= 100 times (exactly) in brightness.
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higher the number, the fainter the star; see Figure It Out 4.1: Using the Magnitude
Scale. If you hear about a star of 2nd or 4th magnitude, you should know that it is rel-
atively bright and that it would be visible to your naked eye. If you read about a 13th-
magnitude quasar, on the other hand, it is much too faint to see with the naked eye. If
you read about a telescope on the ground or in space observing a 30th-magnitude
galaxy, it is among the faintest objects we can currently study.

Ace(®yAstronomy™ Log into AceAstronomy and select this chapter to see the Active Figure
called "Daily Motion in the Sky."

4.5 Rising and Setting Stars

Stars and planets are so distant that we have no depth perception: they all seem to be
glued to an enormously large sphere surrounding the Earth, the celestial sphere. This
sphere is imaginary; in reality, the stars and planets are at different distances from
Earth.

Though stars seem to rise in the east, move across the sky, and set in the west each
night, the Earth is actually turning on its axis and the celestial sphere is holding steady.
If you extend the Earth’s axis beyond the north pole and the south pole, these exten-
sions point to the celestial poles. Stars appear to traverse circles or arcs around the
celestial poles. (See A Closer Look 4.2: Photographing the Stars.)

Since the orientation of the Earth’s axis doesn’t change relative to the distant stars (at
least on timescales of years), the celestial poles don’t appear to move during the course
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M FIGURE 4-15 The apparent mag-
nitude scale is shown on the vertical
axis. At the left, sample intervals of 1,
5,10, and 15 magnitudes are marked
and translated into multiplicative fac-
tors of 2.512 ..., 100, 10,000, and
1,000,000, respectively. For example, a
difference of 1 magnitude is a factor of
about 2.5 times in brightness; a differ-
ence of 5 magnitudes is a factor of
exactly 100 times in brightness.
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A Closer Look @ 4.2

t is easy to photograph the stars if you have a dark sky far
Ifrom city lights. You should use a film camera that allows
the option of taking a long exposure (normally the “bulb”
setting); most “point-and-shoot” cameras or digital cameras
won’t take such long exposures. Place your camera on a tri-
pod, disable your flash unit, make the lens wide open (per-
haps f/1.4 or f/2, where f] is the “focal ratio” marked on
many lenses and cameras), and set the focus to infinity.

Use a cable release to open the shutter for 4 minutes or
more; don’t take exposures of over 15 minutes without first
testing shorter times to make sure that background skylight
doesn’t fog the film. You will have a picture of star trails. If
the North Star (Polaris) is roughly centered in your field of
view, you will see the circles that the stars make as a result
of the Earth spinning on its axis.

With the new fast color films, you can record the stars in
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PHOTOGRAPHING THE STARS

mm or 135-mm lens and try a series: 1, 2, 4, 8, and 16 sec-
onds. The stars will not noticeably trail on the shorter
exposures. The constellation Orion, visible during the win-
ter, is a particularly interesting constellation to photograph,
since your image will show the reddish Orion Nebula in
addition to the stars. Your eyes are not sensitive to color
when viewing such faint objects, but film will record them.

Hint: Take a picture of a normal scene at the beginning
of the roll, and one at the end as well, so that the photofin-
isher will know where to cut apart the slides or how to
make the prints. Be prepared to send back negatives for
printing (or request that they be printed automatically), in
spite of the photofinisher’s note that they didn’t come out.
The photofinisher probably didn’t notice the tiny specks the
stars made.

a constellation with exposures of a few seconds. Use a 50-

B FIGURE 4-16 Misconceptions held
by Linus and Lucy in Peanuts. @ But
there is no "East Star" or "West Star,"
since the Earth rotates on its axis. Only
the positions of the north and south
celestial poles are steady, and there is
no bright "South Star." (Cartoon by
Charles Schulz. ©1970 United Feature
Syndicate, Inc.) @ Lucy is still making
things up. You can never see the north
and south celestial poles in the sky at
the same time, since they are 180°
from each other in the sky (ignoring
atmospheric refraction). Further, there is
no “South Star"—that is, there is no
obvious star near the south celestial
pole. (Cartoon by Charles Schulz. ©
1970 United Feature Syndicate, Inc.)

of the night. From our latitudes (the United States ranges from about 20° north latitude
for Hawaii, to about 49° north latitude for the northern continental United States, to
65° for Alaska), we can see the north celestial pole but not the south celestial pole.

A star named Polaris happens to be near the north celestial pole, only about 1°
away, so we call Polaris the pole star or the “North Star.” If you are navigating at sea
or in a desert at night, you can always go due north by heading straight toward Polaris
(M Fig. 4-16). Polaris is conveniently located at the end of the handle of the Little
Dipper, and can easily be found by following the “Pointers” at the end of the bowl of
the Big Dipper. Polaris isn’t especially bright, but you can find it if city lights have not
brightened the sky too much.

The north celestial pole is the one fixed point in our sky, since it never moves. To
understand the motion of the stars, let us first consider two simple cases. If we were at
the Earth’s equator, then the two celestial poles would be on the horizon (due north
and due south), and stars would rise in the eastern half of the sky, go straight up and
across the sky, and set in the western half (M Fig. 4—17). Only a star that rose due east
of us would pass directly overhead and set due west.

If, on the other hand, we were at the Earth’s north (or south) pole, then the north
(or south) celestial pole would always be directly overhead. No stars would rise and set,
but they would all move in circles around the sky, parallel to the horizon (M Fig. 4-18).

We live in an intermediate case, where the stars rise at an angle relative to the hori-
zon (M Fig. 4—19). Close to the celestial pole, we can see that the stars are really circling

PEANUTS

SEE THAT STAR UP THERE?
THAT'S THE WEST STAR.. IF
YOUR CAMP 1S IN THE WEST,
HOU JUST FOLLOW THAT STAR ...

IF 40U KNOW
{OUR STARS, HOU'LL
NEVER 6ET LOST
IN THE WooDs..

WHAT IF YOUR CAMP IS {
IN THE EAST7? IS THERE Fi
AN EAST STAR ? B

NO, THAT WOULD MAKE
IT 70O EASY.. -
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We can keep “star time” by noticing the right ascen-
sion of a star that is “crossing the meridian,” where the
meridian is the line that extends from the north celestial
pole through the point right over our heads (the zenith)
to the horizon due south of us. This star time is called
“sidereal time”; astronomers keep special clocks that run
on sidereal time to show them which celestial objects are
crossing the meridian—that is, crossing the north-
zenith-south line. A sidereal day (a day by the stars) is
about 4 minutes shorter than a solar day (a day by the
Sun), which is the one we usually keep track of on our
watches.

Sidereal Time

ince a whole circle is divided into 360°, and the sky
Sappears to turn completely around the Earth once
every 24 hours, the sky appears to turn 15 degrees per
hour (15°hr). Astronomers therefore divide right ascen-
sion (r.a.) into hours, minutes, and seconds (of time)
instead of degrees. At the equator, one hour of r.a. = 15°.
Dividing by 60, 1 minute of r.a. = %4° = 15 minutes of arc
(since there are 60 minutes of arc in a degree). Dividing by
60 again, 1 second of r.a. = Y4 minute of arc = 15 arc sec-
onds (since there are 60 seconds of arc in a minute of arc).

Zenith

AR

NES s

Earth

M FIGURE 4-17 Viewed from the
equator, the stars rise straight up, pass
across the sky, and set straight down.

Zenith

M FIGURE 4-18 Viewed from the
pole, the stars move around the sky in
circles parallel to the horizon, never ris-
ing or setting.

Horizon

IFYOU LISTENTO ¥ I'M THINKING
ME, YOU'LL NEVER| OF NEVER

BE LOST IN LEAVING THE
THE WOODS FRONT 4ARD!

SEE THAT STAR (P THERE?
THAT'S THE SOUTH STAR ...

THAT’S THE NORTH STAR
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M FIGURE 4-20 When we look
toward the north celestial pole, stars
appear to move in giant circles about
the pole. Here, we are looking past one
of the telescopes of the Kitt Peak
National Qbservatory in Arizona.
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M FIGURE 4-21 The Earth's axis precesses with a period of 26,000 years. @ The two positions shown
are separated by 13,000 years. As the Earth's pole precesses, the equator moves with it (since the Earth is
a rigid body). The celestial equator and the ecliptic—the Sun'’s apparent path through the stars—will
always maintain the 23'/2° angle between them, but the points of intersection (the equinoxes) will
change. Thus, over the 26,000-year cycle, the vernal equinox will move through all signs of the zodiac.
© The vernal equinox is now in the constellation Pisces and approaching Aquarius (and thus the cele-
bration, in the musical Hair, of the "Age of Aquarius").

the pole (M Fig. 4-20). Only the pole star (Polaris) itself remains relatively fixed in
place, although it too traces out a small circle of radius about 1° around the north
celestial pole.

As the Earth spins, it wobbles slightly, like a giant top, because of the gravitational
pulls of the Sun and the Moon. As a result of this precession, the axis actually traces
out a large circle in the sky with a period of 26,000 years (M Fig. 4—21). So Polaris is
the pole star at the present time, and generally there isn’t a prominent star near either
celestial pole when the orientation differs.

4.6 Celestial Coordinates
to Label the Sky

Geographers divide the surface of the Earth into a grid, so that we can describe loca-
tions. The equator is the line halfway between the poles (M Fig. 4—22). Lines of con-
stant longitude run from pole to pole, crossing the equator perpendicularly. Lines of
constant latitude circle the Earth, parallel to the equator.

Astronomers have a similar coordinate system in the sky. Imagine that we are at
the center of the celestial sphere, looking out at the stars. The zenith is the point
directly over our heads. The celestial equator circles the sky on the celestial sphere,
halfway between the celestial poles. It lies right above the Earth’s equator. Lines of
constant right ascension run between the celestial poles, crossing the celestial equator
perpendicularly. (See Figure It Out 4.2: Sidereal Time.) They are similar to terrestrial
longitude. Lines of constant declination circle the celestial sphere, parallel to the
celestial equator, similarly to the way that terrestrial latitude circles our globe (M Fig.
4-23). The right ascension and declination of a star are essentially unchanging, just as
each city on Earth has a fixed longitude and latitude. (Precession actually causes the
celestial coordinates to change very slowly over time.)

From any point on Earth that has a clear horizon, one can see only half of the celes-
tial sphere at any given time. This can be visualized by extending a plane that skims
the Earth’s surface so that it intersects the very distant celestial sphere (M Fig. 4—24).

Ace@AstrunumyW Log into AceAstronomy and select this chapter to see the Active Figure
called “Celestial Sphere."

Wil Tirion
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North Celestial

Vernal Equinox
South Pole

South Celestial
Pole

B FIGURE 4-23 The celestial equator is the projection of the Earth's equator onto the sky, and the
ecliptic is the Sun's apparent path among the stars in the course of a year. The vernal equinox is one of
the intersections of the ecliptic and the celestial equator, and is the zero-point of right ascension. From a
given location at the latitude of the United States, the stars nearest the north celestial pole never set and
the stars nearest the south celestial pole never rise above the horizon. Right ascension is measured along
the celestial equator. Each hour of right ascension equals 15°. Declination is measured perpendicularly
(+10°, +20°, etc.).

4.7 The Reason for the Seasons

Though the stars appear to turn above the Earth at a steady rate, the Sun, the Moon,
and the planets appear to slowly drift among the stars in the sky, as discussed in more
detail in Chapter 5. The planets were long ago noticed to be “wanderers” among the
stars, slightly deviating from the daily apparent motion of the entire sky overhead.
The path that the Sun follows among the stars in the sky is known as the ecliptic.
We can’t notice this path readily because the Sun is so bright that we don’t see the stars
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M FIGURE 4-22 In Ecuador (which
means "Equator” in Spanish), a monu-
ment marks a 19th-century French
expedition to measure the length of a
section of the equator. A monument on
the equator itself is often visited.
Though charlatans there claim to show
that water swirls down a drain oppo-
sitely in the two hemispheres, this is
not the case. (The “coriolis force" that
causes hurricanes and tornados to
rotate in opposite directions is much
too small to affect water going down a
drain.)

Celestial Sphere

TeoZenith

Horizon Horizon

B FIGURE 4-24 The zenith is the
point directly over your head; the nadir
is the point straight down below your
feet. The horizon marks as far as you
can see. It is clear that if the celestial
sphere were nearby (innermost circle),
much less than half of it would be
above the horizon. We can see progres-
sively more of the celestial sphere at
any given time if it is farther away, as
shown (middle and outer circles). In
fact, it is so far away that we see
essentially half of it at a time.
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Star Pal‘ty 4.2 The Paths of the Moon and Planets

atch the Moon from night to night and note its posi-

tion among the stars on each occasion. The Moon
goes through its full range of right ascension and of declina-
tion each month as it circles the Earth.

The motion of the planets is much more difficult to cate-
gorize. For whatever planets are visible, plot their paths
among the stars once a night every 3 days or so. Mercury
and Venus circle the Sun more quickly than does Earth, and
have smaller orbits than the Earth. They wiggle in the sky
around the Sun over a period of weeks or months, and are
never seen in the middle of the night. They are the “evening
stars” or the “morning stars,” depending on which side of
the Sun they are on.

Mars, Jupiter, and Saturn (as well as the other planets too
faint to see readily) circle the Sun more slowly than does

Earth. So they drift across the sky with respect to the stars,
and don’t change their right ascension or declination rap-
idly. (On a given night, they seem to rise and set at the same
rate as the stars; it takes observations over several nights to
notice their motion.)

The U.S. and U.K. governments jointly put out a volume
of tables each year, The Astronomical Almanac. It is an
“ephemeris,” a list of changing things; the word comes from
the same root as “ephemeral.” The book includes tables of
the positions of the Sun, Moon, and planets. One of us
(J.M.P.) has written the Field Guide to the Stars and Planets,
which includes graphs and less detailed tables.

when it is up, and because the Earth’s rotation causes another more rapid daily motion
(the rising and setting of the Sun). The ecliptic is marked with a dotted line on the Sky
Maps, on the inside covers of this book.

The Earth and the other planets revolve around the Sun in more or less a flat
plane. So from Earth, the apparent paths of the other planets are all close to the eclip-
tic. (See Star Party 4.2: The Paths of the Moon and Planets.) But the Earth’s axis is not
perpendicular to the ecliptic. It is, rather, tipped from perpendicular by 23'/°.

The ecliptic is therefore tipped with respect to the celestial equator. The two
points of intersection are known as the vernal equinox and the autumnal equinox.
The Sun is at those points at the beginning of our northern hemisphere spring and
autumn, respectively. On the equinoxes, the Sun’s declination is zero.

Three months after the vernal equinox, the Sun is on the part of the ecliptic that is
farthest north of the celestial equator. The Sun’s declination is then +23Y2°, and we say
it is at the summer solstice, the first day of summer in the northern hemisphere.
(Conversely, when the Sun’s declination is —23'2°, we say it is at the winter solstice,
the first day of winter in the northern hemisphere.) The summer is hot because the
Sun is above our horizon for a longer time and because it reaches a higher angle above
the horizon when it is at high declinations (M Fig. 4—-25). A consequence of the latter
effect is that a given beam of light intercepts a smaller area than it does when the light
strikes at a glancing angle, so the heating per unit area is greater (M Fig. 4-26).

The seasons (M Fig. 4-27), thus, are caused by the variation in the declination of
the Sun. This variation, in turn, is caused by the fact that the Earth’s axis of spin is
tipped by 23'2°. Many, if not most, people misunderstand the cause of the seasons.
Note that the seasons are not a consequence of the changing distance between the
Earth and the Sun. If they were, then seasons would not be opposite in the northern
and southern hemispheres, and there would be no seasonal changes in the number of
daytime hours. In fact, the Earth is closest to the Sun each year around January 4,
which falls in the northern hemisphere winter.

The word “equinox” means “equal night,” implying that in theory the length of
day and night is equal on those two occasions each year. The equinoxes mark the dates
at which the center of the Sun crosses the celestial equator. But the Sun is not just a
theoretical point, which is what is used to calculate the equinoxes. Since the top of the
Sun obviously rises before its middle, the daytime is actually a little longer than the
nighttime on the day of the equinox. Also, bending (refraction) of sunlight by the
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FIGURE 4-25 The blue arcs from the equator up and over the top of the sphere shown are the path
of the Sun at different times of the year. Around the summer solstice, June 21, the Sun (shown in yellow)
is at its highest declination, rises highest in the sky, stays up longer (because, as shown, more of its path
is above the horizon), and rises and sets farthest to the north. The opposite is true near the winter sol-
stice, December 21. The diagram is drawn for latitude 40°.

Earth’s atmosphere allows us to see the Sun when it is really a little below our horizon,
thereby lengthening the daytime. So the days of equal daytime and nighttime are dis-
placed by a few days from the equinoxes.

Because of its apparent motion with respect to the stars, the Sun goes through the
complete range of right ascension and between —23'2° and +23':2° in declination each
year. As a result, its height above the horizon varies from day to day. If we were to take
a photograph of the Sun at the same hour each day, over the year the Sun would
sometimes be relatively low and sometimes relatively high.

If we were at or close to the north pole, we would be able to see the Sun whenever
it was at a declination sufficiently above the celestial equator. This phenomenon is

Summer in northern hemisphere
Winter in southern hemisphere
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FIGURE 4-26 There is more heat-
ing per unit area of the ground when
the Sun is high than when it is low,
because when the Sun is high a given
beam of light intercepts a smaller area.

FIGURE 4-27 A schematic view
from space of the Sun and the Earth
(not to scale). The seasons occur
because the Earth's axis is tipped with
respect to the plane of the orbit in
which it revolves around the Sun. The
dotted line is drawn perpendicular to
the plane of the Earth's orbit. When the
northern hemisphere is tilted toward
the Sun, it has its summer; at the same
time, the southern hemisphere is hav-
ing its winter. At both locations of the
Earth shown, the Earth rotates through
many 24-hour day-night cycles before
its motion around the Sun moves it
appreciably.

Winter in northern hemisphere
Summer in southern hemisphere
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Emil Schulthess, Black Star

B FIGURE 4-28 In this series taken
in June from northern Norway, above known as the midnight sun (M Fig. 4-28). Indeed, from the north or south poles, the
the Arctic Circle, one photograph was Sun is continuously visible for about six months of the year, followed by about six

i h hour f i .
obtained each hour for an entire day. months of darkness.
The Sun never set, a phenomenon

known as the "midnight sun." Since the

site was not quite at the north pole, Ace@Astrnnumym Log into AceAstronomy and select this chapter to see the Active Figures
the Sun and stars move somewhat called "Seasons" and "Shadow and Seasons."

higher and lower in the sky during the )

course of a day. Ace(®yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer-

cise "The Seasons.”

Ace@AstrunumyW Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise “Sunrise Through the Seasons.”

4.8 Time and the International Date Line

Every city and town on Earth used to have its own time system, based on the Sun,
until widespread railroad travel made this inconvenient. In 1884, an international con-
ference agreed on a series of longitudinal time zones. Now all localities in the same
zone have a standard time (M Fig. 4-29).
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New day
Midnight
Old day
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B FIGURE 4-30 This top view of the
Earth, looking down from above the
north pole, shows how days are born
and die at the international date line.
When you cross the international date
line, your calendar changes by one day.
To be among the first locations to see
4 p.m. the new millennium, countries even

| changed their time zones, which shows
90°W how timekeeping can be arbitrary.

Since there are twenty-four hours in a day, the 360° of longitude around the Earth
are divided into 24 standard time zones, each modified to some degree from a basic
north-south swath that is 15° wide. Each of the standard time zones is centered, in prin-
ciple, on a meridian of longitude exactly divisible by 15, though the actual zones are
modified for geopolitical reasons. Because the time is the same throughout each zone,
the Sun is not directly overhead at noon at each point in a given time zone, but in
principle is less than about a half-hour off (though this varies considerably through-
out the world). Standard time is based on the average length of a solar day. As the Sun
seems to move in the sky from east to west, the time in any one place gets later.

We can visualize noon, and each hour, moving around the world from east to
west, minute by minute. We get a particular time back 24 hours later, but if the hours
circled the world continuously the date would not be able to change at midnight. So
we specify a north-south line and have the date change there. We call it the interna-
tional date line (M Fig. 4—-30). With this line present on the globe, as we go eastward
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PRIME MERIDIAN

OF THE WORLD
EAST WEST

LONGITUDE LONGITUDE

B FIGURE 4-31 The international
zero circle of longitude at the Royal
Qbservatory Greenwich is marked by a
telescope that looked, historically, up
and down along the north-south line.
This site, in Greenwich, England, is a
museum on the former site of the
Royal Observatory there.

Jay M. Pasachoff

the hours get later and we go into the next day. At some time in our eastward trip,
which you can visualize on Figure 4—-30, we cross the international date line, and we
go back one day. Thus we have only 24 hours on Earth at any one time.

A hundred years ago, England won the distinction of having the basic line of longi-
tude, 0° (M Fig. 4-31), for Greenwich, then the site of the Royal Observatory. Realizing
that the international date line would disrupt the calendars of those who crossed it, that
line was put as far away from the populated areas of Europe as possible—near or along
the 180° longitude line. The international date line passes from north to south through
the Pacific Ocean and actually bends to avoid cutting through continents or groups of
islands, thus providing them with the same date as their nearest neighbor.

In the summer, in order to make the daylight last into later hours, many countries
have adopted “daylight savings time.” Clocks are set ahead 1 hour on a certain date in
the spring. Thus if darkness falls at 7 p.m. Eastern Standard Time (E.S.T.), that time is
called 8 p.m. Eastern Daylight Time (E.D.T.), and most people have an extra hour of
daylight after work (but, naturally, one less hour of daylight in the morning). In most
places, clocks are set back one hour in the fall, though some places have adopted day-
light savings time all year. The phrase to remember to help you set your clocks is “fall
back, spring forward.” Of course, daylight savings time is just a bookkeeping change
in how we name the hours, and doesn’t result from any astronomical changes.

It is interesting to note that daylight savings time is of political interest. In 2005,
the energy bill passed by Congress and signed by the president extended daylight savings
time for an extra month, to save energy by providing more light in the evening. (Tra-
ditionally, this desire has been counterbalanced by the farmers’ lobby, who didn’t want
more morning darkness, but their influence is waning. Children waiting for school-
buses in the morning darkness, though, remain a counterargument for extending the
period of daylight savings time.)

4.9 C(Calendars

The period of time that the Earth takes to revolve once around the Sun is called, of
course, a year. This period is about 365Y4 average solar days.

Roman calendars had, at different times, different numbers of days in a year, so
the dates rapidly drifted out of synchronization with the seasons (which follow solar
years). Julius Caesar decreed that 46 B.C. would be a 445-day year in order to catch up,
and defined a calendar, the Julian calendar, that would be more accurate. This calen-
dar had years that were normally 365 days in length, with an extra day inserted every
fourth year in order to bring the average year to 365Y4 days in length. The fourth years
were, and still are, called leap years.

The name of the fifth month, formerly Quintillis, was changed to honor Julius
Caesar; in English we call it July. The year then began in March; the last four months
of our year still bear names from this system of numbering. (For example, October
was the eighth month, and “oct” is the Latin root for “eighth.”) Augustus Caesar, who
carried out subsequent calendar reforms, renamed August after himself. He also trans-
ferred a day from February in order to make August last as long as July.

The Julian calendar was much more accurate than its predecessors, but the actual
solar year is a few minutes shorter than 365Ys days. By 1582, the calendar was about
10 days out of phase with the date at which Easter had occurred at the time of a reli-
gious council 1250 years earlier, and Pope Gregory XIII issued a proclamation to cor-
rect the situation: he simply dropped 10 days from 1582. Many citizens of that time
objected to the supposed loss of the time from their lives and to the commercial com-
plications. Does one pay a full month’s rent for the month in which the days were
omitted, for example? “Give us back our fortnight,” they cried.
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In the Gregorian calendar, years that are evenly divisible by four are leap years,
except that three out of every four century years—the ones not evenly divisible by

)

already using the Gregorian calendar.) As a result, we celebrate George Washington’s
birthday on February 22, even though he was born on February 11 (M Fig. 4-32).
Actually, since the year had begun in March instead of January, the year 1752 was cut
short; it began in March and ended the next January. Washington was born on Febru-
ary 11, 1731, then often written February 11, 1731/2, but since 1752, people have
referred to his date of birth as February 22, 1732. The Gregorian calendar is the one in
current use. It will be over 3000 years before this calendar is as much as one day out of
step.

When did the new millennium start? It is tempting to say that it was on “January
1, 2000.” That marks the beginning of the thousand years whose dates start with a “2.”
But, if you are trying to count millennia, since there was no “year zero,” two thousand
years after the beginning of the year 1 would be January 1, 2001. (Nobody called it
“year one” then, however; the dating came several hundred years later.) If the first
century began in the year 1, then the 21st century began in the year 2001! We, the
authors, had two new millennium parties—a preliminary one on New Year’s Eve 2000
and then the real one on New Year’s Eve 2001.

400 —have only 365 days. Thus 1600 was a leap year; 1700, 1800, and 1900 were not; % j i o ) 4
and 2000 was again a leap year. Although many countries immediately adopted the 2 oy
Gregorian calendar, Great Britain (and its American colonies) did not adopt it until £ |[& Wi
1752, when 11 days were skipped. (Current U.S. states that were then Spanish were < ot
20

the Union

B FIGURE 4-32 In George Washing-
ton's family Bible, his date of birth is
given as the "11th day of February
1731/2." Some contemporaries would
have said 1731; we now say February
22,1732.

ASIDE 4.4: Spelling Hint

Note that the word “millen-
nium,” in the title of this book
and everywhere else, has two I's
and two n’s; many people miss
that second n.

| CONCEPT REVIEW

Planets and moons have detectable disks that show phases,

depending on how much of the sunlighted side we see (Sec.
4.1). In particular, the phase of the Moon changes over the

course of a month because of the changing angle formed by
the Moon-Earth-Sun system.

During a lunar eclipse, the Moon is in the shadow cast
by the Earth (Sec. 4.2a). Even when a lunar eclipse is total,
however, the Moon can be faintly seen because Earth’s
atmosphere bends some sunlight toward it. The Moon then
has a reddish-orange color for the same reason that sunsets
and sunrises are reddish-orange: air molecules preferentially
scatter blue light in random directions (causing the daytime
sky to appear blue), and particles such as dust in the atmos-
phere absorb blue light more than red light.

At a total solar eclipse, the umbra, or darkest part, of
the Moon’s shadow hits the Earth (Sec. 4.2b). People in the
penumbra see only a partial eclipse, which must be viewed
through special filters or by using a projection technique
like a pinhole camera. Just before an eclipse is total, the last
bits of the Sun’s surface, or photosphere, shine through
lunar valleys and appear as Baily’s beads. The last bit of
the uneclipsed photosphere seems so bright that it looks
like the diamond on a ring— the diamond-ring effect.
During totality, you can see the Sun’s hot, tenuous atmos-
phere, the corona; a total eclipse is perfectly safe to view

with the naked eye, binoculars, or a telescope. When the
Moon’s disk appears too small to fully cover the Sun’s pho-
tosphere, we have an annular eclipse. Because the Moon’s
orbit around the Earth and the Earth’s orbit around the Sun
are not precisely in the same plane, lunar and solar eclipses
each occur only a few times a year, not every month.

The point-like images of stars twinkle because we see
them through the Earth’s turbulent atmosphere (Sec. 4.3).
Planets don’t twinkle as much as stars, because the disk-like
images of planets consist of many independently twinkling
points that tend to average out.

Astronomers use a simple scale of brightness, where the
brightest visible stars are of the first magnitude, the next
brightnest of the second magnitude, and so on (Sec. 4.4).
Long ago this was set on a mathematical scale, the magni-
tude scale, in which each factor of 100 in brightness corre-
sponds to a difference of 5 magnitudes. A star’s apparent
magnitude is how bright it looks to us.

Stars appear to rise and set each day because the Earth
turns (Sec. 4.5). We see the stars as though they were on a
giant celestial sphere, with celestial poles over the Earth’s
north and south poles. Polaris, now the pole star, marks
the north celestial pole, but precession, the very slowly
changing orientation of the Earth’s axis, will change that in
the future (Sec. 4.5).
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Astronomical coordinate systems include one based on
the Earth (Sec. 4.6). The celestial equator is the line on the
celestial sphere above the Earth’s equator. Right ascension
corresponds to terrestrial longitude and declination corre-
sponds to terrestrial latitude. The meridian is the north-
south line extending through the zenith, the point over-
head. Sidereal time, time by the stars, differs from solar
time by about 4 minutes per day.

The planets “wander” among the stars as their coordi-
nates change (Sec. 4.7). They travel close to the path of the
Sun across the sky, the ecliptic. The ecliptic meets the
celestial equator at the vernal equinox and at the autum-
nal equinox. The Sun is at those points at the beginning of
our northern hemisphere spring and autumn, respectively.
The Sun’s highest and lowest declinations correspond to the
summer solstice (the first day of summer in the northern

QUESTIONS

1. On the picture opening the chapter, estimate the angle
covered by the star trails and deduce how long the
exposure lasted.

2. Describe the phases of the Earth you would see over a
month if you were on the Moon.

3, If the Moon were placed at twice its current distance
from the Earth, how large would it have to be so that
total solar eclipses could still occur?

T4, Compare the average frequencies of total and annular
eclipses over a 25-year interval, say, 2001-2025.

5. In what phases of a total eclipse must one use eye pro-
tection and in what phase do you look directly? Is it
ever safe to look directly at an annular eclipse?
Explain.

6. If you look toward the horizon, are the stars you see
likely to be twinkling more or less than the stars over-
head? Explain.

7. Is the planet Saturn, which is farther away and physi-
cally smaller than Jupiter, likely to twinkle more or
less than Jupiter?

8. Explain how it is that some stars never rise in our sky,
and others never set.

9. Using the Appendices and the Sky Maps, comment on
whether Polaris is one of the twenty brightest stars in
the sky.

Compare a 6th-magnitude star and an 11th-magnitude
star in brightness. Which is brighter, and by how many
times?

10.

11. (a) Compare a 16th-magnitude star with an 11th-
magnitude star in brightness, as in Question 10. (b)
Now compare the 16th-magnitude with the 6th-
magnitude star, specifying which is brighter and by
how many times.

12. Since the sky revolves once a day, how many degrees
does it appear to revolve in 1 hour?
13. Use the suitable Sky Map to list the bright stars that

are near the zenith during the summer.

hemisphere) and the winter solstice (the first day of win-
ter), respectively. Thus, the seasons are caused by the tilt of
the Earth’s axis. When you are far enough north or south
on the Earth so that the Sun never sets at the current sea-
son, you see the midnight sun.

Standard time is based on the average length of a solar
day (Sec. 4.8). There are 24 time zones, each nominally 15°
wide in longitude (though there are large variations
throughout the Earth for geopolitical reasons). Days change
at the international date line.

The Julian calendar included leap years, but the seasons
drifted because the actual solar year is not exactly 365,
days (Sec. 4.9). We now use the Gregorian calendar, in
which leap years are sometimes omitted to adjust for the
fact that the year is not composed of exactly 365Y, days.

14. Explain why Christmas comes in the summer in Aus-
tralia.

15. Are the lengths of day and night exactly equal at the
vernal equinox? Explain.

16. Does the Sun pass due south of you at exactly noon on
your watch each day? Explain why or why not.

17. Explain why for an observer at the north pole the Sun

changes its altitude in the sky over the year, but the

stars do not.

When it is 5 p.m. on November 1 in New York City,

what time of day and what date is it in Tokyo?

Describe how to use Figure 4-29 to find the date and

time in England when it is 9 a.m. on February 21 in

California. Carry out the calculation both by going

eastward and by going westward, and describe why

you get the same answer.

18.

19.

20. List the leap years between 1800 and 2200. How many

will there be?

21. True or false? Earth’s atmosphere scatters (reflects)
blue light more easily than red light, causing the
daytime sky to appear blue and contributing to the
reddish-orange appearance of sunsets.

22. True or false? If Earth’s axis of rotation were perpendi-
cular to Earth’s orbital plane (i.e., if Earth’s axis
weren't tilted), there would be no major seasonal vari-
ations at a given location on Earth throughout the
year.

23. True or false? Venus and Mercury are sometimes visi-
ble at a position in the celestial sphere diametrically
opposite the Sun.

24. True or false? More “circumpolar stars” (i.e., stars that
are always above the horizon) are visible from Alaska
than from Hawaii.

25. True or false? As seen from Earth’s surface, stars
appear to twinkle because our eyes don’t see photons
outside visible wavelengths, which are emitted when
the star appears to be dimming slightly.



26. Multiple choice: Which one of the following state-
ments about lunar eclipses is false? (a) Lunar eclipses
don’t occur monthly due to the inclination of the
Moon’s orbit around the Earth relative to the Earth’s
orbit around the Sun. (b) Total lunar eclipses last
longer than total solar eclipses. (c) Lunar eclipses are
predictable. (d) At a given time, a total lunar eclipse is
visible only from a small part of the Earth’s surface.

(e) The Moon is still visible during a total lunar eclipse
because of light going through the Earth’s atmosphere.

27. Multiple choice: If the Moon as seen from the Earth is
in the waning crescent phase, what phase of the Earth
would be seen from the near side of the Moon?

(a) Full. (b) Waxing gibbous. (c) Waning crescent.
(d) The Earth does not go through phases as seen
from the Moon. (e) The Earth’s phases as seen from
the Moon are unrelated to the Moon’s phases as seen
from the Earth.

28. Multiple choice: Which one of the following is the
main reason why Earth has seasons? (a) Earth’s orbit is
elliptical. We have summer when we are closer to the
Sun and winter when we are farther from the Sun.

(b) The tilt of Earth’s axis of rotation causes one hemi-
sphere of the planet to be closer to the Sun during the
day than the other hemisphere. Because it is closer to
the Sun, it receives much more solar energy per hour.
(c) Over the course of the year, the tilt of Earth’s axis
of rotation varies from 23.5° to 0° in such a way as to
bring more heating per hour in the summer than in
the winter. (d) The tilt of Earth’s axis of rotation
causes the Sun to pass higher in the sky during the day
in one hemisphere than in the other, thereby giving
more daylight hours and more heating per hour. (e) It

TOPICS FOR DISCUSSION

1. Physically, how is it possible that a given solar eclipse
can sometimes be both total and annular along differ-
ent parts of the eclipse path?

2. During a total lunar eclipse, what would someone on
the Moon see when looking toward the Sun?

MEDIA

Ace(®yAstronomy™ Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

29.

30.

31.

32.

33.

34,

35.

3.

Questions 89

has seasons so that sunbathers will know when to go
to the beach, and skiers will know when to go skiing.
Multiple choice: You are in New York City at 3 p.m.
and you want to look at the full Moon. The best idea
would be to (a) look toward the southern horizon; (b)
look toward the western horizon; (c) look toward the
eastern horizon; (d) look overhead, or nearly over-
head; or (e) give up and try again later.

Multiple choice: If the Moon were half its current dis-
tance from the Earth, then (a) we would no longer see
the Sun’s photosphere fully blocked by the Moon dur-
ing solar eclipses; (b) we would no longer see the
entire corona at a given time during total solar
eclipses; (c) solar prominences would be easier to see
during solar eclipses; (d) partial solar eclipses would
not be visible from far-northern and far-southern lati-
tudes on Earth; or (e) there would never be partial
lunar eclipses.

Fill in the blank: A given star near the celestial equator
rises about minutes earlier each night because
of Earth’s revolution around the Sun.

Fill in the blank: When the Sun reaches the point in
the sky known as the , it is the first day of
spring in the northern hemisphere.

Fill in the blank: The celestial analogues of longitude
and latitude are and , respectively.
Fill in the blank: A magnitude 3 star is times
brighter than a magnitude 10 star.

Fill in the blank: As viewed from the Earth’s equator,
the North Star (Polaris) appears to be located

"This question requires a numerical solution.

When the Sun is on either of the equinoxes, observers
at both the North Pole and the South Pole of the Earth
can see it completely above the horizon. How is this
possible?

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources

for this chapter including a list of common misconceptions,

news and updates, flashcards, and more.


http://astronomy.brookscole.com/cosmos3
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http://astronomy.brookscole.com/cosmos3
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Gravitation and Motion: The
Early History of Astronomy

ORIGINS .

ncient peoples knew of five planets—Mercury, Venus, Mars, Jupiter, and Saturn. We explore the overall structure

When we observe these planets in the sky, we join the people of long ago in notic- of the Solar System and how
ing that the positions of the planets vary from night to night with respect to each ideas about it were developed
other and with respect to the stars. In this chapter, we will discuss the motions of the over many centuries, providing

basic information for theories of
its formation.

5.1 A B]‘i ef SUTVGy Of the SO]aI’ SyStem 1. Summarize theories of the

Universe developed two mil-
lennia ago (Sections 5.1 and

planets and you will learn how major figures in the history of astronomy explained
these motions. These explanations have led to today’s conceptions of the Universe and
of our place in it.

Our ideas of the Solar System took shape before even the telescope was invented, but

nowadays we have visited almost all the Solar System with spacecraft (M Fig. 5-1). Let 5.2).

us first give an overview of the Solar System before discussing the historical figures %, TEailitery Thany Tl G

who started us on our current path. Discussion on the individual Solar-System objects omy progressed through the

occurs later chapters. ideas of Copernicus, Kepler,
Since 1957, when the first spacecraft were launched into orbit around the Earth, Galileo, and Newton (Sections

we have made giant strides. Satellites routinely study the Earth and even the Moon, 5.3 to 5.7).

mapping them in detail and watching how they change (M Fig. 5-2). The series of 3. Introduce the orbital motions

crewed landings on the Moon during 1969-1972 revolutionized our understanding of of planets and how they pro-

vide clues to the formation of
the Solar System (Section 5.8).

that relatively nearby object.

The closest planet to Earth is Venus, only 70 per cent our distance from the Sun.
Venus is covered with clouds, but radar has mapped its surface. Beyond Venus, Mer-
cury orbits so close to the Sun that it has essentially no atmosphere left, given its small
mass; the gravitational pull of Mercury is too weak to retain hot gases. No spacecraft
has visited Mercury for decades, though NASA’s MESSENGER will arrive there in 2008.

Farther outward than the Earth’s orbit is Mars, a fascinating planet now the sub-
ject of extensive study. Its seasonal changes have long made it an object of interest.
The signs (now photographed from orbiting spacecraft) that water once flowed on its
surface make it all the more interesting, especially since liquid water is thought to be
necessary for life to arise.

Acef@j»Astrunumy'” The AceAstronomy icon throughout this text indicates an opportunity for you
to test yourself on key concepts, and to explore animations and interactions of the AceAstronomy
website at http://astronomy.brookscole.com/cosmos3

NASA/JPL/Caltech

<4l The frontispiece of Galileo’s Dialogue on the Two Great World Systems, published in 1632.

According to the labels, Copernicus is to the right, with Aristotle and Ptolemy to the left; M FIGURE 5-1 A composite of
Copernicus was drawn with Galileo’s face, however. spacecraft images of the 8 innermost
Jay M. Pasachoff collection planets: Mercury, Venus, Earth, Mars,

Jupiter, Saturn, Uranus, and Neptune.
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Star Pal‘ty 5.1 Prograde and Retrograde Motions

f Mars or Jupiter is visible during times when you are

awake, you can monitor the apparent position of either
one in the sky to see prograde or even retrograde motion.
Both planets, but especially Mars, move fairly quickly rela-
tive to the stars. Note that the planets move almost imper-
ceptibly on a given night with respect to the stars; the stars
and planets rise and set together at almost the same rate. (To
locate the current positions of planets, consult magazines
such as Sky and Telescope or Astronomy, consult the Field
Guide to the Stars and Planets, or look them up with plane-
tarium software.)

With your naked eye (or through binoculars), note the
position of Mars or Jupiter relative to stars near them in the
sky. Carefully sketch or photograph what you observe. (See
the hints in Chapter 4 on photographing the sky at night.)
Repeat this exercise every 6 to 9 days, or more often if you
wish. The best results are obtained with at least 10 observa-
tions over the course of 2 to 3 months.

Examining your sequence of observations made over sev-
eral days, can you see the planet in its prograde motion?
(Prograde is from west to east among the stars.) Were you
viewing at a time when it went through retrograde motion?

The four planets beyond Mars are much larger than the Earth or Mars. Giant
Jupiter is second only to the Sun in ruling the Solar System by its gravity. The Galileo
spacecraft in orbit around it has sent back detailed images of Jupiter and most of its
many moons. Saturn, with its extensive, beautiful rings, is always a pretty object to see
in a telescope. Its rings are made of material broken up by the same kinds of factors
that cause the tides on Earth, as we shall learn in the next chapter.

Uranus and Neptune were visited by a Voyager spacecraft after it passed Jupiter
and Saturn, providing our only close-up views of these large planets. The Hubble
Space Telescope is useful for monitoring changes in their atmospheres, as are large
ground-based telescopes equipped with adaptive optics (recall the discussion in Chap-
ter 3). These objects can also be studied in other ways, such as when they pass in front
of stars.

Beyond the orbit of Neptune, tiny Pluto is strange in its properties. We will come
to the debate as to whether it even deserves to be classified as a planet.

Along with the planets, we find comets and asteroids, as well as interplanetary
dust. The planets and asteroids, but not most of the comets, orbit the Sun in nearly
the same plane rather than having their orbits oriented every which way. Before we
describe all these objects in more detail, let us tell an interesting chronological story.

5.2: The Earth-Centered Astronomy
of Ancient Greece

Most of the time, planets appear to drift slowly in one direction (west to east) with
respect to the background stars. This forward motion, moving slightly slower in the
sky than the stars as they rise and set, is called prograde motion. But sometimes a
planet drifts in the opposite direction (that is, east to west) with respect to the stars.
We call this backward drift retrograde motion (M Fig. 5-3). (See Star Party 5.1: Pro-
grade and Retrograde Motions.)

When we make a mental picture of how something works, we call it a model, just
as sometimes we make mechanical models. The ancient Greeks made theoretical mod-
els of the Solar System in order to explain the motion of the planets. For example, by
comparing the length of the periods of retrograde motion of the different planets, they
were able to discover the order of distance of the planets.

One of the earliest and greatest philosophers, Aristotle (M Fig. 5—4), lived in
Greece in about 350 B.c. Aristotle thought, and actually believed that he definitely
knew, that the Earth was at the center of the Universe. Further, he thought that he
knew that the planets, the Sun, and the stars revolved around it (M Fig. 5-5).

Naval Research Laboratory

M FIGURE 5-2 The Earth, with a
lunar crater in the foreground, imaged
by the Clementine spacecraft in orbit
around the Moon. The angular distance
between the images of the Earth and
Moon was electronically reduced in this
image.



Simulation with the Zeiss ZKP3/B planetarium projector of

Williams College’s Hopkins Observatory by Jay M. Pasachoff,

Yariv Pierce, and Megan Bruck.

Folio 8 verso, from Oronce Fine, Le Sphere du monde, 1549. MS Typ 57, Department of Printing

and Graphic Arts, Houghton Library, Harvard College Library

Photo Vatican Museums
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In Aristotle’s model, the Universe was made up of a set of 55 celestial spheres that
fit around each other. Each sphere’s natural motion was rotation. The planets were
carried around by some of the spheres, and the motion of the spheres affected the
other spheres. Some retrograde motion could be accounted for in this way. The outer-
most sphere was that of the fixed stars. Outside this sphere was the “prime mover” that

caused the rotation of the stars.
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B FIGURE 5-3 A planetarium simu-
lation of the path of Mars over a nine-
month period. In the middle we see a
period of retrograde motion. Mars
begins at the right (west) and proceeds
toward the left (east) on this image.
After it passes above the V-shaped
Hyades star cluster (whose brightest
star is Aldebaran), it goes into retro-
grade motion. Then it goes into pro-
grade motion again. Because Mars and
the Earth orbit in different planes, our
perspective changes over time and the
backward motion doesn't retrace the
forward motion exactly. Rather, it
makes a loop in the sky.

ASIDE 5.1: Wandering
planets

The very slow drifting of planets
(“the wanderers” in Greek)
among the stars should not be
confused with the much more
rapid, daily rising and setting

of stars and planets caused by
Earth’s rotation.

B FIGURE 5-4 Aristotle (pointing
down) and Plato (pointing up) in The
School of Athens by Raphael (1483~
1520), a fresco in the Vatican.

B FIGURE 5-5 Aristotle's cosmologi-
cal system, with water and Earth at the
center, surrounded by air, fire, the
Moon, Mercury, Venus, the Sun, Mars,
Jupiter, Saturn, and the firmament of
fixed stars.
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A Closer Look | 51 | ProLemaic TERMS

deferent—A large circle centered approximately on the equant-The point around which the epicycle moves at a
Earth, actually centered midway between the Earth and uniform angular rate.
the equant (see below).

epicycle—A small circle whose center moves along a defer-
ent. The planets move on the epicycles.

Aristotle’s theory dominated scientific thinking for about 1800 years, until the
Renaissance. Unfortunately, his theories were accepted so completely that they may
have impeded scientific work that might have led to new theories.

In about A.p. 140, almost 500 years after Aristotle, the Greek scientist Claudius
Ptolemy (M Fig. 5—6) flourished in Alexandria. He presented a detailed theory of the
Universe that explained the retrograde motion. Ptolemy’s model was geocentric
(Earth-centered), as was Aristotle’s. To account for the planets’ retrograde motion,
Ptolemy’s model has the planets travelling along small circles that move on the larger
circles of the planets’ overall orbits. The small circles are called epicycles, and the
larger circles are called deferents (M Fig. 5-7). (See A Closer Look 5.1: Ptolemaic
Terms.) The center of an epicycle moved with a constant angular speed relative to a
point called the equant (Fig. 5-7). Since circles were thought to be “perfect” shapes, it
seemed natural that planets should follow circles in their motion.

Ptolemy’s views were very influential in the study of astronomy for a long time.
His tables of planetary motions, which were reasonably accurate considering how long
ago he developed them, were accepted for nearly 15 centuries. His major work became
known as the Almagest (Greatest). It contained not only his ideas but also a summary
of the ideas of his predecessors. Most of our knowledge of Greek astronomy comes
from Ptolemy’s Almagest.

Biblioteca Nazionale Marciana, Venice

B FIGURE 5-6 Ptolemy, in a 15th-
century drawing.

AGE@AS"UHUNY“‘ Log into AceAstronomy and select this chapter to see the Active Figure
called "Epicycles.”

Epicycle - Deferent
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Path of the planet
Planet
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M FIGURE 5-7 @ |In the Ptolemaic system, a planet would move along an epicycle. The epicycle, in
turn, moved on a deferent. The observed changing speed of planets in the sky would mean that the cen-
ter of the epicycle did not move at a constant speed around the center of the deferent. Rather, it moved
at a constant angular speed (that is, an angle changing with time at a constant rate) as seen from a
point called the equant, which was not quite at the center of the deferent. @ In the Ptolemaic system,
the projected path in the sky of a planet in retrograde motion is shown.
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5.3 A Heretical ldea:
The Sun-Centered Universe

We credit Nicolaus Copernicus, a 16th-century Polish astronomer, with our modern
view of the Solar System and of the Universe beyond. (See Lives in Science: Copernicus.)
Copernicus suggested a heliocentric (Sun-centered) theory (M Figs. 5-8, 5-9, and
5-10). He explained the retrograde motion with the Sun rather than the Earth at the

center of the Solar System.

Aristarchus of Samos, a Greek scientist, had suggested a heliocentric theory 18
centuries earlier. We do not know, though, how detailed a picture he presented. His
ancient heliocentric suggestion required the counterintuitive notion that the Earth

A Heretical Idea: The Sun-Centered Universe 95

itself moved. This idea seems contrary to our senses, and it contradicts the theories of =~ M FIGURE 5-8 The pages of Coperni-
Aristotle. If the Earth is rotating, for example, why aren’t birds and clouds “left ~ cuss original manuscript in which he

behind”? Only the 17th-century discovery by Isaac Newton of laws of motion that dif-

drew his heliocentric system.

Photograph by Charles Eames, reproduced courtesy of

fered substantially from Aristotle’s solved this dilemma, as we shall see later in this  Eames Office and Owen Gingerich, © 1990, 1398 Lucia

chapter.

Eames dba Eames Office

Copernicus’s heliocentric theory still assumed that the planets moved in circles,
though the circles were not quite centered on the Sun. The notion that celestial bodies
had to follow such “perfect” shapes (circles) shows that Copernicus had not broken
entirely away from the old ideas; the observations that would later force scientists to
do so were still over 100 years in the future. Copernicus’s manuscript had the mecha-
nisms that drove the planets housed in zones. The exact notion of “orbits” did not yet

exist.

Copernicus still invoked the presence of some epicycles in order to have his pre-
dictions agree better with observations. Copernicus was proud, though, that by using
circular orbits not quite centered on the Sun, he had eliminated the equant. In any
case, the detailed predictions that Copernicus himself computed were not in much
better agreement with the existing observations than tables based on Ptolemy’s model.
The heliocentric theory appealed to Copernicus mostly on philosophical rather than
on observational grounds. Scientists did not then have the standards we now have for

how to compare observations with theory.

T
net,in quo terram cum orbelunari tanquam <picyclocontj

diximus . Quinto loco Venus nono menfe udua:ur.;tsc;:::
denic locum tenet,0ftuagine dierum fpacio civey

[n medio uero omnium refidet Sol, Quis enimin ho

Icherimo templo lampadem hanc inaliouel melioriloco
ret,quim unde cotum fimul pofsitilluminare: Siquidem 1

e gquidam luc

B FIGURE 5-9 Copernicus's heliocentric dia-
gram as printed in his book De Revolutionibus
(1543). The printed version was not an exact
copy of the hand-drawn one in the manuscript.
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LIVES 1IN

SCITIENCE

B COPERNICUS

icolaus Copernicus was born in 1473. Around 1505—
1510, he formulated his heliocentric ideas. He wrote a
lengthy manuscript, and continued to develop his model
even while carrying out official duties in Frauenberg (now

Frombork, Poland).

He published his book De
Revolutionibus (Concerning the
Revolutions) in 1543. Though
it is not certain why he did
not publish his book earlier,
his reasons for withholding the
manuscript from publication
probably included a general

Copernicus, in a painting hanging
in a museum in Torun, Poland.

B FIGURE 5-11 The Copernican the-
ory explains retrograde motion as an
effect of projection. For each of the
nine positions of Mars shown from
right to left on the red line, follow the
white line from Earth's position through
Mars's position to see the projection of
Mars against the sky. Mars's forward
motion appears to slow down as the
Earth overtakes it. Between the two
“stationary points," Mars appears in
retrograde motion; that is, it appears
to move backward with respect to the
stars. A similar argument works for
planets closer to the Sun than the
Earth.

Torun Museum, courtesy of Marek Demianski
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desire to perfect the manuscript and his realization that to
publish the book would involve him in controversy.

When the book appeared, an unsigned preface by a the-
ologian who had been drafted by the printer to proofread
the book incorrectly implied that Copernicus disavowed any
true belief in the physical reality of his hypothesis. The pref-
ace implied that Copernicus thought it was only a means for
computation. Copernicus did not receive a full copy of his
book until the day of his death.

Although some people, including Martin Luther, noticed
a contradiction between the Copernican theory and the Bible,
little controversy occurred at that time. In particular, the
Pope—to whom the book had been dedicated—did not
object.

The Harvard-Smithsonian astronomer and historian of
science Owen Gingerich has, by valiant searching, located
about 300 extant copies of the first edition of Copernicus’s
masterpiece and about 300 copies of the second edition. By
studying which were censored and what notes were hand-
written into the book by readers of the time, he has been
able to study the spread of belief in Copernicanism.

Copernicus published his theory in 1543 in the book he called De Revolutionibus
(Concerning the Revolutions). The model explained the retrograde motion of the plan-
ets in terms of a projection effect, as follows (M Fig. 5-11):

Let us consider, first, a planet that is farther from the Sun than is the Earth. For
Mars and other such planets, notice what happens when the Earth approaches the part
of its orbit that is closest to Mars. (The farther away from the Sun the planet, the more
slowly it revolves around the Sun.) As the Earth passes Mars, the projection of the
Earth-Mars line outward to the distant, apparently motionless stars moves backward

Direct motion of Mars

Mars's orbit ~

Retrograde

. motion
Stationary

points

Sun

/ool

Earth's orbit 7/




compared with the way it had been moving. Then, as the Earth and Mars continue
around their orbits, the projection of the Earth-Mars line appears to go forward again.
A similar analysis holds for Mercury and Venus, which orbit the Sun at smaller dis-
tances than does the Earth.

The idea that the Sun was at the approximate center of the Solar System led
Copernicus to two additional important results. First, he was able to work out the rel-
ative distances to the planets. Second, he was able to derive the length of time the
planets take to orbit the Sun from observations of how long they take between appear-
ances in the same place in our sky. His ability to derive these results played a large part
in persuading Copernicus that his heliocentric system was better than the geocentric,
Ptolemaic model.

Ace@Astrnnumy"‘ Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Aristarchus's Measurement.”

5.4 The Keen Eyes of Tycho Brahe

In the last part of the 16th century, not long after Copernicus’s death, Tycho Brahe
(see Lives in Science: Tycho Brahe) began to observe Mars and the other planets to
improve quantitative predictions of the positions of planets. Tycho, a Danish noble-
man, set up an observatory on an island off the mainland of Denmark (M Fig. 5-12).
The first building there was called Uraniborg (after Urania, the muse of astronomy).
You can still see its foundations, but the island is now Swedish.

Though the telescope had not yet been invented, Tycho used giant instruments to
make observations that were unprecedented in their accuracy. In 1597, Tycho lost his
financial support in Denmark. He arrived in Prague two years later. There, Johannes
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The Keen Eyes of Tycho Brahe

Photograph courtesy of the Royal Ontario Museum
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B FIGURE 5-12 Tycho's observatory
at Uraniborg, Denmark. In this image
from one of Tycho's books, a portrait of
Tycho was drawn into the mural quad-
rant (a marked quarter-circle on a wall)
that he used to measure the altitudes

at which stars and planets crossed the
meridian (their highest point in the sky,
for all but the most northerly stars).

LIVES

TycHO BRAHE

Tycho Brahe was born in 1546 to a Danish noble family. As
a child he was taken away and raised by a wealthy uncle.
In 1560, a total solar eclipse was visible in Portugal, and the
young Tycho witnessed the partial phases in Denmark.
Though the event itself was not visually spectacular—partial
eclipses rarely are—Tycho, at the age of 14, was so struck by
the ability of astronomers to predict the event that he
devoted his life from then on to making an accurate body of
observations.

When Tycho was 20, he
dueled with swords with a fellow
student over which of them was
the better mathematician. Dur-
ing the duel, part of his nose was
cut off. For the rest of his life he
wore a gold and silver replace-
ment and was frequently rub-
bing the remainder with oint-
ment. Portraits made during his
life and the relief on his tomb
(see figure) show a line across

Jay M. Pasachoff

Tombstone of Tycho Brahe.

his nose, though just how much was actually cut off is not
now definitely known.

In 1572, Tycho was astounded to discover an apparently
new star in the sky, so bright that it outshone Venus. It was
what we now call a “supernova”; indeed, we call it “Tycho’s
supernova.” It was the explosion of a star, and remained vis-
ible in the sky for 18 months. As Europe was emerging from
the Dark Ages, Tycho’s observations provided important
evidence that the heavens were not immutable. He pub-
lished a book about the supernova, and his fame spread. In
1576, the king of Denmark offered to set up Tycho on the
island of Hveen with funds to build a major observatory, as
well as various other grants.

Unfortunately for Tycho, a new king came into power
in Denmark in 1588, and Tycho’s influence waned. Tycho
had always been an argumentative and egotistical fellow,
and he fell out of favor in the countryside and in the court.
Finally, in 1597, his financial support cut, he left Denmark.
Two years later he settled in Prague, at the invitation of the
Holy Roman Emperor, Rudolph II.

In 1601, Tycho attended a dinner where etiquette pre-
vented anyone from leaving the table before the baron (or at
least so Tycho thought). The guests drank freely and Tycho
wound up with a urinary tract infection. Within two weeks
he was dead of it.
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B FIGURE 5-13 The plaque over
Johannes Kepler's house in Prague.

ASIDE 5.2: Parts of an orbit

The farthest point from the Sun
in a planet’s orbit is called the
“aphelion,” in contrast to the
perihelion (the closest point to
the Sun).

A Closer Look | 5.2

Kepler came to work with him as a young assistant. (See Lives in Science: Johannes
Kepler.) At Tycho’s death in 1601, after some battles for access, Kepler was left to ana-
lyze all the observations that Tycho and his assistants had made (M Fig. 5-13).

5.5 Johannes Kepler
and His Laws of Orbits

Johannes Kepler studied with one of the first professors to believe in the Copernican
view of the Universe. Kepler came to agree, and made some mathematical calculations
involving geometrical shapes. His ideas were generally wrong, but the quality of his
mathematical skill had impressed Tycho before Kepler arrived in Prague.

Tycho’s new, more thorough and precise observational data showed that the tables
of the positions of the planets then in use were not very accurate. When Kepler joined
Tycho, he carried out detailed calculations to explain the planetary positions. In the
years after Tycho’s death, Kepler succeeded in explaining, first, the orbit of Mars. But
he could do so only by dropping the idea that the planets orbited in circles, the perfect
shape. (See A Closer Look 5.2: Kepler’s Laws.)

5.5a Kepler’s First Law

Kepler’s first law, published in 1609, says that the planets orbit the Sun in ellipses, with
the Sun at one focus. An ellipse is defined in the following way: Choose any two points
on a plane; these points are called the foci (each is a focus). From any point on the
ellipse, we can draw two lines, one to each focus. The sum of the lengths of these two
lines is the same for each point on the ellipse.

The major axis of an ellipse is the line within the ellipse that passes through the
two foci, or the length of that line (M Fig. 5—144). The minor axis is the perpendicular
to the center of the major axis, or its length. The semimajor axis is half the length of the
major axis, and the semiminor axis is half the length of the minor axis. A circle is the
special case of an ellipse where the two foci are in the same place (the center of the circle).

It is easy to draw an ellipse (M Fig. 5-14b). A given spacing of the foci and a given
length of string define each ellipse. The shape of the ellipse will change if you change
the length of the string or the distance between the foci.

KepPLER’S Laws

To this day, we consider Kepler’s laws to be the basic 3. The square of the orbital period of a planet is propor-
description of the motions of Solar-System objects: tional to the cube of the semimajor axis of its orbit—

1. The planets orbit the Sun in ellipses, with the Sun at one

focus.

half the longest dimension of the ellipse. (Loosely: the
squares of the periods are proportional to the cubes of
the planets’ distances from the Sun.)

2. The line joining the Sun and a planet sweeps through

equal areas in equal times.

Jay M. Pasachoff
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M FIGURE 5-14 @ The parts of an ellipse, a closed curve. (right) The ellipse shown has the same per-
ihelion distance (closest approach to the Sun) as does the circle. Its eccentricity, the distance between
the foci divided by the major axis, is 0.8. If the perihelion distance remains constant but the eccentricity
reaches 1, then the curve is a parabola, whose ends do not join. Curves for eccentricities greater than 1
are hyperbolas (which, like parabolas, are open curves). @ It is easy to draw an ellipse. Put two nails or
thumbtacks in a piece of paper, and link them with a piece of string that has some slack in it. If you pull
a pen around while the pen keeps the string taut, the pen will necessarily trace out an ellipse. It does so
since the string doesn't change in length. The sum of the lengths of the lines from the point to the two
foci remains constant, and this is the defining property of an ellipse.

-~
~

Jay M. Pasachoff

According to Kepler’s first law, the Sun is at one focus of the elliptical orbit of each
planet. What is at the other focus? Nothing special; we say that it is “empty.”

5.5b Kepler’s Second Law

Kepler’s second law describes the speed with which the planets travel in their orbits. It
states that the line joining the Sun and a planet sweeps through equal areas in equal
times. It is thus also known as the law of equal areas.

When a planet is at its greatest distance from the Sun as it follows an elliptical
orbit, the line joining it with the Sun sweeps out a long, skinny sector. This sector has
two straight lines starting at a focus and extending to the ellipse. The curved part of
the ellipse is relatively short for a planet at its great distance from the Sun. On the

LTIVES 1IN SCTENCE in 32 years. It was also seen by Galileo, but Kepler’s study

has led us to call it “Kepler’s supernova.” We have not seen

B JoHANNES KEPLER another bright supernova in our Milky Way Galaxy since
then.

Shortly after Tycho Brahe arrived in Prague, he was By the time of the supernova, through analysis of Tycho’s

joined by a mathematically inclined assistant, Johannes  data, Kepler had discovered what we now call his second

Kepler. Kepler was born in 1571 in Weil der Stadt, near  law. He was soon to find his first law. It took four additional
what is now Stuttgart, Ger- years, though, to arrange and finance publication. Much
many. He was of a poor fam- later on, he developed his third law.
ily, and had gone to school The abdication of Kepler’s patron, the Emperor, led
on scholarships. Kepler to leave Prague and move to Linz. Much of his time
In 1604, Kepler observed had to be devoted to financing the printing of the planetary
a supernova and soon wrote a tables and to his other expenses—and to defending his
book about it. It was the sec- mother against the charge that she was a witch. He died in
ond exploding star to appear 1630, while travelling to collect an old debt.

Prague statue of Tycho Brahe [ s
and Johannes Kepler.

Jay M. Pasachoff
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B FIGURE 5-15 Kepler's second law
states that the two shaded sectors are
equal in area. They represent the areas
covered by a line drawn from the Sun,
which is at a focus of the ellipse, to an
orbiting planet in a given length of
time.

B FIGURE 5-17 In this time expo-
sure, the stars trail but the series of
geostationary satellites hovering over
the Earth's equator, many delivering TV
or telephone signals, appear as points.

William C. Livingston, National Solar Observatory, AURA

other hand, according to Kepler’s second law, the area of this long, skinny sector must
be the same as that of any short, fat sector formed for the planet nearer to perihelion,
the closest point to the Sun in a planet’s orbit (M Fig. 5-15). Thus, the planet moves
most quickly when it is near the Sun.

Since the time of the Greeks, the idea that the planets travelled at a constant rate
had been thought to be important. Kepler’s second law replaced this old notion with
the idea that the total area swept out changes at a constant rate.

Kepler’s second law is especially noticeable for comets, which have very eccentric
(that is, flattened) elliptical orbits. For example, Kepler’s second law demonstrates why
Halley’s Comet sweeps so quickly through the inner part of the Solar System. It moves
much more slowly when it is farther from the Sun, since the sector swept out by the
line joining it to the Sun is skinny but long.

5.5¢ Kepler’s Third Law

Kepler’s third law deals with the length of time a planet takes to orbit the Sun, which is
its period of revolution. Kepler’s third law relates the period to some measure of the
planet’s distance from the Sun. Specifically, it states that the square of the period of rev-
olution is proportional to the cube of the semimajor axis of the ellipse. (Mathematically,
P2 = kR where k is a constant; or, P?> « R3, where “«<” means “proportional to.”)
That is, if the cube of the semimajor axis of the ellipse goes up, the square of the
period goes up by the same factor (see Figure It Out 5.1: Kepler’s Third Law).

A terrestrial application of Kepler’s third law is in “geostationary satellites,” which
are so high that they orbit Earth once a day as Earth rotates at the same rate under-
neath (M Fig. 5-16). They thus appear to hover over the equator (M Fig. 5-17), and are
used for relaying television and telephone signals.

B FIGURE 5-16 Most satellites, including the space shuttles, orbit only 200 km or so above the Earth's
surface. They orbit Earth in about 90 minutes. From Kepler's third law, we can see that the speed in orbit
of a satellite decreases as the satellite gets higher; see Figure It Out 5.3: Orbital Speed of Planets. But dis-
tances are measured from the center of the Earth, so even a doubling of the orbital height above the
Earth's surface is only a slight increase in the orbit's radius. When a satellite is as high as 6'/> Earth radii
from Earth's center, the satellite orbits in 24 hours. This 24-hour period is the same as the period with
which a point on the Earth's surface below rotates, so the satellite appears from the ground to hover in
one place. It is then called a "geostationary satellite."



U. Michigan Library, Dept. of Rare Books and Special Collections; translation by

Stillman Drake, reprinted courtesy of Scientific American

Kepler's Third Law

t is often easiest to express Kepler’s third law, P? = kR®

(where P is the period of revolution, R is the semima-
jor axis, and k is a constant), by relating values for a
planet to values for the Earth:

3
kRPlanet
3
kREarth

2
P Planet . RPlanet

2
P Earth REarth

We can choose to work in units that are convenient
for us here on Earth. We use the term 1 Astronomical
Unit (1 A.U.) to mean the semimajor axis of the Earth’s
orbit. This semimajor axis can be shown to be the aver-
age distance from the Sun to the Earth. We use a unit of
time based on the length of time the Earth takes to orbit
the Sun: 1 year. When we use these values, Kepler’s law
appears in a simple form, since the numbers on the bot-
tom of the equation are just 1, and we have
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P} et = Riune (distance in A.U.; period in Earth years).

Planet ~

Example: We know from observation that Jupiter
takes 11.86 years to revolve around the Sun. What is
Jupiter’s average distance from the Sun?

Answer: (11.86)> = R} i SO Rypiier = 5.2 AU

Kepler had to calculate by hand, but we can calculate
R easily with a pocket calculator. Astronomers are often
content with approximate values that can be calculated in
their heads. For example, since 11.86 is about 12, (11.86)*
is about 122 = 144. Do you need a calculator to find the
rough cube root of 1442 No. Just try a few numbers. 1° =
1,22 =28,3=9 X 3 =27 and 4> = 16 X 4 = 64,
which are all too small. But 5° = 125 is closer. 6> = 216
is too large, so the answer must be a little over 5 A.U.

The period with which objects revolve around bodies
other than the Sun (for example, other planetary sys-
tems) follows Kepler’s third law as well. The laws apply
also to artificial satellites in orbit around the Earth (Figs.
5-16 and 5—17) and to the moons of other planets.

5.6 The Demise of the Ptolemaic Model:
Galileo Galilei

Galileo Galilei flourished in what is now Italy at the same time that Kepler was work-
ing farther north. Galileo began to believe in the Copernican heliocentric system in
the 1590s, and identified some of our basic laws of physics in the following years. In

late 1609 or early 1610, Galileo was the first to use a telescope for systematic astro-
nomical studies (M Fig. 5-18).

In 1610, he reported in a book that with his telescope he could see many more
stars than he could see with his unaided eye. Indeed, the Milky Way and certain other
hazy-appearing regions of the sky actually contained numerous individual stars. He
described views of the Moon, including the discovery of mountains, craters, and the
relatively dark lunar “seas”; see Star Party 5.2: Galileo’s Observations.

Galileo’s discovery that small bodies revolved around Jupiter (M Fig. 5-19) was very
important because it proved that not all bodies revolved around the Earth. Moreover,

B FIGURE 5-18 Galileo's telescopes.

B FIGURE 5-19 A translation (right)
of Galileo's original notes (left) summa-
rizing his first observations of Jupiter's
moons in 1610. The highlighted areas
were probably added later. It had not
yet occurred to Galileo that the objects
were moons in revolution around
Jupiter.
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LIVES IN SCITIENCE

B GALILEO GALILEI

alileo Galilei was born in Pisa, in northern Italy, in

1564. In the 1590s, he became a professor at Padua, in
the Venetian Republic. At some point in this decade, he
adopted Copernicus’s heliocentric theory. After hearing that
a device to magnify far-off objects had been made, he fig-
ured out the principles himself and made his own version.
In late 1609 or early 1610, Galileo was among the first to
turn a telescope toward the sky.

In 1613, Galileo published his acceptance of the Coper-
nican theory. The book in which he did so was received and
acknowledged with thanks by the Cardinal who, significantly,
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nican system were undoubtedly more important than per-
sonal feelings. Also, the Church apparently objected to his
belief that matter consists of atoms.

In 1615, Galileo was denounced to the Inquisition, and
was warned against teaching the Copernican theory. There
has been much discussion of how serious the warning was
and how seriously Galileo took it.

Over the following years, Galileo was certainly not out-
spoken in his Copernican beliefs, though he also did not
cease to hold them. In 1629, he completed his major manu-
script, Dialogue on the Two Great World Systems, these sys-
tems being the Ptolemaic and Copernican. With some diffi-
culty, clearance from the censors was obtained, and the
book was published in 1632. It was written in contemporary
Ttalian, instead of the traditional Latin, and could thus reach

was Pope at the time of Galileo’s
trial. Just how Galileo got out of
favor with the Church has been
the subject of much study. His bit-
ter quarrel with a Jesuit astrono-
mer, Christopher Scheiner, over
who deserved the priority for the
discovery of sunspots did not put
him in good stead with the Jesuits.
Still, the disagreement on Coper-
nicanism was more fundamental
than personal, and the Church’s
evolving views against the Coper-

a wide audience. The book was condemned and Galileo was
again called before the Inquisition.

Galileo’s trial provided high drama, and has indeed been
transformed into drama on the stage. He was convicted, and
sentenced to house arrest. He lived nine more years, until
1642, his eyesight and his health failing. He devoted his time
to the experimental study of the motions of falling bodies.
Indeed, most of the principles in Newton’s laws of motion
are based on experimental facts determined by Galileo and
documented in his important book on mechanics, written
during this period. In 1992, Pope John Paul II acknowledged
that Galileo had been correct to favor the Copernican the-
ory, an implicit though not an explicit pardon.

© National Maritime Museum, London

Galileo.

the moons were obviously not “left behind” while Jupiter moved across the sky, sug-
gesting that the Earth might move as well without leaving objects behind.

By displaying facts that Aristotle and Ptolemy obviously had not known, he
showed that Aristotle and Ptolemy had not been omniscient, and opened the idea that
more remained to be discovered. But not all of Galileo’s contemporaries accepted that
what was seen through the newfangled telescope was real, or were even willing to look
through this contraption at all.

Critical to the support of the heliocentric model was Galileo’s discovery that Venus
went through an entire series of phases (M Fig. 5-20). The non-crescent phases could
not be explained with the Ptolemaic system (M Fig. 5-21). After all, if Venus travelled
on an epicycle located between the Earth and the Sun, Venus should always appear as
a crescent (or “new”). Thus, the complete set of phases of Venus provided the fatal
blow to the Ptolemaic model.

Moreover, in 1612, Galileo used his telescope to project an image of the Sun. Here
he discovered sunspots, additional evidence that celestial objects were not perfect
(M Fig. 5-22). In his book on sunspots, Galileo drew a series of photographs showing
how sunspots looked from day to day as they rotated with the Sun’s surface.

In Lives in Science: Galileo Galilei, we discuss Galileo’s controversy with the Roman
Catholic Church, during which he was sentenced to house arrest (M Fig. 5-23). The
controversy echos down to today, and some of the truth about the real reasons behind
the fight may still be hidden in the Vatican archives. But by now, almost four hundred
years since Galileo made his discoveries and four hundred years since his near-
contemporary Giordano Bruno was burned at the stake at least in part because of his
view that there were worlds beyond our Solar System, peace reigns between the Church
and scientists, and the Vatican supports a modern observatory and several respected
contemporary astronomers.



On the Shoulders of Giants: Isaac Newton

M FIGURE 5-20 When Venus is on the far side of the Sun as seen B FIGURE 5-21 In the Ptolemaic theory, Venus and the Sun both
from the Earth, it is more than half illuminated. We thus see it go orbit the Earth. However, because Venus is never seen far from the
through a whole cycle of phases, from thin crescent (or even "new") Sun in the sky, Venus's epicycle (which is shown dotted) must be
through full. Venus thus matches the predictions of the Copernican restricted to always fall on the line joining the center of the deferent
system. (which is near the Earth) and the Sun. In this diagram, Venus could

never get farther from the Sun than the dashed lines. It would
therefore always appear as a crescent.

5.7 On the Shoulders of Giants:
Isaac Newton

Kepler discovered his laws of planetary orbits by trial and error; they were purely
empirical, and he had no physical understanding of them. Only with the work of Isaac
Newton 60 years later did we find out why the laws existed.

Newton was born in England in 1642, the year of Galileo’s death. He became the
greatest scientist of his time and perhaps of all time. His work on optics, his invention
of the reflecting telescope, and his discovery that visible light can be broken down into
a spectrum of colors (see Chapter 2) would merit him a place in astronomy texts. But
still more important was his work on motion and on gravity.

Newton set modern physics on its feet by deriving laws showing how objects move
on Earth and in space, and by finding the law that describes the force of gravity. In
order to work out the law of gravity, Newton had to invent calculus, a new branch of
mathematics! Newton long withheld publishing his results, until Edmond Halley
(whose name we now associate with the famous comet) convinced him to publish his
work. Newton’s Principia (pronounced “Prin-kip’ee-a”), short for the Latin form of
Mathematical Principles of Natural Philosophy, appeared in 1687.

The Principia contains Newton’s three laws of motion. The first is that bodies in
motion tend to remain in motion, in a straight line with constant speed, unless acted
upon by an external (that is, an outside) force. It is a law of inertia, which was really
discovered by Galileo.

Newton’s second law relates a force with its effect on accelerating (speeding up) a
mass. A larger force will make the same mass accelerate faster (F = ma, where F is the
force, m is the mass, and a is the acceleration).

Newton’s third law is often stated, “For every action, there is an equal and oppo-
site reaction.” The flying of jet planes is only one of the many processes explained by
this law.

The Principia also contains the law of gravity; see A Closer Look 5.3: Newton’s Law
of Universal Gravitation. One application of Newton’s law of gravity is “weighing” the
planets. (See Figure It Out 5.2: Newton’s Version of Kepler’s Third Law.)
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B FIGURE 5-22 Sunspots observed
by Galileo in 1612, as engraved in his
book of the following year.

B FIGURE 5-23 One of the houses
in Florence, Italy, where Galileo lived,
with his portrait over the door.

Jay M. Pasachoff collection

Jay M. Pasachoff
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Star Pal‘ty 5.2 Galileo’s Observations

dark parts of the Moon). During a full moon, the fea-
tures tend to appear washed out because of the lack of
shadows.

4. Point the telescope to a bright region of the Milky Way
and notice that many stars are visible. Use the eyepiece
that gives the widest field of view for this observation. Do
you think Galileo was surprised to find that the Milky
Way consists of many faint stars?

. A small telescope can be used to view sunspots, as did
Galileo. But do not look directly at the Sun through the
telescope. A better technique is to project the Sun’s image
onto a sheet of cardboard or some other clean surface.
(Galileo also used this projection technique.) You can
look directly through the telescope only if you are certain
that you have the right kind of filter at the top end of the
telescope, and that it is securely fastened. Never use a fil-
ter in the eyepiece of the telescope, since it will get very
hot and can break, leading to possible blindness.

ith a small telescope, it is easy to recreate many of
Galileo’s observations. Try these with the telescope on
your campus.

1. Observe Venus over a period of several months. This is
most easily done when it is visible in the evening, but at
some times of the year the morning is more suitable. You
should be able to see it go through different phases, like
the Moon does. 5

2. Observe Jupiter over the course of several nights. You
should be able to see its four bright moons, the “Galilean
satellites.” Their relative positions change daily, or even
over the course of a few hours. If you draw a picture each
night for a few weeks, you’ll even be able to determine
their orbital periods and at least roughly verify that they
obey Kepler’s third law.

3. Observe the Moon. You should see craters and maria
(“seas”), as did Galileo. The views will be best during the
crescent, quarter, or somewhat gibbous phases, especially
near the “terminator” (the border between the sunlit and

One of the most popular tales of science is that an apple fell on Newton’s head,
leading to his discovery of the concept of gravity. Though no apple actually hit New-
ton’s head, the story that Newton himself told, years later, is that he saw an apple fall
and realized that just as the apple fell to Earth, the Moon is falling to Earth, though its
forward motion keeps it far from us. (In any short time interval, the distance the
Moon travels toward Earth gets compensated by the distance the Moon also travels
forward; the result over many such time intervals is a stable orbit, rather than a colli-
sion course with Earth.)

A Closer Look 5.3

NeEwTON’S LAW OF UNIVERSAL GRAVITATION

When Isaac Newton famously saw an apple fall, he master-
fully deduced that the same force that makes the apple fall

toward Earth similarly attracts the Moon toward the Earth.
He published the result in his Philosophiae Naturalis Prin-

cipia Mathematica in 1687.

Newton realized that gravitation follows an inverse-square
law—that is, the strength of the force is directly related to
the inverse (“one over”) of the square of the distance. The

For Kepler’s third law, the constant is different for each dif-
ferent central object; see Figure It Out 5.2: Newton’s Version
of Kepler’s Third Law. But in Newton’s law of gravitation, the
constant of proportionality (G) is the same in all circum-
stances throughout the Universe: It is universal. Newton’s
law of gravitation, then, is

mym
Fox G 12.

2

force is also directly proportional to each of the two masses
involved, with no preference for one over the other. Thus

the formula fits Newton’s third law of motion, that for every
action there is an equal and opposite reaction. Gravitational
tugs are mutual—the Earth is pulling on your mass (giving

From this law, we see that if the same body were twice as
far away, the force of gravitation on it from another body
would be only one-fourth (one-half squared) as great. Fur-
thermore, if the central body doubles in mass, its force of

you weight) just as strongly as your mass is pulling on the
Earth.

Newton’s law of gravitation shows that

mni,
F .

2

gravitation at a given distance is twice as great (not four
times as great).

See Lives in Science: Isaac Newton for a brief summary of
Newton’s life.



Newton's Version of Kepler's Third Law

odern astronomers often make rough calculations

to test whether physical processes under considera-
tion could conceivably be valid. Astronomy has also had
a long tradition of exceedingly accurate calculations.
Pushing accuracy to one more decimal place sometimes
leads to important results.

For example, Kepler’s third law, in its original form—
the orbital period of a planet squared is proportional to
its distance from the Sun cubed (P? = constant x R*)—
holds to a reasonably high degree of accuracy and seemed
completely accurate when Kepler did his work. But now
we have more accurate observations, and they verify
Newton’s version.

Newton derived the formula for Kepler’s third law,
taking account of his own formula for the law of univer-
sal gravitation. He found that

4772
pPP=—FR,
G(m, + m,)

where m;, and m, are the masses of the two bodies. For
planetary orbits, if m, is the mass of the Sun, then m, is
the mass of the planet.

Newton’s formulation of Kepler’s third law shows that
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the equation to find the result given as the variable on the
left-hand side) is determined by the mass of the Sun.
Thus, we can use the formula to find out the Sun’s mass.

Newton’s version of Kepler’s third law, as applied to
any planet’s orbit around the Sun, also shows that the
planet’s mass contributes to the value of the proportion-
ality constant, but its effect is very small because the Sun
is so much more massive. (The effect can be detected
even today only for the most massive planets.) Newton
therefore actually predicted that the constant in Kepler’s
third law depends slightly on the mass of the planet,
being different for different planets. The observational
confirmation of Newton’s prediction was a great triumph.

Kepler’s third law, and its subsequent generalization
by Newton, applies not only to planets orbiting the Sun
but also to any bodies orbiting other bodies under the
control of gravity. Thus it also applies to satellites orbit-
ing planets. We determine the mass of the Earth by
studying the orbit of our Moon, and we determine the
mass of Jupiter by studying the orbits of its moons.

For many decades, we were unable to reliably deter-
mine the mass of Pluto because we could not observe a
moon in orbit around it. The discovery of a moon of
Pluto in 1978 finally allowed us to determine Pluto’s
mass, and we found that our previously best estimates
(based on Pluto’s now-discredited gravitational effects on

Uranus) were way off. The same formula can be applied

the constant of proportionality (the constant number by ) )
to binary stars to find their masses.

which you multiply the variable on the right-hand side of

When he calculated that the acceleration of the Moon fit the same formula as the
acceleration of the apple, he knew he had the right method. Newton was the first to
realize that gravity was a force that acted in the same way throughout the Universe.
Many pieces of the original apple tree have been enshrined (M Fig. 5-24). There is no
knowing which—if any— of the apple trees now growing in front of Newton’s house,
still standing at Woolsthorpe, actually descended from the famous original.

Newton’s most famous literary quotation is, “If I have seen so far, it is because I
have stood on the shoulders of giants.” In fact, a whole book has been devoted to all
the other usages of this phrase, which turns out to have been in wide use before New-
ton and thereafter. (Actually, Newton’s statement was not merely praising his prede-
cessors; one of his scientific rivals was very short.) As of the 21st century, the pace of
science has been so fast that it has even been remarked, “Nowadays we are privileged
to sit beside the giants on whose shoulders we stand.”

B FIGURE 5-24 A piece of Newton's
apple tree, now in the Royal Astronomi-
cal Society, London. The donor's father
was present in about 1818 when some
logs were sawed from this famous
apple tree, which had blown over.

5.8 Clues to the Formation
of Our Solar System

The scientists just discussed provided the basis of our current understanding of our
Solar System, which in their time was essentially equivalent to the Universe. Studying
the orbits of the planets shows that the Solar System has some basic properties. All the

Jay M. Pasachoff
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LIVES

IN SCIENCE

B Isaac NEWTON

saac Newton was born in Woolsthorpe, Lincolnshire, Eng-
land, on December 25, 1642. Even now, about 360 years
later, scientists still refer regularly to “Newtons laws of
motion” and to “Newton’s law of gravitation.”
Newton’s most intellectually
fertile years were those right
after his graduation from col-
lege, when he returned home to
the country because fear of the
plague shut down many cities.
There, he developed his ideas
about the nature of motion and
about gravitation. In order to

CHAPTER 5 Gravitation and Motion: The Early History of Astronomy

derive them mathematically, he invented calculus. Newton
long withheld publishing his results, possibly out of shyness.
Finally Edmond Halley—who became known by applying
Newton’s law of gravity to show that a series of reports of
comets all really referred to this single comet that we now
know as Halley’s Comet—persuaded Newton to publish his
results. A few years later, in 1687, the Philosophiae Naturalis
Principia Mathematica (Mathematical Principles of Natural
Philosophy), known as The Principia, was published with
Halley’s practical and financial assistance. In it, Newton
showed that the motions of the planets and comets could all
be explained by the same law of gravitation that governed
bodies on Earth. In fact, he derived and generalized Kepler’s
laws on theoretical grounds.

Newton was professor of mathematics at Cambridge
University and later in life went into government service as
Master of the Mint in London. He was knighted in 1705 (for

B FIGURE 5-25 The orbits of the
planets, with the exception of Pluto,
have only small inclinations to the
plane of the Earth's orbit. The orbits of
all the planets other than Pluto are
nearly circular, but look more extended
and obviously elliptical here because of
the inclined perspective.

<Uranus

SNNeptune

his governmental rather than his scientific contributions)
and lived until 1727. His tomb in Westminster Abbey bears
the epitaph: “Mortals, congratulate yourselves that so great a
man has lived for the honor of the human race.”

planets, for example, move in the same direction around the Sun and are more or less
in the same plane.

Considering these regularities gives important clues about how the Solar System
may have formed, a topic we will discuss more thoroughly in Chapter 9. In studying
the other planetary systems now being discovered at a rapid pace, we are eager to
determine how many things about our own Solar System are truly fundamental, and
how many may be specific to our case. As we will learn, some of the ideas we thought
were basic turned out not to apply to many of the other planetary systems we are
finding.

As we have seen, the motion of a planet around the Sun in its orbit is its revolu-
tion. The spinning of a planet on its own axis is its rotation. The Earth, for example,
revolves around the Sun in one year and rotates on its axis in one day. (These motions
define the terms “year” and “day.”) According to Kepler’s third law, planets far from
the Sun have longer periods of revolution (orbital periods) than planets close to the
Sun. The distant planets also move more slowly (see Figure It Out 5.3: Orbital Speeds
of Planets).

The orbits of the planets take up a disk rather than a full sphere (M Fig. 5-25). The
inclination of a planet’s orbit is the angle that the plane of its orbit makes with the
plane of the Earth’s orbit.

The fact that the planets all orbit the Sun in roughly the same plane is one of the
most important generalities about the Solar System. Spinning or rotating objects have
a property called angular momentum. This angular momentum is larger if an object
is more massive, if it is spinning faster, or if mass is farther from the axis of spin.

As will be discussed more extensively in Chapter 9, one important property of
angular momentum is that the total angular momentum of a system doesn’t change
(we say that it is “conserved”), unless the system interacts with something from out-
side that brings in or takes up angular momentum. (For example, as a spinning ice
skater pulls her arms closer to her torso, her rate of spin increases because of the con-
servation of angular momentum.) Thus, if one body were to spin more and more
slowly, or were to begin spinning in the opposite direction, the angular momentum
would have to be taken up by another, external body.



Orbital Speed of Planets

he more distant a planet is from the Sun, the slower
Tis its orbital speed. We can derive this from Kepler’s
third law. Since most of the planets have nearly circular
orbits, a reasonable approximation for our purposes
here is to assume that the distance travelled by a planet
in one full orbit is 2wR, the circumference of a circle of
radius R.

If the planet travels at a constant speed (which it
would if the orbit were exactly circular), the distance
travelled would equal its speed multiplied by time: d = vt.
Applying this to one full orbit, we find that 2R = vP,
where P is the planet’s orbital period. Thus,

P = 27R/v,so Px R/v,

where the symbol “o<” means “proportional to.”
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But Kepler’s third law states that P> o« R®. When we
substitute the expression P o R/v for P into Kepler’s law,
we get (R/v)? o R, Rearranging gives v* « 1/R, and hence

voo (1/R)YV2.

In words, the speed of a planet is inversely propor-
tional to the square root of its orbital radius; distant
planets move more slowly than those near the Sun. For
example, a planet whose orbital radius is 4 times that of
the Earth has an orbital speed that is (!/4)"/? = !/ as fast
as the Earth’s orbital speed, which is itself about 30
km /sec. If the planet is 9 times as distant as the Earth, its
orbital speed is (1/9)/? = /5 that of the Earth.

This “inverse-square-root” relationship is character-
istic of systems in which a large central mass dominates
over the masses of orbiting particles. Later, we will see
that a different result is found for rotating galaxies, where
the material is spread out over a large volume.

The planets undoubtedly all revolve around the Sun in the same direction because

of how they were formed. They have angular momentum associated with them, and
this must have also been the case for the material from which they coalesced. These
concepts will be useful when we consider the dozens of new systems of planets around
other stars (Chapter 9). After all, it is always better to have more than one example of
some concept.

Ace@AstronomyW Log into AceAstronomy and select this chapter to see the Astronomy
Exercise "Orbital Motion."

| CONCEPT REVIEW

The Solar System has been largely explored with spacecraft
over the last four decades (Sec. 5.1). Long before that, and
even before the telescope was invented, it was known that
planets somehow undergo retrograde motion (slowly
drifting east to west among the stars) besides their generally
prograde motion (drifting west to east among the stars).
Aristotle’s cosmological model, a description of reality, had
the Sun, Moon, and planets orbiting the Earth (Sec. 5.2).
Ptolemy enlarged on Aristotle’s geocentric (Earth-centered)
theory and explained retrograde motion by having the plan-
ets orbit the Earth on epicycles, small circles whose centers
move along larger circles called deferents at a constant
angular rate relative to a point called the equant (Sec. 5.2).
As a calculational tool, Ptolemy’s model could be used to
predict the positions of planets with reasonable accuracy.

Copernicus, in 1543, advanced a heliocentric (Sun-
centered) theory that explained retrograde motion as a pro-
jection effect (Sec. 5.3). Copernicus still used circular orbits
and a few epicycles, and so had not completely broken with
the past, but his idea was nevertheless revolutionary and

had lasting consequences. However, Copernicus did not
have clear observational evidence favoring his model over
that of Ptolemy; instead, the appeal was largely philosophical.

Tycho Brahe made unprecedentedly accurate observa-
tions of planetary positions (Sec. 5.4), which Johannes
Kepler interpreted quantitatively in terms of ellipses (Sec.
5.5a). An ellipse is a closed curve, all of whose points have
the same summed distance from two interior points, each
of which is called a focus (plural foci). The major axis of
an ellipse is the longest line that can be drawn within the
ellipse, or the length of that line; it passes through the two
foci. The semimajor axis is half this length. The minor
axis is perpendicular to the center of the major axis, or the
length of this line; the semiminor axis is half of the minor
axis. The eccentricity of an ellipse, a measure of how far it
is out of round, is equal to the distance between the foci
divided by the major axis.

Kepler formulated three empirical laws of planetary
motion (Sec. 5.5a—c): (1) The orbits are ellipses with the
Sun at one focus. (2) (The law of equal areas.) The line
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joining the Sun and a planet sweeps out equal areas in
equal times. Thus, a planet moves fastest when it is at peri-
helion, the point on the orbit closest to the Sun. (3) The
orbital period squared is proportional to the semimajor
axis cubed. When measured in Astronomical Units (the
semimajor axis of the Earth’s orbit, or Earth’s average dis-
tance from the Sun) and Earth years, Kepler’s third law has
a particularly simple form.

Galileo first systematically turned a telescope on the sky
and discovered features on the Moon, moons of Jupiter,
and a full set of phases of Venus (Sec. 5.6). His observa-
tional discoveries strongly endorsed the Copernican helio-
centric theory and provided evidence against the Ptolemaic
geocentric model. Near the end of his life, Galileo studied
the motion of falling bodies, providing the foundation for
Newton’s subsequent work.

Newton developed three basic laws of motion (Sec. 5.7):
(1) If no external forces act on an object, its speed and

QUESTIONS

1. Describe how you can tell in the sky whether a planet
is in prograde or retrograde motion.

2. Describe the difference between the Ptolemaic and the
Copernican systems in explaining retrograde motion.

3. Can planets interior to the Earth’s orbit around the
Sun undergo retrograde motion? Explain with a dia-
gram.

4. If Copernicus’s heliocentric model did not give signifi-
cantly more accurate predictions than Ptolemy’s geo-
centric model, why do we now prefer Copernicus’s
model?

5. Draw the ellipses that represent Neptune’s and Pluto’s
orbits. Show how one can cross the other, even though
they are both ellipses with the Sun at one of their foci.

6. The Earth is closest to the Sun in January each year.
Use Kepler’s second law to describe the Earth’s relative
speeds in January and July.

7. Pluto orbits the Sun in about 250 years. From Kepler’s
third law, calculate its semimajor axis. Show your
work. The accuracy you can easily get by estimating
the roots by hand rather than with a calculator is suffi-
cient.

8. Mars’s orbit has a semimajor axis of 1.5 A.U. From
Kepler’s third law, calculate Mars’s period. Show your
work. The accuracy you can easily get by estimating
the roots by hand rather than with a calculator is suffi-
cient.

9. Explain in your own words why the observation of a
full set of phases for Venus backs the Copernican sys-
tem.

10. Do you expect Venus to have a larger angular size in
its crescent phase or gibbous phase? Explain.
11. Discuss Galileo’s main scientific contributions.
12. Discuss Newton’s main scientific contributions.
13. Explicitly show from Newton’s version of Kepler’s third

>«

law that Kepler’s “constant” actually depends on the

direction of motion stay constant. (2) The force on an object
is equal to the object’s mass times its acceleration (F = ma).
(3) When two bodies interact, they exert equal and opposite
forces on each other. Newton also discovered the law of
gravity, namely that the gravitational force between two
objects is proportional to the product of their masses and
inversely proportional to the square of the distance between
them (Sec. 5.7). He derived Kepler’s laws mathematically
and invented calculus, which he needed for these studies.

A planet revolves around the Sun and rotates on its
axis (Sec. 5.8). Its orbit is generally inclined by only a few
degrees to the plane of the Earth’s orbit. Spinning or rotat-
ing objects have angular momentum, roughly a product of
an object’s mass, physical size, and rotation rate. The total
angular momentum of a system can change only if the sys-
tem interacts with something from the outside. The angular
momentum associated with planetary orbits probably came
from the material that formed the planets.

planet under consideration. (Substitute values for the
mass of the Sun and of various planets into the con-
stant.) Does it vary much for different planets?

T14. The discovery of a star orbiting the center of our
galaxy with a 15-year period has led to the finding that
the mass of the giant black hole at the center of our
galaxy is about 3 million times that of the Sun. Using
ratios, calculate the semimajor axis of the star’s orbit.
Convert the answer to light-years.

715. If a hypothetical planet is 4 times farther from the Sun
than Earth is, what is its orbital speed (not period) rel-
ative to Earth’s?

T16. What is the period of a planet orbiting 3 A.U. from a
star that is 3 times as massive as the Sun? (Hint: Con-
sider Newton’s version of Kepler’s third law. Use
ratios!)

17. Which is greater: The Earth’s gravitational force on the
Sun or the Sun’s gravitational force on the Earth?
Explain.

18. Compare the periods of rotation and revolution of our
Moon.

19. If you were standing on a spinning turntable holding
barbells close to your chest and you extended your
arms, how would your spin be affected? Why?

20. If you were standing on a turntable and a friend
pushed you to give you angular momentum, compare
how fast you would spin if you were holding 10-kg vs.
30-kg barbells.

21. True or false? An external force is needed to keep an
object in motion at a constant speed and a constant
direction.

22. True or false? In Ptolemy’s geocentric theory of the
Solar System, Venus could not go through the com-
plete set of phases observed by Galileo.

23. True or false? Although the values of the constants
may differ, Newton showed that Kepler’s laws apply



24,

25.

26.

27.

28.

29.

30.

equally well to the moons orbiting Jupiter, if “moon”
and “Jupiter” are substituted for the words “planet”
and “Sun,” respectively.

True or false? The orbital period and distance of a
planet from the Sun can be used, with Newton’s ver-
sion of Kepler’s third law, to estimate the mass of the
Sun.

True or false? Copernicus’s greatest contribution to
astronomy was that he put forth the notion that retro-
grade motion can be explained by having the planets
move along epicycles.

True or false? The outer planets orbit the Sun with a
smaller physical speed (km/sec) than the inner planets.
Multiple choice: Which one of the following discover-
ies was not made by Galileo? (a) A given planet moves
most quickly when it is closest to the Sun. (b) Jupiter’s
four large moons. (c) Large numbers of stars in the
Milky Way. (d) The full set of phases of Venus.

(e) Craters and mountains on the Moon.

Multiple choice: Two planets orbit a star that has the
same mass as the Sun. Planet Zaphod orbits at a dis-
tance of 2 A.U. while Planet Arthur orbits at a distance
of 1 A.U. What is Planet Zaphod’s orbital period com-
pared to Planet Arthur’s orbital period? (a) 8 times
longer. (b) 8 times longer. (c) 4 times longer. (d) 2
times longer. (e) The two periods are equal, since the
mass of the star is the same in both cases.

Multiple choice: Suppose you discover a comet whose
orbital period around the Sun is 10° years. What is the
semimajor axis of the comet’s orbit, in A.U.? (a) 102
(b) 10°. (c)10% (d) 10°. (e) 10°.

Multiple choice: The retrograde motion of Venus
across the sky (a) is caused by the “backward” rotation
of Venus about its own axis (it spins in a direction
opposite that of most planets); (b) is caused by the
gravitational tug of other planets on Venus; (c) is
caused by the change in perspective as Venus catches
up with, and passes, Earth while both planets orbit the

TOPICS FOR DISCUSSION

1.

2.

Had you been alive 2000 years ago, do you think you
would have believed in a geocentric model of the Uni-
verse, or a heliocentric model as did Aristarchus of
Samos? Explain.

Why does a satellite speed up as it spirals toward the
Earth due to friction with the outer atmosphere?

MEDIA

Ace‘syAstronomy™ Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

31.

32.

33.

34.

35.

36.

37.
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Sun; (d) is caused by the motion of Venus along an
epicycle whose center orbits the Sun (and hence Earth
as well, from our perspective); (e) was used by Galileo
to explain the complete set of phases of Venus that he
observed through his telescope.

Multiple choice: Which one of the following state-
ments is true? (a) A given force accelerates a massive
object more than a lower mass object. (b) If the dis-
tance between two objects is doubled, the gravitational
force between them decreases to half its previous
value. (c) The force on an object due to gravity does
not depend on the object’s mass. (d) Neglecting air
resistance, a light tennis ball falls just as fast as a heavy
lead ball dropped from the same height above the
ground. (e) If the Sun’s gravitational attraction were
suddenly cut off, at that instant the Earth would start
flying directly away from the Sun—that is, along a
path radially away from the Sun.

Fill in the blank: Although Johannes Kepler developed
three laws of planetary motion, developed
a physical understanding of these laws.

Fill in the blank: According to Kepler’s first law, the
orbits of planets are ellipses with the Sun at one

Fill in the blank: The line that extends from one edge
of an ellipse to the other, passing through both foci of
the eclipse, is called the .

Fill in the blank: In size, the gravitational force pulling
an apple toward the Earth is the gravita-
tional force pulling the Earth toward the apple.

Fill in the blank: If a spinning body expands, its rate
of spin decreases, providing an example of the conser-
vation of

Fill in the blank: In the model of the Universe devel-
oped by Aristotle, the outermost sphere was that of the

"This question requires a numerical solution.

Naively, it seems that the friction would cause it to
slow down.

. Referring back to the scientific method discussed in

Chapter 1, why was it important to verify Newton’s
prediction that the “constant” in Kepler’s third law
actually depends on the mass of the planet under con-
sideration?

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources
for this chapter including a list of common misconceptions,
news and updates, flashcards, and more.
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The Terrestrial Planets: Earth,
Moon, and Their Relatives

Mercury, Venus, Earth, and Mars share many similar features. Small compared
with the huge planets beyond them, these inner planets also have rocky surfaces
surrounded by relatively thin and transparent atmospheres, in contrast with the larger,
gaseous/liquid planets. Together, we call these four the terrestrial planets (from the
Latin “terra,” meaning earth), which indicates their significance to us in our attempts
to understand our own Earth. In this chapter, we discuss each of these rocky bodies,
as well as their moons. (See A Closer Look 6.1: Comparative Data for the Terrestrial
Planets and Their Moons.)

Venus and the Earth are often thought of as “sister planets,” in that their sizes,
masses, and densities are about the same (M Fig. 6—1). But in many respects they are
as different from each other as the wicked stepsisters were from Cinderella. The Earth
is lush; it has oceans of water, an atmosphere containing oxygen, and life. On the
other hand, Venus is a hot, foreboding planet with temperatures constantly over 750 K
(900°F), a planet on which life seems unlikely to develop. Why is Venus like that? How
did these harsh conditions come about? Can it happen to us here on Earth?

The one Solar-System body other than Farth that humans have visited is our
Moon. It is so large relative to Earth that it joins us as a type of a “double-planet sys-
tem.” We will see how space exploration has revealed many of its secrets.

Mars is only 53 per cent the diameter of Earth and has 10 per cent of Earth’s mass.
Its atmosphere is much thinner than Earth’s, too thin for visitors from Earth to rely on
to breathe. But Mars has long been attractive as a site for exploration. We remain
interested in Mars as a place where we may yet find signs of life or, indeed, where we
might encourage life to grow. Mars’s two tiny moons are but chunks of rock in orbit.

Mercury, the innermost planet, is more like our Moon than like our own Earth.
Its atmosphere is negligible and its surface is seared by solar radiation. An American
spacecraft is en route there. A European/Japanese spacecraft is to be launched to Mer-
cury in 2011 or 2012.

Ace@*AstrunnmyW The AceAstronomy icon throughout this text indicates an opportunity for you

to test yourself on key concepts, and to explore animations and interactions of the AceAstronomy
website at http://astronomy.brookscole.com/cosmos3

<dl A montage, in the correct relative scale, of NASA space views of the inner planets, plus the

Earth’s Moon, with the Sun’s edge in the background.
NSSDC at NASA's Goddard Space Flight Center, courtesy of Jay Friedlander.

NASA's Ames Research Center

ORIGINS .

The small, rocky, terrestrial plan-
ets and the Moon show many
similarities and differences
among their interiors, surfaces,
and atmospheres. By studying
these objects, we can begin to
understand the formation and
evolution of the Earth, whose
properties seem uniquely suit-
able for the development of
complex life.

AIMS .

1. Describe our Earth, our Moon,
the Moon’s origin, and its
tidal influence on Earth (Sec-
tions 6.1 and 6.2).

2. Learn about the inner planets,
four rocky worlds including
the Earth (Sections 6.3 to 6.5).

3. Examine the similarities and
differences among the terres-
trial planets (Sections 6.3 to
6.5).

B FIGURE 6-1 Surface topography
on Earth and Venus at the same resolu-
tion, imaged with radar.
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A Closer Look | 6.1

PLANETS
Mercury
Venus
Earth
Mars
EARTH’S SATELLITE
The Moon

MARS’S SATELLITES

Phobos
Deimos

U.S. Geological Survey and NASA

M FIGURE 6-2 A composite of the
Earth and Moon, viewed from the Galileo
spacecraft as it passed by our region

of the Solar System on its mission to
Jupiter. Structure on the Earth's surface,
especially in South America and Central
America, shows clearly.

Sea floor
spreading

L\

Lithosphere 7
(upper mantle
and crust)

B FIGURE 6-3 The interior structure
of the Earth. (Adapted from Raymond
Siever, "The Earth," Scientific American,
September 1975, and The Solar System
[New York: W. H. Freeman and Co., 1975].
©1975 by Scientific American, Inc. All
rights reserved; drawn by Tom Prentiss.)

COMPARATIVE DATA FOR THE TERRESTRIAL PLANETS
AND THEIR MOONS

Semimajor Axis Orbital Period Equatorial Radius Mass
of Orbit (Earth = 1000%) (Earth = 100%)
0.39 A.U. 88 days 38% 5.5%
0.72 A.U. 225 days 95% 82%
1.00 A.U. 365.25 days 100% 100%
1.52 A.U. 687 days 53% 11%
384,000 km 27175 days 27% (1738 km) 1.2%
9,378 km 7 hr 39 min 14 x 11 x 9 km? 1 millionth %
23,459 km 1d 6 hr 18 min 8 X 6 X 6 km? 0.3 millionth %

6.1 Earth: There’s No Place Like Home

On the first trip that astronauts ever took to the Moon, they looked back and saw for
the first time the Earth floating in space. Nowadays we see that space view every day
from weather satellites, so the views from the Jupiter-bound Galileo spacecraft and the
Saturn-bound Cassini spacecraft as they passed allowed us to test the instruments on
known objects, the Earth and Moon (M Fig. 6-2).

The realization that Earth is an oasis in space helped inspire our present concern
for our environment. Until fairly recently, we studied the Earth only in geology
courses and the other planets only in astronomy courses, but now the lines are very
blurred. Not only have we learned more about the interior, surface, and atmosphere of
the Earth but we have also seen the planets in enough detail to be able to make mean-
ingful comparisons with Earth. The study of comparative planetology is helping us to
understand weather, earthquakes, and other topics. This expanded knowledge will
help us improve life on our own planet.

6.1a The Earth’s Interior

The study of the Earth’s interior and surface (M Fig. 6-3) is called geology. Geologists
study, among other things, how the Earth vibrates as a result of large shocks, such as
earthquakes. Much of our knowledge of the structure of the Earth’s interior comes
from seismology, the study of these vibrations. The vibrations travel through different
types of material at different speeds.

From seismology and other studies, geologists have been able to develop a picture
of the Earth’s interior. The Earth’s innermost region, the core, consists primarily of
iron and nickel. Outside the core is the mantle, and on top of the mantle is the thin
outer layer called the crust. The upper mantle and crust are rigid and contain a lot of
silicates, while the lower mantle is partially melted.

Such a layered structure must have developed when the Earth was young and
molten; the denser materials (like iron) sank deeper than the less-dense ones, as dis-
cussed below. But from where did Earth get sufficient heat to become molten?

The Earth, along with the Sun and the other planets, was probably formed from a
cloud of gas and dust. Some of the original energy, though not enough to melt the
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Earth’s interior, came from gravitational energy released as particles came together to
form the Earth; such energy is released from gravity between objects when the objects
move closer together and collide. The water at the base of a waterfall, for example, is
slightly (unnoticeably) hotter than the water at the top; part of the falling water’s
energy of motion, gained by the pull of gravity, is converted to heat by the collision on
the rocks or water at the waterfall’s base.

Also, the young Earth was subject to constant bombardment from the remaining
debris (dust and rocks), which carried much energy of motion. This bombardment
heated the surface to the point where it began to melt, producing lava.

However, scientists have concluded that the major source of energy in the interior,
both at early times and now, is the natural radioactivity within the Earth. Certain
forms of atoms are unstable—that is, they spontaneously change into more stable
forms. In the process, they give off energetic particles that collide with the atoms in
the rock and give some of their energy to these atoms. The rock heats up.

The Earth’s interior became so hot that the iron melted and sank to the center
since it was denser, forming the core. Eventually other materials also melted. As the
Earth cooled, various materials, because of their different densities (density is mass
divided by volume; see A Closer Look 6.2: Density) and freezing points (the tempera-
ture at which they change from liquid to solid), solidified at different distances from
the center. This process, called “differentiation,” is responsible for the present layered
structure of the Earth.

Geologists have known for decades that the Earth’s iron center consists of a solid
inner core surrounded by a liquid outer core. The inner core is solid, in spite of its
high (5000°C) temperature, because of the great pressure on it. A new study of 30
years worth of earthquake waves that passed through the Earth’s core revealed in 2002
that the inner core has a different inner region, like the pit in a peach. This inner
region is less than 10 per cent of the diameter of the “inner core,” to continue to use
that technical term.
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A Closer Look | 6.2 DgnNsity

he density of an object is its mass divided by its volume.

The scale of mass in the metric system was set up so
that 1 cubic centimeter of water would have a mass of 1 gram
(symbol: g). Though the density of water varies slightly with
the water’s temperature and pressure, the density of water is
always about 1 g/cm?. Density is always expressed in units
of mass (grams, kilograms, and so on) per volume (cubic
centimeters, and so on), where the slash means “per.” In the
units in general use in the United States (but not elsewhere
in the world), the density of water is about 62 pounds/cubic
foot (though, technically, pounds is a measure of weight—
or gravitational force—rather than of mass). Always be care-
ful to note if you are using metric or pound/foot-type units.
A spacecraft was lost just as it reached Mars in 1999 because
one organization getting it there used metric units while
another used pound/foot-type units.

To measure the density of any amount of matter, astronomers
must independently measure its mass and its size. They are
often able to identify the materials present in an object on
the basis of density. For example, since the density of iron is
about 8 g/cm?, Saturn’s density of only 0.7 g/cm?® shows that

Saturn is not made largely of iron. On the other hand, the
measurement that the Earth’s density is about 5 g/cm? shows
that the Earth has a substantial content of dense elements,
of which iron is a likely candidate.

Astronomical objects cover the extremes of density. In the
space between the stars, the density is incredibly tiny frac-
tions of a gram in each cubic centimeter (about 1072* g/cm’),
corresponding to just one hydrogen atom. And in neutron
stars, the density exceeds a billion tons per cubic centime-
ter, comparable to that of an atomic nucleus.

Some sample values of the densities of materials are as
follows:

water 1 g/cm?®
aluminum 3 g/cm?
typical rock 3 g/em?®
iron 8 g/cm?
lead 11 g/em?®
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B FIGURE 6-4 A geyser and its
surrounding steam, at Rotorua, New
Zealand.

Q00 000 000 000 —

B FIGURE 6-5 LAGEQS | and
LAGEOS Il (Laser Geodynamic Satellites)
bear plagues showing the continents in
their positions 270 million years in the
past (top), at present (middle), and

8 million years in the future (bottom),
according to our knowledge of conti-
nental drift. (The dates are given in the
binary system.) Data on continental drift
are gathered by reflecting laser beams
from telescopes on Earth off the 426
retroreflectors that cover the satellites'
surface. (Each retroreflector is a cube
whose interior reflects incident light back
in the direction from which it came.)
Measuring the time until the beams
return can be interpreted to show the
accurate position of the ground station.
We can now measure the position to an
accuracy of about 1 cm.

Jay M. Pasachoff

Italian Space Agency
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Why does this “peach pit” innermost core make earthquake waves act differently
than they do in the surrounding inner core? It could be because this innermost core is
a remnant of the original ball of material from which the Earth formed 4.6 billion
years ago. Less exciting is the possibility that iron crystals deposited on it had a differ-
ent orientation after the innermost core reached a critical size. Perhaps the tempera-
ture and pressure in that innermost region pack iron crystals differently.

The rotation of the Earth’s metallic core helps generate a magnetic field on Earth.
(The discovery in 2005 that the Earth’s inner core spins 0.009 seconds per year faster
than the rest of our planet, giving it an extra full revolution in about 900 years, may
affect models of how the magnetic field is generated.) The magnetic field has a north
magnetic pole and a south magnetic pole that are not quite where the regular north
and south geographic poles are. The Earth’s magnetic north pole is in the Arctic
Ocean north of Canada. The location of the magnetic poles wanders across the Earth’s
surface over time. The north magnetic pole is currently moving northward at an aver-
age speed of 15 km /year.

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see the Active Figure
called "Seismic Waves."

6.1b Continental Drift

Some geologically active areas exist in which heat flows from beneath the surface at a
rate much higher than average (M Fig. 6—4). The outflowing geothermal energy,
sometimes tapped as an energy source, signals what is below. The Earth’s rigid outer
layer is segmented into plates, each thousands of kilometers in extent but only about
50 km thick. Because of the internal heating, the top layers float on an underlying hot
layer (the mantle) where the rock is soft, though it is not hot enough to melt completely.

The mantle beneath the rigid plates of the surface churns very slowly, thereby car-
rying the plates around. This theory, called plate tectonics, explains the observed con-
tinental drift—the drifting of the continents, over eons, from their original positions,
at the rate of a few centimeters per year—about the speed your fingernails grow.
(“Tectonics” comes from the Greek word meaning “to build.”)

Although the notion of continental drift originally seemed unreasonable, it is now
generally accepted. The continents were once connected as two super-continents,
which may themselves have separated from a single super-continent called Pangaea
(“all lands”). Over the past two hundred million years or so, the continents have
moved apart as plates have separated. We can see from their shapes how they once fit
together (M Fig. 6-5). We even find similar fossils and rock types along two opposite
coastlines that were once adjacent but are now widely separated. Remnants of the
magnetic field as measured in rocks laid down when the Earth’s magnetic poles had
flipped, north and south magnetic poles interchanging (as they do occasionally), are
also among the strongest evidence.

Pangaea itself probably formed from the collision of previous generations of con-
tinents. The coming together and breaking apart of continents may have had many
cycles in Earth’s history.

In the future, we expect part of California to separate from the rest of the United
States, Australia to be linked to Asia, and the Italian “boot” to disappear. The bound-
aries between the plates are geologically active areas (M Fig. 6—6).

Therefore, these boundaries are traced out by the regions where earthquakes and
most of the volcanoes occur. The boundaries where two plates are moving apart mark
regions where molten material is being pushed up from the hotter interior to the sur-
face, such as the mid-Atlantic ridge (M Fig. 6—7). Molten material is being forced up
through the center of the ridge and is being deposited as lava flows on either side, pro-
ducing new seafloor.
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B FIGURE 6-6 The San Andreas
fault on Earth marks the boundary
between the North American and
Pacific plates. It is a strike-slip fault, in
which two blocks of Earth move past
each other. This view is paired with a
Galileo-spacecraft image of a similar
strike-slip fault on Jupiter's moon
Europa, shown at the same scale and
resolution.

B FIGURE 6-7 The Earth's ocean
floor, mapped with microwaves
bounced off the ocean's surface from

The motion of the plates relative to each other is also responsible for the forma- spacecraft as well as with soundings
from ships. Features on the seafloor

tion of most great mountain ranges. When two plates come together, one may be iy excess gravity attract the water
forced under the other and the other rises. The great Himalayan mountain chain, for ~ enough to cause structure on the

example, was produced by the collision of India with the rest of Asia. The “ring of ~ ocean’s surface that can be mapped,
fire” volcanoes around the Pacific Ocean (including Mt. St. Helens in Washington) ~ 10uh @ 2000-meter-high seamount

. . . roduces a bump on the surface only 2
were formed when molten material made its way through gaps or weak points pmeters high. HigF; gravity is shown ir\wl

NASA/JPL/Caltech and U. Arizona

between plates. yellow, orange, and red; low gravity is
B shown in blue and violet. The feature
Ace@yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer- running from north to south in the

middle of the Atlantic Ocean is the
mid-Atlantic ridge. It marks the bound-
ary between plates that are moving

cise “Convection and Magnetic Fields."

Ace@Astrqnumym Log into AceAstronomy and select this chapter to see Astronomy Exer- apart. Continents drift at about the rate
cise "Convection and Plate Tectonics.” that fingernails grow. (M. F. Corrin, L. M.

. Gahagan, and L. A. Lawver, PLATES proj-
Ace@Astrnnumy"‘ Log into AceAstronomy and select this chapter to see the Active Figure ect, University of Texas Institute for
called "Hotspot Volcanoes." Geophysics)
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6.1c Tides

It has long been accepted that tides are most directly associated with the Moon and to
a lesser extent with the Sun. We know of their association with the Moon because the
tides—Ilike the Moon’s passage across your meridian (the imaginary line in the sky
passing from north to south through the point overhead)— occur about an hour later
each day.

Tides result from the fact that the force of gravity exerted by the Moon (or any
other body) gets weaker as you get farther away from it. Tides depend on the differ-
ence between the gravitational attraction of a massive body at different points on
another body.

To explain the tides in Earth’s oceans, suppose, for simplicity, that the Earth is
completely covered with water. We might first say that the water closest to the Moon is
attracted toward the Moon with the greatest force and so is the location of high tide as
the Earth rotates. If this were the whole story, high tides would occur about once a
day. However, two high tides occur daily, separated by roughly 12!/> hours.

To see why we get two high tides a day, consider three points, A, B, and C, where B
represents the solid Earth (which moves all together as a single object and is marked
by a point at its center), A is the ocean nearest the Moon, and C is the ocean farthest
from the Moon (M Fig. 6—8). Since the Moon’s gravity weakens with distance, it is
greater at point A than at B, and greater at B than at C. If the Earth and Moon were
not in orbit around each other, all these points would fall toward the Moon, moving
apart as they fell because of the difference in force. Thus the high tide on the side of
the Earth that is near the Moon is a result of the water being pulled away from the

Earth and Moon images: NASA;
tide images: Jay M. Pasachoff

o Low tide (as at the surface High tide (as at points A and C)
between point B and us)

M FIGURE 6-8

© A schematic representation of the tidal effects caused by the Moon (not to scale). The arrows rep-
resent the gravitational pull produced by the Moon (exaggerated in the drawing). The water at point A is
pulled toward the Moon more than the Earth's center (point B) is; since the Earth is solid, the whole
Earth moves with its center. (Tides in the solid Earth exist, but are much smaller than tides in the oceans.)
Similarly, the solid Earth is pulled away from the water at point C. Water tends to collect at points A and
C (high tide) and to be depleted in regions halfway between them on the Earth's surface, such as on the
surface between point B and us (low tide).

Note that although the tidal force results from gravity, it is the difference between the gravitational
forces at two places and is therefore not the same as the "gravitational force." Tidal forces are important
in many astrophysical situations, including interactions between closely spaced galaxies, and rings around
planets.

© The tidal range at Kennebunkport, Maine, where the shape of the ocean floor leads to an especially
high tidal range.

Note that the Moon and the Earth are drawn to a different scale from their separation.
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Earth. The high tide on the opposite side of the Earth results from the Earth being
pulled away from the water. In between the locations of the high tides the water has
rushed elsewhere (to the regions of high tides), so we have low tides.

Since the Moon is moving in its orbit around the Earth, a point on the Earth’s sur-
face has to rotate longer than 24 hours to return to a spot nearest to the Moon. Thus a
pair of tides repeats about every 25 hours, making 12'/> hours between high tides.

The Sun’s effect on the Earth’s tides is only about half as much as the Moon’s
effect. Though the Sun exerts a greater gravitational force on the Earth than does the
Moon, the Sun is so far away that its force does not change very much from one side
of the Earth to the other. And it is only the difference in force from one place to
another that counts for tides.

Nonetheless, the Sun does matter. We tend to have very high and very low tides
when the Sun, Earth, and Moon are aligned (as is the case near the time of full moon
or of new moon), because their effects reinforce each other. Conversely, tides are less
extreme when the Sun, Earth, and Moon form a right angle (as near the time of a
first-quarter or third-quarter moon).

The effect of the tides on the Earth—Moon system slows down the Earth’s rotation
slightly, by about 1 second per 100,000 years, as we can verify from the timing of solar
eclipses that took place thousands of years ago. Also, the interaction is leading to a
gradual spiraling away of the Moon from the Earth, though the rate is only centime-
ters per year. Thus, far in the future (about a billion years from now), it will not be
possible to witness a total solar eclipse from Earth; the Moon’s angular diameter will
be less than that of the Sun’s photosphere.

6.1d The Earth’s Atmosphere

We name layers of our atmosphere (M Fig. 6-9) according to the composition and the
physical processes that determine their temperatures. The atmosphere contains about
20 per cent oxygen, the gas that our bodies use when we breathe; almost all of the rest
is nitrogen. Later, we will see how the small amounts of carbon monoxide, of carbon
dioxide, of methane, and of other gases are affecting our climate. When we find a
planet around another star (Chapter 9) whose spectrum shows such a high percentage
of oxygen, we will infer the presence there of life-forms making the oxygen.

The Earth’s weather is confined to the very thin troposphere. The ground is a
major source of heat for the troposphere, so the temperature of the troposphere
decreases as altitude increases. The rest of the Earth’s atmosphere, as well as the Earth’s
surface, is heated mainly by solar energy from above.

A higher layer of the Earth’s atmosphere is the “thermosphere.” It is also known as
the ionosphere, since many of the atoms there are ionized—that is, stripped of some
of the electrons they normally contain. Most of the ionization is caused by x-ray and
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ASIDE 6.1: Avoiding
confusion

The greenhouse effect: global
warming from gases like carbon
dioxide trapping sunlight. The
ozone hole: a decrease of
atmospheric ozone over Antarc-
tica and surrounding areas each
southern-hemisphere spring-
time, caused by chlorofluoro-
carbons.

M FIGURE 6-9 @ Temperature in
the Earth's atmosphere as a function of
altitude. In the troposphere, the energy
source is the ground, so the tempera-
ture decreases as you go up in altitude.
Higher temperatures in other layers result
from ultraviolet radiation and x-rays
from the Sun being absorbed. @ The
location of the ozone layer, which is
depleted over Antarctica in its spring-
time.
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B FIGURE 6-10 The concentration
of atmospheric carbon dioxide in parts
per million (ppm) of dry air as it changed
with time, observed at the Mauna Loa
Observatory in Hawaii. In addition to
the yearly cycle, there is an overall
increase. Carbon dioxide is an important
contributor to the greenhouse effect.
(Pieter Tans, Climate Monitoring and
Diagnostics Laboratory, National
Oceanic and Atmospheric Administra-
tion, Carbon Cycle Group, Boulder, CO,
and Charles D. Keeling, Scripps Institute
of Oceanography, LaJolla, CA)

ultraviolet radiation from the Sun, as well as from solar particles. Thus the ionosphere
forms during the daytime and diminishes at night. The free electrons in the iono-
sphere reflect very-long-wavelength radio signals. When the conditions are right, radio
waves bounce off the ionosphere, which allows us to tune in distant radio stations.

Observations from high-altitude balloons and satellites have greatly enhanced our
knowledge of Earth’s atmosphere. Scientists carry out calculations using the most
powerful supercomputers to interpret the global data and to predict how the atmos-
phere will behave. The equations are essentially the same as those for the internal tem-
perature and structure of stars, except that the sources of energy are different, with
stars heated from below and the Earth’s atmosphere mostly heated from above.

Winds are caused partly by uneven heating of different regions of Earth. The rota-
tion of the Earth also has a very important effect in determining how the winds blow.
Comparison of the circulation of winds on the Earth (which rotates in 1 Earth day),
on slowly rotating Venus (which rotates in 243 Earth days), and on rapidly rotating
Jupiter and Saturn (each of which rotates in about 10 Earth hours) helps us under-
stand the weather on Earth. Our improved understanding allows forecasters of
weather (day to day) and climate (long term) to be more accurate.

Comparison with the planet Venus (Section 6.4d) led to our realization that the
Earth’s atmosphere traps some of the radiation from the Sun, and that we are steadily
increasing the amount of trapping. (The word “trapping” is used here in a figurative
rather than a literal sense; the energy is actually transformed from one kind to another
when air molecules absorb it, and no particular light photons are physically
“trapped.”) The process by which light is trapped, resulting in the extra heating of
Earth’s atmosphere and surface, is similar to the process that is generally (though
incorrectly) thought to occur in terrestrial greenhouses; it is thus called the green-
house effect. It is caused largely by the carbon dioxide in Earth’s atmosphere (M Fig.
6-10), the amount of which is growing each year because of our use of fossil fuels.

Section 6.4d (below) more fully describes the greenhouse effect, which greatly
affects the temperature of Venus. In brief, Earth’s atmosphere is warmed both from
above by solar radiation, and from below by radiation from the Earth’s surface, which
is itself warmed by solar radiation. Most solar radiation is in the visible, corresponding
to the peak of the Sun’s black-body radiation (recall the discussion of this radiation in
Chapter 2). The radiation from the Earth’s surface is in the form of infrared, which
corresponds to the peak wavelength of the black-body curve at Earth’s temperature.
Some of this infrared radiation is absorbed in the atmosphere by carbon dioxide,
water, and, to a lesser extent, by other “greenhouse gases” such as methane.

The greenhouse effect itself is good; it warms us by about 33°C, bringing Earth’s
atmospheric temperature to the livable range it is now. The important question is
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M FIGURE 6-11 The amount of ozone (0,) over Antarctica in the spring (September and early October
for the Earth's southern hemisphere) is much lower (blue and purple) than the amount in other seasons.
Note the outline of the Antarctic continent (also shown in blue) in this display of data from NASA's
TOMS (Total Ozone Monitoring Spectrometer). @ Almost two decades of seasonal decline in the total
amount of ozone, shown as the spreading of the area in deep blue, the "ozone hole." @ Images of the
southern region of the Earth, showing the appearance of the ozone hole in recent years during southern-
hemisphere spring. The ozone layer is thicker at other times of the year, including the lengthy period of
darkness over the south polar region.

whether the amount of greenhouse warming is increasing, progressively raising the
Earth’s temperature. Such a phenomenon is known as “global warming.”

Quite a separate problem is a discovery about the ozone (O;) in our upper atmos-
phere. This ozone becomes thinner over Antarctica each Antarctic spring, a phenome-
non known as the “ozone hole.” The ozone hole apparently started forming only in
the mid-1980s, but its maximum size has been larger almost every year since then
(W Fig. 6-11).

The ozone hole is caused by the interaction in the cold upper atmosphere of sun-
light with certain gases we give off near the ground, such as chlorofluorocarbons used
in air conditioners and refrigerators. International governmental meetings have arranged
cutbacks in the use of these harmful gases. Some success has been achieved, but we
have far to go to protect our future atmosphere.

Ace@Astrunumym Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Primary Atmospheres.”

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see the Active Figure
called "Planetary Atmospheres.”

Ace@Astrnnumyw Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "The Greenhouse Effect.”
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B FIGURE 6-12 The outer Van Allen
belt contains mainly electrons; the tra-
ditional “inner belt" contains mainly
protons; and the more recently discov-
ered belt, which is inside the so-called
"inner belt," contains mainly ions of
oxygen, nitrogen, and neon, for which
the distribution of isotopes indicates
that they are from interstellar space.

ASIDE 6.2: Planetary
magnetic fields

Every planet with a magnetic
field—most notably Jupiter—has
regions filled with charged par-
ticles. Earth’s Van Allen belts
were the first to be studied.

M FIGURE 6-13 @ The aurora
looking down from NASA's IMAGE
(Imager for Magnetopause to Aurora
Global Exploration) spacecraft on July
26, 2004. © The aurora borealis and
the aurora australis (northern and
southern lights) looking down from
NASA's Polar spacecraft on July 27,
2004. These auroras followed a coronal
mass ejection (see Chapter 10) from the
Sun, which provided particles that trav-
elled for a day and a half until they
were trapped in Earth's magnetic field.
© A ground-based view of an aurora
with a meteor from the Perseid shower.

NASA/UC Berkeley

NASA/U. of lowa
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6.1e The Van Allen Belts

In 1958, the first American space satellite carried aloft, among other things, a device to
search for particles carrying electric charge that might be orbiting the Earth. This
device, under the direction of James A. Van Allen of the University of Iowa, detected a
region filled with charged particles having high energies. Two such regions—the Van
Allen belts—were found to surround the Earth, like a small and a large doughnut,
containing protons and electrons (M Fig. 6—12). They start a few hundred kilometers
above the Earth’s surface and extend outward to about 8 times the Earth’s radius. A
more recently discovered third, innermost belt contains mainly ions of heavier ele-
ments from interstellar space.

The particles in the Van Allen belts are trapped by the Earth’s magnetic field.
Charged particles preferentially move in the direction of magnetic-field lines, and not
across the field lines. These particles, often from solar magnetic storms, are guided by
the Earth’s magnetic field toward the Earth’s magnetic poles. When they interact with
air molecules, they cause our atmosphere to glow, which we see as the beautiful north-
ern and southern lights—the aurora borealis and aurora australis, respectively
(W Fig. 6-13).

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise "Auroras.”

James R. Westlake, Jr.



6.2 The Moon

The Earth’s nearest celestial neighbor—the Moon—is only 380,000 km (238,000
miles) away from us, on the average. At this distance, it appears sufficiently large and
bright to dominate our nighttime sky. The Moon’s stark beauty has captured our
attention since the beginning of history. Now we can study the Moon not only as an
individual object but also as an example of a small planet or a large planetary satellite,
since spacecraft observations have told us that there may be little difference between
small planets and large moons.

6.2a The Moon’s Appearance

Even binoculars reveal that the Moon’s surface is pockmarked with craters. Other areas,
called maria (pronounced mar'ee-a; singular mare, pronounced mar'eyh), are relatively
smooth and dark. Indeed, the name comes from the Latin word for sea (M Fig. 6-14).
But there are no ships sailing on the lunar seas and no water in them; the Moon is a
dry, airless, barren place.

The gravity at the Moon’s surface is only one-sixth that of the Earth. Typically you
would weigh only 20 or 30 pounds there if you stepped on a scale! The gravity is so
weak that any atmosphere and any water that may once have been present would long
since have escaped into space.

The Moon rotates on its axis at the same rate that it revolves around the Earth,
thereby always keeping the same face in our direction. (To understand this idea, put a
quarter on your desk and then slide a dime around it, keeping both flat on the desk
and keeping the top of the head on the dime always on the side that is away from you.
Notice that though the dime isn’t rotating as seen from above, a viewer on the quarter
would see the dime at different angles. Then move the dime around the quarter so that
the same point on the dime always faces the quarter. Notice that as seen from above
the dime rotates as it revolves around the quarter.) Over time, the Earth’s gravity
locked the Moon in this pattern, pulling on a bulge in the distribution of the lunar
mass to prevent the Moon from rotating freely. As a result of this interlock (known as
“synchronous rotation”) we always see essentially the same side of the Moon from our
vantage point on Earth.

When the Moon is full, it is bright enough to cast shadows or even to read by. But
a full moon is a bad time to try to observe lunar surface structure, for any shadows we
see are short, and lunar features appear washed out. When the Moon is a crescent or
even a quarter moon, however, the sunlighted part of the Moon facing us is covered
with long shadows. The lunar features then stand out in bold relief. Shadows are
longest near the terminator, the line that separates day from night. Note that nature
photographers on Earth, concluding that views with shadows are more dramatic, gen-
erally take their best photos when the Sun is low.

Six teams of astronauts in NASA’s Apollo program landed on the Moon in
1969-1972. (See A Closer Look 6.3: The First People on the Moon.) In some sense,
before this period of exploration, we knew more about bright stars than we did about
the Moon. As a relatively cold, solid body, the Moon reflects the spectrum of sunlight
rather than emitting its own optical spectrum, so we were hard pressed to determine
even the composition or the physical properties of the Moons surface (such as
whether you would sink into it!).

6.2b The Lunar Surface

The kilometers of film exposed by the astronauts, the 382 kg of rock brought back to
Earth, the lunar seismograph data recorded on tape, meteorites from the Moon that
have been found on Earth, and other sources of data have been studied by hundreds of
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M FIGURE 6-14 A waning moon
(just past third quarter) showing dark
lunar seas (maria) and lighter highlands.

ASIDE 6.3: The Moon’s
rotation rate

The Moon used to rotate about
its axis more rapidly, but tides
in the solid Moon raised by the
Earth’s gravity caused a gradual
loss of rotation energy, until
synchronous rotation was
reached.

Jay M. Pasachoff
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A Closer Look | 6.3

n July 20, 1969, Neil Armstrong and Buzz Aldrin left
Michael Collins orbiting the Moon and descended
to the lunar surface. After Armstrong stepped out of the
spacecraft first and took that first step on the Moon, he,
the first person on the Moon, made the famous statement,
“That’s one small step for man, one giant leap for
mankind.”

At the time of the 30th anniversary of the Moon landing,
looking back, Aldrin said, “I was full of goose bumps when
I stepped down onto the surface. I felt a bit disoriented
because of the nearness of the horizon. On Earth when you
look at the horizon it appears flat, but on the Moon, so

CHAPTER 6 The Terrestrial Planets: Earth, Moon, and Their Relatives

TuE FirsT PEOPLE ON THE MoOON

much smaller and without hills, the horizon in all directions
curved visibly down away from us.

“There was about every type of rock imaginable, all covered
with a very fine powder. The rocks themselves actually had
no color until you looked closely at the crystals. The thought
briefly occurred to me that these rocks had been sitting
there for hundreds of millions or billions of years, and that
we were the first living beings to see them. But we were too
busy to be philosophical for long or to study them closely,
and we just grabbed what looked like an interesting assort-
ment. I felt them crunch beneath my feet as we walked
around.” (Griffith Observer interview, July 1999)

ASIDE 6.4: Relative dating

The superposition of one crater
on another—when one crater
lies wholly or partially over the
other—indicates that the under-
lying crater formed first and is
therefore older.

ASIDE 6.5: Radioactive
dating

This concept, known as
“radioactive dating,” is widely
used, not only for dating rocks
on the Moon, but also for dat-
ing rocks on Earth and for
finding the ages of archaeolog-
ical sites, of ancient pottery,
and so on. It was even used to
date the age of the anthrax
that infected people in 2001.

scientists from all over the world. (Meteorites are rocks from space that have landed
on Earth; see Chapter 8 for more details.) The data have led to new views of several
basic questions, and have raised many new questions about the Moon and the Solar
System.

The rocks that were encountered on the Moon are types that are familiar to terres-
trial geologists (M Fig. 6—15). Almost all the rocks are the kind that were formed by
the cooling of lava, known as igneous rocks. Basalts are one example.

The Moon and the Earth seem to be similar chemically, though significant differ-
ences in overall composition do exist. Some elements that are rare on Earth—such as
uranium and thorium—are found in greater abundances on the Moon. (Will we be
mining on the Moon one day?) None of the lunar rocks contain any trace of water
bound inside their minerals.

Meteoroids, interplanetary rocks that we will discuss in Chapter 8, hit the Moon
with such high speeds that huge amounts of energy are released at the impact. The
effect is that of an explosion, as though TNT or an H-bomb had exploded. As a result
of the Apollo missions, we know that almost all the craters on the Moon come from
such impacts. One way of dating the surface of a moon or planet is to count the num-
ber of craters in a given area, a method that was used before Apollo. Surely those loca-
tions with the greatest number of craters must be the oldest. Relatively smooth
areas—like maria—must have been covered over with molten volcanic material at
some relatively recent time (which is still billions of years ago, though).

M FIGURE 6-15 Different types of lunar rocks brought back to Earth by the Apollo 15 astronauts. A 1-cm block appears for scale. @ A
rock that is a compound of other types of rock. It weighs 1.5 kg. @ The dark part is dust that covered another rock to which this rock was
attached. @ A 4.5-kg compound rock.

NASA's Johnson Space Center
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B FIGURE 6-16 The chronology of the formation of the lunar surface. The ages of rocks found in 8
missions are shown. Note how many crewed American Apollo missions and uncrewed Soviet Luna mis-
sions it took to get a sampling of many different ages on the lunar surface. (Gerald Wasserburg, Caltech)

Obvious rays of lighter-colored matter splattered outward during the impacts that
formed a few of the craters. Since these rays extend over other craters, the craters with
rays must have formed more recently. The youngest rayed craters may be very young
indeed—perhaps only a few hundred million years. The rays darken with time, so
rays that may have once existed near other craters are now indistinguishable from the
rest of the surface.

Crater counts and the superposition of one crater on another give only relative
ages. We found the absolute ages only when rocks from the Moon were physically
returned to Earth. Scientists worked out the dates by comparing the current ratio of
radioactive forms of atoms to nonradioactive forms present in the rocks with the ratio
that they would have had when they were formed. (Varieties of the chemical elements
having different numbers of neutrons are known as “isotopes,” and radioactive iso-
topes are those that decay spontaneously; that is, they change into other isotopes even
when left alone. Stable isotopes remain unchanged. For certain pairs of isotopes— one
radioactive and one stable—we know the proportion of the two when the rock was
formed. Since we know the rate at which the radioactive one is decaying, we can calcu-
late how long it has been decaying from a measurement of what fraction is left.) The
oldest rocks that were found on the Moon solidified 4.4 billion years ago. The youngest
rocks ever found solidified 3.1 billion years ago.

The observations can be explained on the basis of the following general sequence
(M Fig. 6-16): The Moon formed about 4.6 billion years ago. From the oldest rocks,
we know that at least the surface of the Moon was molten about 200 million years
later. Then the surface cooled. From 4.2 to 3.9 billion years ago, bombardment by
interplanetary rocks caused most of the craters we see today. About 3.8 billion years
ago, the interior of the Moon heated up sufficiently (from radioactive elements inside)
that volcanism began. Lava flowed onto the lunar surface and filled the largest basins
that resulted from the earlier bombardment, thus forming the maria (M Fig. 6-17).
By 3.1 billion years ago, the era of volcanism was over. The Moon has been geologi-
cally pretty quiet since then.

Up to this time, the Earth and the Moon shared similar histories. But active lunar
history stopped about 3 billion years ago, while the Earth continued to be geologically
active. Almost all the rocks on the Earth are younger than 3 billion years of age; the
oldest single rock ever discovered on Earth has an age of 4.5 billion years, but few
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Venus = 90 X Earth
Mars = Earth/160
Mercury = negligible
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M FIGURE 6-18 @ The far side of
the Moon. @ An oblique view of part
of the lunar far side, from Clementine,
shows how rough it looks.

U.S. Naval Research Laboratory and NASA

U.S. Naval Research Laboratory and NASA

B FIGURE 6-17 An artist's view of the formation of the Mare Imbrium region of the lunar surface.
© An asteroid impact on the Moon, sometime between 3.85 and 4.0 billion years ago. @ The shock of
the asteroid impact began the Imbrium crater. @ As the dust and heat subsided, the 1300-km Imbrium
crater was left. @ The molten rock (lava) flowed over outlying craters and cooled, leaving lunar moun-
tains. @ Lava welled up from inside the Moon 3.8 billion years ago. It filled the basin. @ By 3.3 billion
years ago, the lava flooding was nearly complete. € The final flow of thick lava came 2.5-3.0 billion
years ago. @ Subsequent cratering has left the Mare Imbrium of today's Moon. (Drawings by Donald E.
Davis under the guidance of Don E. Wilhelms of the U.S. Geological Survey; reproduced with the assis-
tance of the Hansen Planetarium)

such old rocks have been found. Erosion and the remolding of the continents as they
move slowly over the Earth’s surface have taken their toll. So we must look to extrater-
restrial bodies—the Moon or meteorites—that have not suffered the effects of plate
tectonics or erosion (which occurs in the presence of water or an atmosphere) to
study the first billion years of the Solar System.

Not until the 1990s did spacecraft revisit the Moon. The Clementine spacecraft
(named after the prospector’s daughter in the old song, since the spacecraft was look-
ing for minerals) took photographs and other measurements. Photographs of the far
side of the Moon (M Fig. 6—18) have shown us that the near and far hemispheres are
quite different in overall appearance. The maria, which are so conspicuous on the near
side, are almost absent from the far side, which is cratered all over. We shall see in the
next section that the difference probably results from the different thicknesses of the
lunar crust on the sides of the Moon nearest Earth and farthest from Earth. The dif-
ference was first seen in the fuzzy photographs of the far side that were taken by the
Soviet Lunik 3 Spacecraft in 1959.

In the 1990s, NASA’s Lunar Prospector and Clementine spacecraft mapped the
Moon with a variety of instruments (M Fig. 6—19). Lunar Prospector confirmed indi-
cations from the Clementine spacecraft that there is likely to be water ice on the
Moon, by detecting more neutrons coming from the Moon’s polar regions than else-
where. Clementine and Lunar Prospector scientists think that these neutrons are given
off in interactions of particles coming from the Sun with hydrogen in water ice in
craters near the lunar poles, where they are shaded from the Sun’s rays.

But the detection is not of water directly, and Apollo 17 astronaut Harrison
Schmitt, the only geologist ever to have walked on the Moon, told one of the authors



(J.M.P.) in 1999 that the neutrons may instead have come from the solar wind (M Fig.
6-20), though as of 2005 most scientists do not agree. He would love to find water
there, because it would increase the chance that a crewed Moon base could be sup-
plied on the Moon itself, much easier than bringing everything from Earth. In his esti-
mation, it would take about 10 years to set up such a base, once basic funding is avail-
able on Earth. An attempt to test the idea of water in the crater was made by crashing
Lunar Prospector into the most likely spot in 1999, but none of the spectrographs on
Earth viewing the event detected any signal from the crash.

The European Space Agency has a spacecraft in orbit around the moon. Their
SMART-1 (Small Mission for Advanced Research and Technology) spacecraft is basi-
cally meant to test new technology, but they may as well test it in lunar orbit. It uses,
for the first time, an electric engine, in which a weak but steady puff of ions ejected
out the back of the spacecraft accelerated the spacecraft at a slow but steady rate, even-
tually bringing it into its final lunar orbit in 2005. It is sending back images that
include perpetually shaded polar regions where water ice may be found (M Fig. 6-21).

ESA/SMART-1/SPACE-X Space Exploration Institute

NASA

The Moon 125

M FIGURE 6-19 © A Lunar
Prospector map of the distribution of
gravity on the Moon, showing hemi-
spheres of the near side and the far
side. @ A Clementine map of the dis-
tribution of iron on the Moon's surface.

M FIGURE 6-20 Lunar images from
the European Space Agency's SMART-1
spacecraft, taken in 2004 and 2005.

© Craters upon craters, with a straight
lunar rille. @ Highlands near the lunar
north pole (upper left corner), showing
a region 275 km across. Shadows are
always long (see the crater-rim shadow
just above the center) and some regions
may be in perpetual shadow, allowing
water ice to survive. In contrast, some
high points may always be sunlighted.

B FIGURE 6-21 Scientist-astronaut
Harrison Schmitt, the only scientist to
have stood on the Moon, during the
Apollo 17 mission. The presence of the
giant rock indicates that the later
Apollo missions went to less-smooth
sites than the earlier ones.

NASA

U.S. Naval Research
Laboratory and NASA
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M FIGURE 6-22 The Moon's inte-
rior. The depth of solidified lava is
greater under maria, which are largely
on the side of the Moon nearest the
Earth.

ASIDE 6.7: Comparative
planetology:
greenhouse effect

Earth: 33°C extra
Venus: 375°C extra
Mercury: negligible
Mars: negligible

Ace@Astrunumyw Log into AceAstronomy and select this chapter to see Astronomy Exer-
cise “Cratering.”

Ace®yAstronomy™ Log into AceAstronomy and select this chapter to see the Active Figure
called "The Moon's Craters."

6.2¢ The Lunar Interior

Before the Moon landings, it was widely thought that the Moon was a simple body,
with the same composition throughout. But we now know it to be differentiated
(M Fig. 6-22), like the planets. Most experts believe that the Moon’s core is molten,
but the evidence is not conclusive. The lunar crust is perhaps 65 km thick on the near
side and twice as thick on the far side. This asymmetry may explain the different
appearances of the sides, because lava would be less likely to flow through the far side’s
thicker crust.

The Apollo astronauts brought seismic equipment to the Moon (M Fig. 6-23).
One type of earthquake wave moves material to the side. Only if the Moon’s core were
solid would the material move and then return to where it started, continuing the
wave. Since that type of wave doesn’t come through the Moon, scientists deduce that
the Moon’s core is probably molten. New computer analysis methods were applied in
2004 to the old data, and thousands of additional moonquakes were discovered.

Tracking the orbits of the Apollo Command Modules and more recently the
Clementine and Lunar Prospector spacecraft that orbited the Moon told us about the
lunar interior. If the Moon were a perfect, uniform sphere, the spacecraft orbits would
have been perfect ellipses. But they weren’t. One of the major surprises of the lunar
missions of the 1960s, refined more recently, was the discovery in this way of mas-
cons, regions of mass concentrations near and under most maria. The mascons may
be lava that is denser than the surrounding matter, providing a stronger gravitational
force on satellites passing overhead.

We also find out about the lunar interior by bouncing powerful laser beams off
the Moon’s surface. This “laser ranging” (where “ranging” means finding distances)
uses several sets of reflectors left on the Moon by the Apollo astronauts. The laser-
ranging programs find the distance to the Moon to within a few centimeters—pretty
good for an object about 400,000 km away! Variations in the distance result in part
from conditions in the lunar interior.

B FIGURE 6-23 Buzz Aldrin and the experiments he deployed on Apollo 11. In the foreground, we
see the seismic experiment. The laser-ranging retroreflector is behind it.




6.2d The Origin of the Moon

The leading models for the origin of the Moon that were considered at the time of the
Apollo missions were as follows.

1. Fission. The Moon was separated from the material that formed the Earth; the
Earth spun up and the Moon somehow spun off;

2. Capture. The Moon was formed far from the Earth in another part of the Solar
System, and was later captured by the Earth’s gravity; and

3. Condensation. The Moon was formed near to (and simultaneously with) the
Earth in the Solar System.

But work over the last three decades has all but ruled out the first two of these and
has made the third seem less likely. The model now strongly favored, especially because
of computer simulations, is

4. Ejection of a Gaseous Ring. A planet-like body perhaps twice the size of Mars hit
the young Earth, ejecting matter in gaseous (and perhaps some in liquid or solid)
form (M Fig. 6-24). Although some of the matter fell back to Earth, and part
escaped entirely, a significant fraction started orbiting the Earth, probably in the
same direction as the initial incoming body. The orbiting material eventually coa-
lesced to form the Moon.

Comparing the chemical composition of the lunar surface with the composition
of the Earth’s surface has been important in narrowing down the possibilities. The
mean lunar density of 3.3 grams/cm?® is close to the average density of the Earth’s
major upper region (the mantle), and the Moon seems especially deficient in iron.
This fact favors the fission hypothesis; had the Moon condensed from the same mate-
rial as Earth, as in the condensation scenario, it would contain much more iron.

However, detailed examination of the lunar rocks and soils indicates that the
abundances of elements on the Moon and Earth’s mantle are sufficiently different
from each other to indicate that the Moon did not form directly from the Earth. In
the collision hypothesis, on the other hand, such differences are expected because of
contaminant material from the impactor.

Calculations considering angular momentum (recall the discussion of this concept
in Chapter 5) strongly suggest that the fission mechanism doesn’t work. Plate-tectonic
theory now explains the formation of the Pacific Ocean basin. Before the ejection-of-
a-ring theory was considered most probable, it seemed possible that the Pacific Ocean
could be the scar left behind when the Moon was ripped from the Earth according to
the fission hypothesis.

We are obtaining additional evidence about the capture model by studying the
moons of Jupiter and Saturn. The outermost moon of Saturn, for example, is appar-
ently a captured asteroid (small bodies orbiting the Sun, mostly between Mars and
Jupiter; see Chapter 8). However, the similarities in composition between the Moon’s
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ASIDE 6.8: Comparative
planetology:
temperature at
surface

Earth: about 0°C to 40°C

(just right)

Venus: about 475°C (much

too hot)

Mercury: about —175°C to
425°C (much too cold to much
too hot)

Mars: about —125°C to 25°C
(too cold to just right)

ASIDE 6.9: Spacecraft to
the Moon

NASA is planning a robotic
Lunar Reconnaissance Orbiter for
2008 and a robotic lunar lander
for 2010. The lander is to search
for water ice in the permanently
shady parts of craters near the
Moon'’s poles. India is planning
to launch their Chandrayan-1
into a lunar polar orbit in 2007
or 2008. 1t will map the Moon
using at least the set of ESA
instruments identical to those
now orbiting on SMART-1. A
2007 Chinese orbiter is planned.

B FIGURE 6-24 A computer simu-
lation of a collision between the young
Earth and an impactor. Each is composed
of an iron core and a rock mantle. The
internal energy in each increases with
both temperature and pressure. Increas-
ing internal energy is shown as red,
brown, and yellow for rock, and blue
and light green for iron. In the first
images, the impactor hits the young
Earth, separates, and then falls in again,
pulling out a tail of matter. At the end
of this sequence, which takes six days,
several large clumps and many smaller
clumps are left. This material then
clumps together to form the Moon.

A. G. W. Cameron, Harvard-Smithsonian Center for

Astrophysics
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B FIGURE 6-25 This rock is one of
many meteorites found in the Earth's
continent of Antarctica. Under a micro-
scope, it seems like a sample from the
lunar highlands and quite unlike any
terrestrial rock. Eighteen of the known
meteorites are thought to have come
from the Moon.

M FIGURE 6-26 Since Mercury's
orbit is much closer to the Sun than
ours @, Mercury is never seen against
a really dark sky. As a result, even
Copernicus apparently never saw it. A
view from the Earth appears in ©,
showing Mercury and Venus at their
greatest respective distances from the
Sun. © Venus, with Mercury slightly to
its left, both diagonally below the cres-
cent Moon soon after sunset, in a pho-
tograph taken in 2005.

Earth
.

NASA/Johnson Space Center
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and the Earth’s mantles argue against the capture hypothesis for the Earth—Moon sys-
tem. Thus as of now, ejection of a gaseous ring is the most accepted model.

6.2e Rocks from the Moon

A handful of meteorites found in Antarctica, Australia, and Africa have been identified
by their chemical composition as having come from the Moon (M Fig. 6-25). They
presumably were ejected from the Moon when craters formed. So we are still getting
new moon rocks to study! A few other meteorites have even been found to come from
Mars, as we shall discuss later in this chapter.

6.3 Mercury

Mercury is the innermost of our Sun’s nine planets. Its average distance from the Sun
is “/10 of the Earth’s average distance, or 0.4 A.U. Except for distant Pluto, its elliptical
orbit around the Sun is the most elongated (eccentric).

Since we on the Earth are outside Mercury’s orbit looking in at it, Mercury always
appears close to the Sun in the sky (M Fig. 6—26). At times Mercury rises just before
sunrise, and at times it sets just after sunset, but it is never up when the sky is really
dark. The Sun always rises or sets within an hour or so of Mercury’s rising or setting.
As a result, whenever Mercury is visible, its light has to pass obliquely through the
Earth’s atmosphere. This long path through turbulent air leads to blurred images. Thus
astronomers have never had a really clear view of Mercury from the Earth, even with
the largest telescopes. Even the best photographs taken from the Earth show Mercury as
only a fuzzy ball with faint, indistinct markings. Most people have never seen it at all.

On rare occasions, Mercury goes into transit across the Sun; that is, we see it as a
black dot crossing the Sun. Transits of Mercury occurred in 1999 (M Fig. 6-27) and
2003. The next transit of Mercury will occur on November 28, 2006. The entire transit
will be visible from the U.S.s west coast, and the Sun will set during the transit for
observers on the east coast. Understanding what we see as Mercury transits helps us
understand the much rarer transits of Venus, which we will discuss later in this chapter.

6.3a The Rotation of Mercury

From studies of ground-based drawings and photographs, astronomers did as well as
they could to describe Mercury’s surface. A few features seemed to be barely distin-
guished, and the astronomers watched to see how long those features took to rotate
around the planet. From these observations they decided that Mercury rotates in the

Mercury
-

Sun below ‘
horizon

Jay M. Pasachoff



NASA/TRACE, courtesy of Leon Golub, Smithsonian
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same amount of time that it takes to revolve around the Sun in its orbit, 88 Earth
days. Thus they thought that one side always faces the Sun and the other side always
faces away from the Sun. (Recall that one side of the Moon always faces the Earth, a
similar phenomenon.) This discovery led to the fascinating conclusion that Mercury
could be both the hottest planet (on the Sun-facing side) and the coldest planet (on
the other side) in the Solar System.

But when the first measurements were made of Mercury’s radio radiation, the
planet turned out to be giving off more energy than had been expected. This meant
that it was hotter than expected. The dark side of Mercury was too hot for a surface
that was always in the shade. (The visible light we see is merely sunlight reflected by
Mercury’s surface and doesn’t tell us the surface’s temperature. The radio waves are
actually being emitted by the surface, as part of its “thermal” or nearly black-body
radiation; see the discussion in Chapter 2.)

Later, we became able to transmit radar from Earth to Mercury. (Radar—radio
detection and ranging—is sending out radio waves so that they bounce off another
object, allowing you to study their reflection.) Since one edge of the visible face of
Mercury is rotating toward Earth, while the other edge is rotating away from Earth,
the reflected radio waves were slightly smeared in wavelength according to the
Doppler effect (recall the description of this effect in Chapter 2). This measurement
allowed astronomers to determine Mercury’s rotation speed, similarly to the way that
radar is used by the police to tell if a car is breaking the speed limit. Knowing the rota-
tion speed and Mercury’s radius, we could determine the rotation period.

The results were a surprise: it actually rotates every 59 days, not 88 days. Mercury’s
59-day period of rotation with respect to the stars is exactly /5 of the 88-day orbital
period, so the planet rotates three times for every two times it revolves around the Sun.

Mercury’s rotation and revolution combine to give a value for the rotation of Mer-
cury relative to the Sun (that is, a mercurian solar day) that is neither 59 nor 88 days
long (M Fig. 6-28). If we lived on Mercury we would measure each “day” (that is,
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Mercury

B FIGURE 6-27 Mercury silhouet-
ted against the Sun during its 1999
transit, observed from the solar space-
craft known as TRACE. (Other dark spots
are sunspots; see Chapter 10.) One of
the authors (J.M.P) participated in
analysis of these observations in order
to prepare for the much rarer transit of
Venus that occurred in 2004 (Section
6.4a).

M FIGURE 6-28 Follow, from A to
G, the arrow that starts facing to the
right, toward the Sun in A. Mercury
rotates once with respect to the stars in
59 days, when Mercury has moved only
2[3 of the way around the Sun (E). Note
that after one full revolution of Mer-
cury around the Sun (G), the arrow
faces away from the Sun. It takes
another full revolution, a second 88
days, for the arrow to again face the
Sun. Thus Mercury's rotation period
with respect to the Sun is twice 88, or
176, days.
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ASIDE 6.10: Comparative
planetology:
moons

Mercury: none
Venus: none

Mars: 2, only about 20 km
diameter each

Earth: 1, of 3476 km diameter

B FIGURE 6-29 Albedo is the frac-
tion of radiation reflected. A surface of
low albedo looks dark.

Light rays

each day/night cycle) to be 176 Earth days long. We would alternately be fried for 88
Earth days and then frozen for 88 Earth days. Since each point on Mercury faces the
Sun at some time, the heat doesn’t build up forever at the place under the Sun, nor
does the coldest point cool down as much as it would if it never received sunlight. The
hottest temperature is about 700 K (800°F). The minimum temperature is about 100
K (—280°F).

No harm was done by the scientists’ original misconception of Mercury’s rota-
tional period, but the story teaches all of us a lesson: we should not be too sure of so-
called “facts.” Don’t believe everything you read in this book, either. It should be fun
for you to look back in 20 years and see how much of what we now think we know
about astronomy actually turned out to be wrong. After all, science is a dynamic
process.

6.3b Mercury Observed from the Earth

Even though the details of the surface of Mercury can’t be seen very well from the
Earth, other properties of the planet can be better studied. For example, we can meas-
ure Mercury’s albedo, the fraction of the sunlight hitting Mercury that is reflected
(M Fig. 6—-29). We can measure the albedo because we know how much sunlight hits
Mercury (we know the brightness of the Sun and the distance of Mercury from the
Sun). Then we can easily calculate at any given time how much light Mercury reflects,
knowing how bright Mercury looks to us and its distance from the Earth. Comparison
with the albedoes of materials on the Earth and on the Moon can teach us something
of what the surface of Mercury is like.

Let us consider some examples of albedo. An ideal mirror reflects all the light that
hits it; its albedo is thus 100 per cent. (The very best real mirrors have albedoes of as
much as 96 per cent.) A black cloth reflects essentially none of the light that hits it; its
albedo (in the visible part of the spectrum, anyway) is almost 0 per cent. Mercury’s
overall albedo is only about 10 per cent. Its surface, therefore, must be made of a dark
(that is, poorly reflecting) material (though a few regions are very reflective, with albe-
does of up to 45 per cent). The albedoes of the Moon’s maria are similarly low, 6 to 10
per cent. In fact, Mercury (or the Moon) appears bright to us only because it is con-
trasted against a relatively dark sky; if it were silhouetted against a white bedsheet, it
would look relatively dark.

6.3¢c Mercury from Mariner 10

In 1974, we learned most of what we know about Mercury in a brief time. We flew
right by it. (See A Closer Look 6.4: Naming the Features of Mercury.) The tenth in the
series of Mariner spacecraft launched by the United States went to Mercury with a
variety of instruments on board. First the 475-kg spacecraft passed by Venus and had

High albedo

Medium albedo Low albedo
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eeing features on the surface of Mercury for the first time  around the world, which it did from 1519 to 1522 under

led to an immediate need for names. The scarps were Magellan and his successors). Some plains were given the
named for historical ships of discovery and exploration, such ~ names of the gods equivalent to the Greek’s Mercury, such
as Endeavour (Captain Cook’s ship, with which he went to as Tir (in ancient Persian), Odin (an ancient Norse god),
Tahiti to see the transit of Venus and wound up also explor-  and Suisei (Japanese). Craters were named for nonscientific
ing what we now call Australia and New Zealand), Santa authors, composers, and artists, in order to complement the

Maria (Columbus’s ship), and Victoria (the first ship to sail ~ lunar naming system, which honors scientists.

its orbit changed by Venus’s gravity to direct it to Mercury. Tracking its orbit
improved our measurements of the gravity of these planets and thus of their masses.

The most striking overall impression is that Mercury is heavily cratered (M Fig.
6-30). At first glance, it looks like the Moon! But there are several basic differences
between the features on the surface of Mercury and those on the lunar surface. Mer-
cury’s craters seem flatter than those on the Moon, and they have thinner rims (M Fig.
6-31). Mercury’s higher gravity at its surface may have caused the rims to slump
more. Also, Mercury’s surface may have been softer, more plastic-like, when most of
the cratering occurred. The craters may have been eroded by any of a number of
methods, such as the impacts of meteorites or micrometeorites (large or small bits of
interplanetary rock). Alternatively, erosion may have occurred during a much earlier
period when Mercury may have had an atmosphere, undergone internal activity, or
been flooded by lava.

Most of the craters seem to have been formed by impacts of meteorites. The
Caloris Basin, in particular, is the site of a major impact. The secondary craters,
caused by material ejected as primary craters were formed, are closer to the primaries
than on the Moon, presumably because of Mercury’s higher surface gravity. In many
areas, the craters appear superimposed on relatively smooth plains. The plains are so
extensive that they are probably volcanic. Their age is estimated to be 4.2 billion years,
the oldest features on Mercury.

Smaller, brighter craters are sometimes, in turn, superimposed on the larger
craters and thus must have been made afterward. Some craters have rays of higher

M FIGURE 6-31 Comparative planetology: A comparison of @ craters on Mercury, @ lunar craters,
© craters on Mars, and @ craters on Venus. Though it is not noticeable on these images, material has
been thrown out less far on Mercury than on the Moon because of Mercury's higher gravity. Craters on
Mars and Venus show flows across their surfaces, possibly resulting from the melting of a buried ice-rich
layer and lava flows, respectively. The photographs are dominated by Copernicus on the Moon, 93 km in
diameter; a similarly sized flat-bottomed crater on Mercury; Cerulli on Mars, 115 km in diameter; and
craters on Venus, 37 to 50 km in diameter.

B FIGURE 6-30 A mosaic of pho-
tographs of Mercury from Mariner 10,
showing its cratered surface. An artist
has added a conception of Mercury's
thick core (yellow) and thin crust/upper
mantle (red).

Courtesy of Robert G. Strom from his Mercury: The Elusive

Planet (Smithsonian Insti

Denomy

NASA

ion Press), artwork by Karen




132 CHAPTER 6 The Terrestrial Planets: Earth, Moon, and Their Relatives

NASA/JPL/Caltech

B FIGURE 6-32 A field of rays
on Mercury radiating from a pair of
craters, each of which is about 40 km
across.

NASA/JPL/Caltech

B FIGURE 6-34 The fractured and
ridged planes of Mercury's Caloris Basin.

albedo emanating from them (M Fig. 6—32), just as some lunar craters do. The ray
material represents relatively recent crater formation (that is, within the last hundred
million years). The ray material must have been tossed out in the impact that formed
the crater.

Lines of cliffs hundreds of miles long are visible on Mercury; on Mercury, as on
Earth, such lines of cliffs are called scarps. The scarps are particularly apparent in the
region of Mercury’s south pole (M Fig. 6-33). Unlike fault lines on the Earth, such as
California’s famous San Andreas fault (responsible for the 1906 San Francisco earth-
quake), on Mercury there are no signs of geologic tensions like rifts or fissures nearby.
These scarps are global in scale, not just isolated. The scarps may actually be wrinkles
in Mercury’s crust. Perhaps Mercury was once molten, and shrank by 1 or 2 km as it
cooled. This shrinking would have caused the crust to buckle, creating the scarps in
the quantity that we now observe.

Judging by the fact that Mercury’s average density is about the same as the Earth’s,
its core is probably iron and takes up perhaps 50 per cent of the volume, or 70 per
cent of the mass, a much greater proportion than in the case of Earth’s core.

Data from Mariner’s infrared radiometer indicate that the surface of Mercury is
covered with fine dust, as is the surface of the Moon, to a depth of at least several cen-
timeters. Astronauts sent to Mercury, whenever they go, will leave footprints behind.
Part of Mercury’s surface is very jumbled, probably from the energy released by an
impact (M Fig. 6—34).

The biggest surprise of the mission was the detection of a magnetic field in space
near Mercury. The field is weak, only about 1 per cent of the Earth’s surface field. It
had been thought that magnetic fields were generated by the rapid rotation of molten
iron cores in planets, but Mercury is so small that its core should have quickly solidi-
fied after forming. So the magnetic field is probably not now being generated. Perhaps
the magnetic field has been frozen into Mercury since the time when its core was
molten.

6.3d Mercury Research Rejuvenated

After decades with no additional images of Mercury, in 2000 two teams of scientists
released their composite images. Each is better than any previous ground-based image
(M Fig. 6-35).

A dozen years after Mariner 10 sent back data about Mercury, an important new
discovery about Mercury was made with a telescope on Earth: Mercury has an atmos-
phere! The atmosphere is very thin, but is still easily detectable in spectra. It was a sur-
prise that Mercury has an atmosphere because it is so hot, since it is relatively close to

B FIGURE 6-33 A prominent scarp near Mercury's limb.



the Sun. “Hot” means that the individual atoms or molecules are moving rapidly in
random directions, and to keep an atmosphere a planet must have enough gravity to
hold in the particles moving in its atmosphere. Since Mercury has relatively little mass
but is hot, the atmospheric particles escape easily and few are left—none from long ago.

Mercury’s atmosphere contains more sodium than any other element—150,000
atoms per cubic centimeter compared with 4500 of helium and smaller amounts of
oxygen, potassium, and hydrogen. At first, it appeared that the sodium was ejected
into Mercury’s atmosphere when particles from the Sun or from meteorites hit Mer-
cury’s surface. Newer evidence that the potassium and sodium are enhanced when the
Caloris Basin is in view indicates, instead, that Mercury’s atmosphere may have dif-
fused up through Mercury’s crust; the crust is thinner than average in the Caloris Basin.

Mercury’s surface features can be mapped from Earth with radar. The radar obser-
vations provide altitudes and the roughness of the surface. The radar features show, in
part, the half of Mercury not imaged by Mariner 10. It, too, is dominated by inter-
crater plains, though its overall appearance is different. The craters, with their floors
flatter than the Moon’s craters, show clearly on the radar maps. The scarps are obvious
as well. The highest-resolution images (M Fig. 6—36) reveal probable water-ice deposits
near Mercury’s poles. They have been shielded from sunlight for so long that ice
(deposited by comets) could have persisted.

6.3e Mercury’s History

Mercury may be the fragment of a giant early collision that nearly stripped it to its
core. The stripping would account for the large proportion of iron in Mercury relative
to Earth. Still early on, the core heated up and the planet’s crust expanded. The expan-
sion opened paths for molten rock to flow outward from the interior, producing the
intercrater plains. As the core cooled, the crust contracted, and scarps resulted. Solar
tides (tides induced by the Sun) slowed Mercury’s original rotation until its rotational
period became ?/3 of the orbital period.

6.3f Back to Mercury, at Last

After decades of neglect, NASA has sent a spacecraft back to Mercury. The MErcury
Surface, Space ENvironment, GEochemistry and Ranging (or MESSENGER) space-
craft was launched in 2004 and will arrive at Mercury in 2008. MESSENGER will fly
by Mercury twice in 2008 and then go into a year-long orbit around Mercury begin-
ning in 20009.

ESA and Japan are planning to launch BepiColombo to Mercury in 2011 or 2012.
(Bepi—a nickname— Colombo was a scientist who studied Mercury and spacecraft
trajectories.) It will carry two orbiters, one to map the planet in a variety of wave-
lengths and the other to study Mercury’s magnetosphere.

6.4 Venus

Venus orbits the Sun at a distance of 0.7 A.U. Although it comes closer to us than any
other planet, we did not know much about it until recently because it is always
shrouded in highly reflective clouds (M Fig. 6-37).

6.4a Transits of Venus

Venus was in transit (crossing the Sun’s disk) in 2004 and it will do so again in 2012,
for the first times since the pair of transits in 1874 and 1882. Previous transits of
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B FIGURE 6-35 The best visible-
light image of Mercury ever taken from
Earth. It is a combination of several
dozen very short exposures, the result
of an effort to find moments when the
Earth's atmosphere was the most steady
as we looked through it (that is, when
the "seeing” was best).

.
North Pole

M FIGURE 6-36 Mercury's north
pole, imaged with the radar capabilities
of the giant radio telescope at Arecibo,
Puerto Rico. The image measures 450
km on a side and shows detail down to
1.5 km. The bright features are most
likely water-ice deposits located in the
permanently shaded floors of craters.

B FIGURE 6-37 A crescent Venus,
observed with a large telescope on
Earth. In visible-light images like this
one, we see only a layer of clouds.
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M FIGURE 6-38 The transit of
Venus of June 8, 2004.

96% CO,

1% Nz/, <0.1% H,0
<1% 02

B FIGURE 6-39 The composition
of Venus's atmosphere.

Venus were important for determining the scale of the Solar System, which we can
now measure better by other means. Still, the matter is of historical interest.

The accuracy of observations of transits of Venus in 1761, 1769, 1874, and 1882
(the only ones ever scientifically observed) was impeded by the dreaded “black-drop
effect,” in which a dark apparent connection between the silhouette of Venus and the
edge of the Sun remained for about a minute before Venus was clearly distinctly sepa-
rated from the edge. (Captain Cook went to Tahiti to observe the 1769 transit; his
subsequent exploration of Australia and New Zealand can be considered a bonus of
this astronomical expedition.) Timing the transit accurately determined how well the
distances between the planets could be known.

One of the authors (J.M.P.) participated in the analysis of the 1999 transit of Mer-
cury observed with a spacecraft aloft to study the Sun. Since this spacecraft was out-
side the Earth’s atmosphere, and since Mercury definitely does not have a substantial
atmosphere, the discovery of a black-drop effect in this Mercury transit proved that
neither planetary atmosphere was necessary to make such an effect. For Mercury, and
presumably for Venus, the effect is caused by a combination of blurring in the tele-
scope and the fact that the brightness of the Sun’s disk diminishes near its edge.
Though Venus has a substantial atmosphere, it is much too small in height to make
the black-drop effect observed during Venus transits.

We used modern instrumentation on the ground and in space to observe the June
8, 2004, Venus transit (M Fig. 6-38). It was striking to see the black silhouette of
Venus against the Sun, something that could be seen looking through a suitable filter
even without a telescope. It looked as though a hole had been drilled through the Sun.
With a spacecraft in orbit and from the ground, we observed the black drop, a small
effect compared with its reports from old records.

We were even able to use a different spacecraft to detect how the amount of light
that the Earth received from the Sun dimmed by the 0.1 per cent that corresponded to
the fraction of the Sun that was covered by Venus. Even more interesting, the Sun
dimmed gradually, as Venus covered parts of the Sun that had different brightnesses.
We were able to see up close the causes of transit effects that astronomers are now
studying with exoplanets (Chapter 9), planets orbiting around distant stars. Our work
should help scientists understand the exoplanet observations better. The 2004 transit
of Venus therefore provides a link between historical astronomy and one of the most
exciting astronomical investigations of the present and near future.

Don’t miss seeing the 2012 transit!

6.4b The Atmosphere of Venus

The clouds on Venus are primarily composed of droplets of sulfuric acid, H,SO,, with
water droplets mixed in. Sulfuric acid may seem like a peculiar constituent of a cloud,
but the Earth, too, has a significant layer of sulfuric acid droplets in its stratosphere, a
higher layer of the atmosphere. However, the water in the lower layers of the Earth’s
atmosphere, circulating because of weather, washes the sulfur compounds out of these
lower layers. Venus has sulfur compounds in the lower layers of its atmosphere in
addition to those in its clouds.

Observations from Earth show a high concentration of carbon dioxide in the thick
atmosphere of Venus. In fact, carbon dioxide makes up over 96 per cent of the mass of
Venus’s atmosphere (M Fig. 6—39). The Earth’s atmosphere, for comparison, is mainly
nitrogen (79 per cent), with a fair amount of oxygen (20 per cent) as well. Carbon
dioxide makes up less than 1 per cent of the terrestrial atmosphere.

Because of the large amount of carbon dioxide in its atmosphere, which leads to
the atmosphere being so massive, Venus’s surface pressure is 90 times higher than the
pressure of Earth’s atmosphere. Carbon dioxide on Earth dissolves in seawater and
rain, eventually forming some types of terrestrial rocks, often with the help of life-



forms. (Limestone, for example, has formed from deceased marine life.) If this carbon
dioxide were released from the Earth’s rocks, along with other carbon dioxide trapped
in seawater, our atmosphere would become as dense and have as high a pressure as
that of Venus. Venus, slightly closer to the Sun than Earth and thus hotter, has no
oceans or rain in which the carbon dioxide can dissolve to help take it up from the
atmosphere. Thus the carbon dioxide remains in Venus’s atmosphere.

6.4c The Rotation of Venus

In 1961, the radio waves used in radar astronomy penetrated Venus’s clouds, allowing
us to determine accurately how fast Venus rotates. Venus rotates in 243 days with
respect to the stars, in the direction opposite that of the other planets. Venus revolves
around the Sun in 225 Earth days. Venus’s periods of rotation and revolution combine
so that a solar day/night cycle on Venus corresponds to 117 Earth days; that is, the Sun
returns to the same position in the sky every 117 days.

The notion that Venus rotates backward used to seem very strange to astronomers,
since all the planets revolve around the Sun in the forward direction, and most of the
other planets (except Uranus and Pluto, which are on their sides) and most satellites
also rotate in that forward direction. Because the laws of physics do not allow the
amount of spin (angular momentum; recall the discussion in Chapter 5) to change on
its own, and since the original material from which the planets coalesced was
undoubtedly rotating, we had expected all the planets to revolve and rotate in the
same sense.

Nobody knows definitely why Venus rotates “the wrong way.” One possibility is
that in the chaos that reigned in the early Solar System, when Venus was forming, a
large clump of material struck it at an angle that caused the merged resulting planet to
rotate backward. Recent studies of chaotic changes in Venus’s angle of rotation show
alternative ways that Venus could have wound up rotating backward, perhaps depend-
ing on the fact that Venus’s atmosphere is so dense. The Sun’s gravity raises tidal bulges
in Venus’s dense atmosphere. Gravitational tugs on these tidal bulges from other plan-
ets contribute to making the system chaotic, and eventually the axis could flip over.

The slow rotation of Venus’s solid surface contrasts with the rapid rotation of its
clouds. The tops of the clouds rotate in the same sense as the surface rotates but about
60 times more rapidly, once every 4 days. Lower parts of the atmosphere, however,
rotate very slowly.

6.4d Why 1Is Venus So Incredibly Hot?

We can determine the temperature of Venus’s surface by studying its radio emission,
since radio waves emitted by the surface penetrate the clouds. The surface is very hot,
about 750 K (900°F), even on the night side. In addition to measuring the temperature
on Venus, scientists theoretically calculate what the temperature would be if Venus’s
atmosphere were transparent to radiation of all wavelengths, both coming in and
going out. This value—Iless than 375 K (215°F)—is much lower than the measured
values. The high temperatures derived from radio measurements indicate that Venus
traps much of the solar energy that hits it.

The process by which the surface of Venus is heated so much is called the green-
house effect (M Fig. 6—40), already discussed briefly in Section 6.1d. The fraction of
sunlight not reflected outward by the high clouds and molecules passes through the
venusian atmosphere in the form of radiation in the visible part of the spectrum. The
sunlight is absorbed by the surface of Venus, which heats up. At the resulting temper-
atures, the thermal (nearly black-body) radiation that the surface gives off is mostly in
the infrared. But the carbon dioxide and other constituents of Venus’s atmosphere are
largely opaque to infrared radiation; thus, much of the energy is absorbed. Since it
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B FIGURE 6-40 Though most sun-
light is reflected from Venus's clouds,
some sunlight penetrates them, so the
surface is illuminated with radiation in
the visible part of the spectrum. Venus's
own radiation is mostly in the infrared,
because it is much cooler than the Sun,
pushing the peak of its black-body curve
to longer wavelengths. This infrared
radiation does not escape as readily,
leading to a warming of the atmosphere
and hence of the surface, a phenome-
non known as the greenhouse effect.
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doesn’t get out, we commonly say that it is “trapped,” though not literally of course
(the radiation no longer exists after being absorbed). The atmosphere becomes hotter,
thereby heating the planet’s surface as well.

Thus Venus heats up far above the temperature it would reach if the atmosphere
were transparent to infrared radiation. The surface radiates more and more energy as
the planet heats up. Finally, a balance is struck between the rate at which energy flows
in from the Sun and the rate at which it trickles out (as infrared) through the atmos-
phere. The situation is so extreme on Venus that we say a “runaway greenhouse effect”
has taken place there. Understanding such processes involving the transfer of energy is
but one of the practical results of the study of astronomy.

Greenhouses on Earth don’t work quite this way. In actual greenhouses, closed
glass on Earth prevents the mixing of air inside them (which is mainly heated by con-
duction from the warmed ground and by radiation from the ground and the green-
house glass) with cooler outside air. The trapping of solar energy by the “greenhouse
effect”—the inability of infrared radiation, once formed, to get out as readily, since it
is absorbed by atmospheric carbon dioxide and water—is a less important process in
an actual greenhouse or in a car when it is left in the sunlight.

As mentioned in Section 6.1d, the greenhouse effect can be beneficial; indeed, it
keeps Earth’s temperature at a comfortable level. Earth would be quite chilly without
it—about 33°C (60°F) colder, on average.

Earth manages to achieve a comfortable greenhouse effect by recycling its green-
house gases, primarily CO, and H,O (water). As the oceans evaporate, water vapor
builds up in the atmosphere, but then the rain comes down. The rain dissolves atmos-
pheric CO,, producing carbonic acid. This mild “acid rain” dissolves rocks and forms
carbonates, and there are other forms of weathering as well. The carbonate solution
eventually reaches the ocean. Various sea creatures then use the carbonates in their
shells. When these organisms die, their carbonate shells form sediments on ocean bot-
toms. Because of plate tectonics, the sediments can later dive down under other plates,
when they become part of the magma inside the Earth. The CO, is subsequently out-
gassed by volcanism, and the process repeats.

How did Venus reach its hellish state? It may have begun its existence with a pleas-
ant climate, and possibly even with oceans. Perhaps rain and other processes were not
quick enough in removing the atmospheric CO, outgassed by volcanoes. As CO, accu-
mulated, the greenhouse effect increased, and temperatures rose; oceans evaporated
faster, and a runaway greenhouse effect was in progress. The water vapor was gradually
broken apart by ultraviolet radiation from the Sun, and the hydrogen (being so light)
escaped from Venus. Eventually there were no oceans and no rain—but continued
outgassing of CO, led to more greenhouse warming and extremely high temperatures.

It is also possible that Venus was essentially born in a hot state, or reached it very
quickly. Without oceans, it is difficult for atmospheric CO, to become incorporated
into rocks as it did on Earth. Extensive greenhouse heating is therefore maintained.

Studies of Venus are important for an overall understanding of Earth’s climate and
atmosphere. There is a scientific consensus that currently there is human-caused
global warming of Earth; the politics and what to do about it remain controversial.
Measurements show that the terrestrial atmospheric CO, concentration is increasing
(Fig. 6—10). Almost all scientists in the field have concluded that the human-induced
increase in CO, (from the burning of fossil fuels) is one of the main causes of global
warming.

Questions have been raised whether a “positive feedback” mechanism that leads to
sustained global warming will necessarily occur; there are many variables, and their
effects are not yet completely understood. For example, an increase in global tempera-
tures leads to more evaporation of the oceans, but this can increase the cloud cover
and hence Earth’s reflectivity (albedo), thereby producing a decrease in the amount of
visible sunlight reaching Earth’s surface. This is a “negative feedback” mechanism that



tends to stabilize temperatures. On the other hand, recent computer models suggest
that the higher water-vapor content of the atmosphere actually increases greenhouse
heating by an amount that more than compensates for the greater reflectivity of the
Earth. Earth’s atmosphere is a very complicated system, but scientists are gaining con-
fidence in the accuracy of their computer models.

It is very unlikely that the Earth will experience a runaway greenhouse effect that
makes the planet unfit for all forms of life. In the past, there have been times when
Earth was much warmer than now, yet a runaway did not occur. Moreover, life on
Earth recovered from collisions with large asteroids and comets, some of which
dumped enormous quantities of greenhouse gases into the atmosphere.

On the other hand, even a rise of a few degrees in Earth’s global average tempera-
ture over a timescale of a few decades, which is now generally predicted, would have
terrible consequences for humans, including flooding of coastal cities and destruction
of many agricultural areas. Also, since we cannot accurately predict what will happen
under various circumstances, it is dangerous to act in ways that might disrupt the bal-
ance in our atmosphere and adversely affect life on Earth. Venus has shown us the
importance of being very careful about how we treat the only home we have.

We need a major push in research, even on a 50-year timescale, to develop large-
scale energy supplies from nuclear power, wind power, and other sources that do not
give off greenhouse gases and so do not lead to an increased greenhouse effect.
Whether such research funds will be available is a different question. Some people are
now putting substantial emphasis on starting to adapt to the effects of greenhouse
warming in place of (or in addition to) limiting the greenhouse warming itself, espe-
cially given the likelihood of using coal for economic growth in the developing world.
The “Kyoto Protocol,” a multination agreement to limit the emission of greenhouse-
causing gases by industrialized nations, went into effect in 2005, when enough coun-
tries ratified it. The United States had signed it originally but never ratified it, so the
U.S. is not part of the agreement.

6.4e Spacecraft Observations of Venus’s Atmosphere

Venus was an early target of both American and Soviet space missions. During the
1960s, American spacecraft flew by Venus, and Soviet spacecraft dropped through its
atmosphere. In 1970, the Soviet Venera 7 spacecraft radioed 23 minutes of data back
from the surface of Venus before it succumbed to the high temperature and pressure.
Two years later, the lander from Venera 8 survived on the surface of Venus for 50 min-
utes. Both landers confirmed the Earth-based results of high temperatures, high pres-
sures, and high carbon dioxide content.

Several United States spacecraft have observed Venus’s clouds and followed the
changes in them. The most recent views of changes in Venus’s clouds came from the
Galileo spacecraft (M Fig. 6—41) and from the Hubble Space Telescope. Structure in
the clouds shows only when viewed in ultraviolet light. The clouds appear as long, del-
icate streaks, looking like terrestrial cirrus clouds.

Such studies of Venus have practical value. The principles that govern weather on
Venus are similar to those that govern weather on Earth, though there are major spe-
cific differences, such as the absence of oceans on Venus. The better we understand
the interaction of solar heating, planetary rotation, and chemical composition in set-
ting up an atmospheric circulation, the better we will understand our Earth’s atmos-
phere. We then may be better able to predict the weather. The potential financial
return from such knowledge is enormous: it would be many times the investment we
have made in planetary exploration.

Not one of the spacecraft to Venus has detected a magnetic field. The absence of a
magnetic field may indicate either that Venus does not have a liquid core or does not
rotate fast enough.
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B FIGURE 6-41 Changes in Venus's
clouds over several hours, observed
from the Galileo spacecraft.
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B FIGURE 6-42 The Arecibo Obser-
vatory's high-resolution radar image of
Maxwell Montes, with a resolution of
about 2 km. Brighter areas show
regions where more power bounces
back to us from Venus, which usually
corresponds to rougher terrain than
darker areas.

Courtesy of D. B. Campbell

Spacecraft have provided evidence that volcanoes may be active on Venus. The
abundance of sulfur dioxide they found varied at different times by a factor of 10. The
effect could come from eruptions at least ten times greater than that of even the largest
recent terrestrial volcanic eruptions. Lightning that was detected is further evidence
that those regions are sites of active volcanoes. On Earth, it is common for the dust
and ash ejected by volcanoes to rub together, generating static electricity that produces
lightning.

Probes that penetrated the atmosphere and went down to the surface found that
high-speed winds at the upper levels are coupled to other high-speed winds at lower
altitudes. The lowest part of Venus’s atmosphere, however, is relatively stagnant. The
probes detected three distinct layers of venusian clouds, separated from each other by
regions of relatively high transparency.

One of the probes measured that only about 2 per cent of the sunlight reaching
the outer atmosphere of Venus filters down to the surface, making it like a dim terres-
trial twilight. Thus most of the Sun’s energy is absorbed in or reflected by the clouds,
unlike the situation with Earth, and Venus’s clouds are more important than Earth’s
for controlling weather. Most of the light that reaches the surface is orange, so photo-
graphs taken on the surface have an orange cast.

6.4f Radar Observations of Venus’s Surface

From Venus’s size and from the fact that its mean density is similar to that of the
Earth, we conclude that its interior is also probably similar to that of the Earth. This
means that we expect to find volcanoes and mountains on Venus.

We can study the surface of Venus by using radar to penetrate Venus’s clouds.
Radars using huge Earth-based radio telescopes, such as the giant 1000-ft (305-m)
dish at Arecibo, Puerto Rico, have mapped a small amount of Venus’s surface with a
resolution of up to about 20 km. (The resolution means the size of the finest details
that could be detected, so we mean that only features larger than about 20 km can be
detected.) Regions that reflect a large percentage of the radar beam back at Earth show
up as bright, and other regions as dark.

NASA’s Pioneer Venus, Venera 15/16, and, in 1990 to 1993, Magellan were in orbit
around Venus, allowing them to make observations over a lengthy time period. They
carried radars to study the topography of Venus’s surface, mapping a much wider area
than could be observed from the Earth.

From the radar maps (look back at Figure 6—1), we now know that 60 per cent of
Venus’s surface is covered by a rolling plain, flat to within plus or minus 1 km. Only
about 16 per cent of Venus’s surface lies below this plain, a much smaller fraction than
the two thirds of the Earth covered by ocean floor.

Two large features, the size of small Earth continents, extend several km above the
mean elevation. A northern “continent,” Terra Ishtar, is about the size of the conti-
nental United States. The giant chain of mountains on it known as Maxwell Montes
(M Fig. 6-42) is 11 km high, which is 2 km taller than Earth’s Mt. Everest stands
above terrestrial sea level. It had formerly been known only as a bright spot on Earth-
based radar images. Ishtar’s western part is a broad plateau, about as high as the high-
est plateau on Earth (the Tibetan plateau) but twice as large. An equatorial “continent,”
Aphrodite Terra, is about twice as large as the northern one and is much rougher.

From the radar maps, it appears that Venus, unlike Earth, is made of only one
continental plate. We observe nothing on Venus equivalent to Earth’s mid-ocean
ridges, at which new crust is carried upward. In particular, the high-resolution Magel-
lan observations (M Fig. 6—43) show no signs of crust spreading laterally on Venus.
Venus may well have such a thick crust that any plate tectonics that existed in the dis-
tant past was choked off. Thus “venusquakes” are probably much less common than
earthquakes.
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Perhaps giant hot spots, like those that created the Hawaiian Islands on Earth,
force mountains to form on Venus in addition to causing volcanic eruptions. The ris-
ing lava may also make the broad, circular domes that are seen. Venus got rid of its
internal energy through widespread volcanism. Apparently, virtually the whole planet
was resurfaced with lava about 500 million years ago. Thus the surface we now study
is relatively young, and the history of Venus’s surface has been obliterated.

In the 1970s and 1980s, a series of Soviet spacecraft landed on Venus and sent
back photographs (M Fig. 6—44). They also found that the soil resembles basalt in
chemical composition and density, in common with the Earth, the Moon, and Mars.
They measured temperatures of about 750 K and pressures over 90 times that of the
Earth’s atmosphere, confirming earlier, ground-based measurements.

Our recent space results, coupled with our ground-based knowledge, show us that
Venus is even more different from the Earth than had previously been imagined.
Among the differences are Venus’s slow rotation, its one-plate surface, the complete
resurfacing that occurred relatively recently, the absence of a satellite, the extreme
weakness or absence of a magnetic field, the lack of water in its atmosphere, and its
high surface temperature and pressure.

6.4g Back to Venus, at Last

NASA’s MESSENGER miission to Mercury (Section 6.3f) will fly close to Venus twice,
in October 2006 and in June 2007. BepiColombo will also pass by.

The European Space Agency launched a major spacecraft to Venus (M Fig. 6—45)
in November 2005 from Kazakhstan. It arrived at Venus in April 2006. If its plans suc-
ceed, it would study its atmosphere and use an infrared window to map its surface
from an exaggerated elliptical orbit over 2 Venusian days, which is equivalent to about
500 Earth days. Japan’s Venus Climate Orbiter is scheduled for a 2008 launch.

European Space Agency
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B FIGURE 6-43 Maat Mons in a
simulated perspective view based on
radar data from Magellan and arbitrar-
ily given the orange color that comes
through Venus's clouds. Our viewpoint
is 560 km north of Maat Mons at an
elevation of 1.7 km. We see lava flows
extending hundreds of kilometers across
the foreground fractured plains. Maat
Mons is 8 km high; its height here is
exaggerated by a factor of about 20.

M FIGURE 6-44 The view from a
Soviet spacecraft on Venus's surface,
showing a variety of sizes and textures
of rocks. It survived on Venus for over 2
hours before it failed because of the
high temperature and pressure. The
camera first looked off to one side, and
then scanned downward as though you
were looking down toward your feet.
Then it scanned up to the other side. As
a result, the left horizon is visible as a
slanted boundary at upper left and the
right horizon is at upper right. The base
of the spacecraft, Venera 13, and a lens
cap are at bottom center.

tion of Venus Express.
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Lisa Frattare (STScl)

NASA/JPL/Malin Space Science Systems
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6.5 Mars

Mars has long been the planet of greatest interest to scientists and nonscientists alike.
Its unusual appearance as a reddish object in the night sky with some color changes
with its seasons, coupled with some past scientific studies, have made Mars the first
place we have looked for extraterrestrial life.

In 1877, the Italian astronomer Giovanni Schiaparelli published the results of a
long series of telescopic observations he had made of Mars. He reported that he had
seen “canali” on the surface. When this Italian word for “channels” was improperly
translated into “canals,” which seemed to connote that they were dug by intelligent
life, public interest in Mars increased. Percival Lowell, in particular, was fascinated by
the prospect of an ancient civilization on Mars. In the late 19th century, he drew
detailed maps of Mars that showed an elaborate system of canals, presumably built to
bring water to arid regions.

Over the next decades, there were endless debates over just what had been seen.
We now know that the channels or canals Schiaparelli and other observers reported
are not present on Mars. They were an illusion. In fact, positions of the “canali” do
not even always overlap the spots and markings that are actually on the martian sur-
face (M Fig. 6—46). But hope of finding life elsewhere in the Solar System springs eter-

Andrew Chaikin

M FIGURE 6-46 @ Mars viewed from the Hubble Space Telescope. Dust storms show at the north polar cap and at lower right. @ A composite
view from Mars Global Surveyor in 2005, showing Mars's Tharsis plain and set of giant volcanoes. The images in the composite were taken at the same
Mars longitude daily over a year, showing northern-hemisphere autumn and southern-hemisphere spring. @ Views from Earth of Mars going close to,

and being partly occulted by, the Moon.



nal, and the latest studies have indicated the presence of considerable quantities of lig-
uid water in Mars’s past, a fact that leads many astronomers to suggest that life could
have formed during those periods.

6.5a Characteristics of Mars

Mars is a small planet, 6792 km across, which is only about half the diameter and one-
eighth the volume of Earth or Venus, although somewhat larger than Mercury. It has
two tiny (about 20 km in diameter), irregularly shaped moons named Phobos and
Deimos (M Fig. 6—47). Mars rotates on its axis in about 24!/, Earth hours, meaning
that its day/night cycle is similar to that of our own planet.

Mars’s atmosphere is very thin, only 1 per cent of Earth’s, but it might be sufficient
for certain kinds of life. Unlike the orbits of Mercury or Venus, the orbit of Mars is
outside the Earth’s, so we can observe Mars in the late-night sky.

Mars revolves around the Sun in 1.9 Earth years. The axis of its rotation is tipped
at a 25° angle from perpendicular to the plane of its orbit, nearly the same as the
Earth’s 2312° tilt. Because the tilt of the axis causes the seasons, we know that Mars
goes through its year with four seasons just as the Earth does.

We have watched the effects of the seasons on Mars over the last century. In the
martian winter, in a given hemisphere, there is a polar cap. As the martian spring
comes to the northern hemisphere, the north polar cap shrinks and material at more
temperate zones darkens.

The surface of Mars appears mainly reddish-orange when seen from Earth against
dark space, probably due to the presence of iron oxide (rust), with darker gray areas
that appear blue-green for physiological reasons, as the human eye and brain misjudge
the color contrast. The changes in color over time apparently result from dust that is
either covering surface rock or is blown off by winds that can have speeds of hundreds
of kilometers per hour. Sometimes, global dust storms occur, and we can later watch
the color change as the dust blows off the places where it first lands, exposing the dark
areas underneath.

From Mars’s mass and radius we can easily calculate that it has an average density
about that of the Moon, substantially less than the densities of Mercury, Venus, and
Earth. The difference indicates that Mars’s overall composition must be fundamentally
different from that of these other planets. Mars probably has a smaller iron-rich core
and a thicker crust than does Earth.

6.5b Mars’s Surface

Mars has been the target of several series of spacecraft, most notably some U.S. space-
craft, including Mariner 9 in 1971; a pair of Vikings that started orbiting in 1976 and
dropped landers onto the martian surface; and Mars Pathfinder, which landed on July
4, 1997, and placed the Sojourner rover on Mars’s surface. NASA’s Spirit and Oppor-
tunity landers and rovers, which arrived in 2004, have sent back detailed views (M Fig.
6—48) and have found many signs that water flowed on Mars in the past. (See A
Closer Look 6.5: Mars Exploration Rovers.) NASA’s Mars Global Surveyor and Mars
Odyssey are currently orbiting the planet, as is the European Space Agency’s Mars
Express.

Surface temperatures measured on Mars from orbiters and landers range from a
low of about 150 K (—190°F) to over 300 K (80°F). The temperature can vary each
day by 35 to 50°C (60 to 90°F).

The surface of Mars can be divided into four major types: volcanic regions, canyon
areas, expanses of craters, and terraced areas near the poles. A chief surprise was the
discovery of extensive areas of volcanism. The largest volcano—which corresponds in

NASA/JPL/Caltech
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B FIGURE 6-47 Mars's moons
Deimos (lower left) and Phobos (lower
right), with the asteroid Gaspra (top)
for comparison, shown to the same
scale. Phobos is about 27 km across.
Deimos measures about 15 km X 12
km X 11 km. Its surface is heavily
cratered and thus presumably very old.
The surface seems smoother than that
of Phobos, though, because soil 10 m
thick covers Deimos. The spectra of
Phobos and Deimos are similar to those
of one type of dark asteroid. The Pho-
bos and Deimos images are from Viking;
the Gaspra image is from Galileo.



142 CHAPTER 6 The Terrestrial Planets: Earth, Moon, and Their Relatives

B FIGURE 6-48 A 360° panorama from Spirit, acquired on its 410th to 413th sols (martian days), February 27 to March 2, 2005. The summit near
the center is known as Husband Hill, and is about 200 meters away and 45 meters high. We look past an outcrop known as the Cumberland Ridge,
with the Tennessee Valley to the left. Some of Spirit's tracks show at right (p. 143).

NASA/JPL/Caltech and Malin Space Science Systems

ASU THEMIS Science Team

B FIGURE 6-49 © Olympus
Mons, from Mars Global Surveyor. @ A
high-resolution view of a strip across a
tiny piece of Olympus Mons, from 2001
Mars Odyssey. This enlargement of a
scarp shows lava that flowed in one
direction, down the volcano's flank. The
low contrast indicates that the lava flows
are covered with dust. Few craters show
in the lava flows, making them younger
than about 500 million years. @ The
caldera of Olympus Mons, from the
European Space Agency's Mars Express.

position to the surface marking long known as Nix Olympica, “the Snow of Olym-
pus”—is named Olympus Mons, “Mount Olympus.” It is a huge volcano, 600 km at
its base and about 21 km high (M Fig. 6—49). It is crowned with a crater 65 km wide;
Manhattan Island could be easily dropped inside. (The tallest volcano on Earth is
Mauna Kea in the Hawaiian Islands, if we measure its height from its base deep below
the ocean. Mauna Kea is slightly taller than Mount Everest, though still only 9 km
high.)

Perhaps the volcanic features on Mars can get so huge because continental drift is
absent there, as on Venus. If molten rock flowing upward causes volcanoes to form,
then on Mars the features just get bigger and bigger for hundreds of millions of years,
since the volcanoes stay over the sources and do not drift away. (Each of the Hawaiian
Islands was formed over a single “hot spot,” but gradually drifted away from it. The
Big Island of Hawaii is still over the hot spot, which explains why it has active volca-
noes and why it is still growing.) Mars’s surface gravity is lower than Earth’s, adding to
the ability of Olympus Mons to get so big.

Another surprise on Mars was the discovery of systems of canyons (M Fig. 6-50).
One tremendous system of canyons—about 5000 kilometers long—is as big as the
continental United States and comparable in size to the Rift Valley in Africa, the
longest geological fault on Earth. Known as Valles Marineris, it does not appear to
have been produced by water, unlike some of the other features discussed below.

Perhaps the most amazing discovery on Mars was the presence of sinuous chan-
nels. These are on a smaller scale than the “canali” that Schiaparelli and Lowell
believed they had seen, and are entirely different phenomena. Some of the channels
show the same characteristic features as streambeds on Earth. Even though liquid
water cannot exist on the surface of Mars under today’s conditions, it is difficult to
think of ways to explain the channels satisfactorily other than to say that they were cut
by running water in the past.

Data from the Mars Pathfinder mission strengthen this conclusion: rocks are scat-
tered over a large area in a manner reminiscent of flood plains. The high-resolution Mars
Global Surveyor shows what look like sedimentary layers of rock (M Fig. 6—51). Mars
Global Surveyor and the European Space Agency’s Mars Express, which is also now in
orbit, found additional signs, such as terracing and gullies, showing that water may have
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NASA/JPL/Cornell

B FIGURE 6-50 Mars, an image
made from earlier spacecraft mapping
with colors superimposed from observa-
tions of mid-energy neutrons detected
by the 2001 Mars Odyssey spacecraft.
The valleys Valles Marineris (which were
not carved by water, but rather are
gashes in Mars's crust) appear horizon-
tally across the center; together, they
are as long as the United States is wide.
At left we see the giant volcanoes. Col-
ors indicate the relative abundances of
hydrogen (and thus of water), with
decreasing amounts shown ranging
from deep blue through green to yellow
to red. The hydrogen in the far north is
hidden beneath a layer of carbon-
dioxide frost (dry ice).

@
2
S
2
o
S
2
<
3
®
2
S
=1
©
=
@«
8
£
K
<
P
3
3
=
<
=
S
B
<
=
T
2
=
2
<
=

NASA/JPL/Caltech and Malin Space Science Systems
NASA/JPL/Caltech and Malin Space Science Systems

o

M FIGURE 6-51 @ Llayered rock, apparently sedimentary, imaged with Mars Global Surveyor, an enlargement of the box shown in @.
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B FIGURE 6-52 The past presence of water on Mars is revealed by features like the ones shown here, imaged with the European Space Agency's
Mars Express. @ Erosion in Ares Vallis, no doubt caused by flowing water. @ The results of outflow in Ares Vallis, reimaged to give a perspective view.

NASA/JPL/Caltech and Malin Space Science Systems

M FIGURE 6-53 The martian south
polar cap, observed from Mars Global
Surveyor just before the start of south-
ern spring on Mars. We see the south
polar cap as it retreats; wisps of a dust
storm, caused by colder air blowing off
the cap into warmer regions, appear
just above it. The volcano Arsia Mons is
at upper left.

flowed, perhaps fairly recently in geological times (M Fig. 6—52). A leading model sug-
gests that the source of this water is melting snow on the undersides of snowpacks.

This indication that water most likely flowed on Mars is particularly interesting
because biologists feel that water is necessary for the formation and evolution of life as
we know it. The presence of water on Mars, even in the past, may therefore indicate
that life could have formed and may even have survived.

Where has all the water gone? Most of the water is probably in a permafrost
layer—permanently frozen subsoil—beneath middle latitudes and polar regions,
although a substantial fraction may have escaped from Mars in gaseous form. Some of
the water is bound in the polar caps (M Fig. 6-53). The large polar caps that extend to
latitude 50° during the winter consist of carbon dioxide. But when a cap shrinks dur-
ing its hemisphere’s summer, a residual polar cap of water ice remains in the north,
while the south has a residual polar cap of carbon dioxide ice, also with water ice below.

The European Space Agency’s Mars Express joined NASA’s Mars Global Surveyor in
orbit around Mars in late 2003. Since entering its long-term orbit on 28 January 2004, it
has been performing studies and global mapping of Mars’s atmosphere and surface, ana-
lyzing their chemical composition, and sending back images of martian landscapes.

6.5¢c Mars’s Atmosphere

We have found that the martian atmosphere is composed of 95 per cent carbon diox-
ide with small amounts of carbon monoxide, oxygen, and water. The surface pressure
is less than 1 per cent of that near Earth’s surface. The current atmosphere is too thin
to significantly affect the surface temperature, in contrast to the huge effects that the
atmospheres of Venus and the Earth have on climate.

But long ago, up to about a billion years after it formed, Mars had a thicker
atmosphere and a hospitable climate. Perhaps partial loss of the atmosphere, as it
escaped into space, led to colder overall temperatures and the freezing of CO, and
water. There would consequently be less greenhouse heating and hence even colder
temperatures. This mechanism may have led to the inverse of what happened on Venus.

Observations from the Viking orbiters showed Mars’s atmosphere in some detail.
The lengthy period of observation led to the discovery of weather patterns on Mars.

ESA/DLR/FU Berlin (G. Neukum)



A Closer Look | 6.5

A half-dozen years after NASA’s tiny Pathfinder rover won
the hearts of Internet downloaders around the world, NASA
landed a pair of Mars Exploration Rovers in early 2004.
Named by a 9-year-old schoolgirl in a contest run by the
Planetary Society and LEGO, Spirit and Opportunity have
been roaming across Mars’s surface for far longer than the
few months of the original plan. (Some of the scientists at
Cornell who are operating the spacecraft are keeping Mars
time in their personal lives; with days that are 24!/, Earth
days long, they have unusual sleeping habits from the point
of view of more ordinary earthlings.)

NASA/JPL/Cornell

A mosaic of images from the Mars Exploration
Rover named Opportunity made this wide-angle
(180°) view of the face of Burns CIiff.

NASA/JPL/Cormell/USGS

NASA/JPL/Cornell

These spherical beads of
hematite, 1 to 6 mm across,
were remarked to resemble
blueberries embedded in a

The fine, parallel laminations
in part of this rock, named El
Capitan after a peak in a
national park in Texas, indi-

cate that it formed in water.
Small spherical objects, nick-
named "blueberries," were
found in the same region as
the laminations. A spectrome-
ter revealed the presence of
jarosite, a mineral that con-

muffin of martian soil. The

name stuck. This microscopic
image was taken with Oppor-
tunity. On Earth, hematite

usually forms in the presence
of liquid water, making scien-
tists think that Opportunity's
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MARS EXPLORATION ROVERS

Spirit has entered a shallow crater and examined its walls,
sending back images that reveal the past presence of water.
Small, round pebbles, called “blueberries” by the scientists,
are universally considered to have formed in water. And
closeup examination of several rocks has shown long-term
distortions that, in Earth equivalents, would only have
formed if the rocks were bathed in an ocean. Layering is yet
another sign that the material from which the rocks formed
was laid down under water. A small amount of water may
have flowed as recently as half a million years ago, though
most disappeared within Mars’s first billion years.

NASA/JPL/Cornell

Sand dunes on Endurance Crater, imaged by Opportunity and
displayed in false color. The chance of getting stuck in the
dunes was too high to risk the rover's trying to traverse them.

NASA/JPL/Cornell

Spirit's tracks show in this view taken en route to Mars's
Columbia Hills.

JPL/NASA/Cornell
JPL/NASA/Cornell

The rovers carry drills that
make holes, as at left, or

The rovers' wheels have dug
trenches in the dirt to explain

landing site had once been
soaked in water.

tains water. The image is
from Opportunity.

scrub the rock, as at right, to
avoid surface dust as they
prepare to measure the rock's
chemical composition. This
image was taken by Spirit.

the soil and what is just
under it. We see an image
from Spirit.

The current spacecraft orbiting Mars, NASA’s Mars Global Surveyor and 2001 Mars
Odyssey as well as ESA’s Mars Express, map the weather there even better. The 2001
Mars Odyssey records narrow strips of Mars’s surface at exceedingly high resolution
(M Fig. 6-54). Additional information continues to come from the Hubble Space
Telescope. With Mars’s rotation period similar to that of Earth, some features of its
weather are similar to our own. Studies of Mars’s weather have already helped us bet-
ter understand windstorms in Africa that affect weather as far away as North America.
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B FIGURE 6-54 Terra Sirenum, in a
mosaic of several 2001 Mars Odyssey
strips, using images through three
infrared filters translated into visible-
light colors. The false-color differences
correspond to differences in the com-
position of the surface materials. The
field of view is about 30 km by 30 km.

ASIDE 6.11: Why water?

Conditions on Mars’s early sur-
face were suitable for liquid
water, but not for liquid carbon
dioxide, methane, or other sub-
stances.

B FIGURE 6-55 A Viking 2 view of
Mars. The spacecraft landed on a rock
and so was at an angle. The boom that
supports Viking's weather station cuts
through the center of the picture.
("Chance of precipitation,” the local
newscaster would say, “is O per cent.")

NASA/JPL/Arizona State U.

NASA/JPL/Caltech
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Studies of the effect of martian dust storms on the planet led to the idea that the
explosion of many nuclear bombs on Earth might lead to a “nuclear winter.” Dust
thrown into the air would shield the Earth’s surface from sunlight for a lengthy period,
with dire consequences for life on Earth. Improvement of computer models for the
circulation of atmospheres is contributing to the investigations. The effect, at present,
seems smaller than first feared, so it is perhaps better described as “nuclear fall,”
which would still be something to avoid. A dust-caused winter would have resulted
from the collision of one or more asteroids with Earth, as at least one did 65 million
years ago; we shall discuss such collisions in Chapter 8 when commenting on the
cause of the extinction of the dinosaurs at that time.

These models, and observations of Mars, also help us to understand the effects of
smaller amounts of matter we are putting into the atmosphere from factories and fossil-
fuel power plants and by the burning of forests. Of course, the absence of oceans on
Mars (and their associated effects) complicates direct comparisons with Earth.

6.5d The Search for Life on Mars

On July 20, 1976, exactly seven years after the first crewed landing on the Moon,
Viking 1’s lander descended safely onto a martian plain called Chryse. The views
showed rocks of several kinds, covered with yellowish-brown material that is probably
an iron oxide (rust) compound. (Many of the initial photographs incorrectly showed
an orange-red color, but subsequent careful color balancing of the images revealed the
true yellowish-brown.) Some sand dunes were visible. The sky on Mars also turned
out to be yellowish-brown, almost pinkish (M Fig. 6—55); the color is formed as sun-
light is scattered by dust suspended in the air as a result of Mars’s frequent dust storms.

A series of experiments aboard the lander was designed to search for signs of life.
A long arm was deployed and a shovel at its end dug up a bit of the martian surface.
The soil was dumped into three experiments that searched for such signs of life as res-
piration and metabolism. The results were astonishing at first: The experiments sent
back signals that seemed similar to those that would be caused on Earth by biological
processes. But later results were less spectacular, and nonbiological chemical explana-
tions seem more likely in all cases.

One important experiment gave much more negative results for the chance that
there is life on Mars. It analyzed the soil and looked for traces of organic compounds.
On Earth, many organic compounds left over from dead forms of life remain in the
soil; living organisms themselves are only a tiny fraction of the organic material. Yet
these experiments found no trace of organic material.

Unfortunately, any ancient organic material on the surface would have been
destroyed by solar ultraviolet radiation, so its absence isn’t proof that Mars never had any
life. Still, it is a strong argument against the presence of recent life on the surface of Mars.
But even if the life signs detected by Viking come from chemical rather than biological
processes, as seems likely, we have still learned of fascinating new chemistry going on.

In 1996, study of a martian meteorite found in the Earth’s Antarctic revealed pos-
sible evidence for ancient primitive (microbial) organisms. The chunk of rock, esti-
mated to be 4.5 billion years old, was blasted from the surface of Mars about 15 million
years ago by a collision. There is little doubt that the rock is from Mars, based on
analysis of gases trapped within it; also, calculations show the likelihood that rocks
blasted off Mars can reach Earth. The meteorite landed in Antarctica about 13,000
years ago. It was the first meteorite from the Allan Hills analyzed in 1984 at the John-
son Space Center, and so is called ALH 84001.

The meteorite contained carbonate globules (M Fig. 6-56), which generally form
in liquid water. It is thought that these globules were produced when water flowed
through the rock, which was still on Mars about 3.6 billion years ago. Within the glob-
ules, certain types of organic compounds were found. Although these types of com-
pounds can be formed in a number of ways other than by life, and are sometimes seen



in normal meteorites, these particular ones were relatively unusual. A few other sub-
stances typical of life (such as magnetite, a mineral produced by some types of bacte-
ria) were also seen. But photographs of tube-like structures resembling the tiniest
Earth bacteria received the most publicity (M Fig. 6-57).

Although none of these findings definitively implied the presence of life, taken
together they were certainly intriguing (yet still not compelling). Several researchers
challenged the conclusions on a number of grounds. For example, they cited evidence
for contamination of the meteorite by substances on Earth. The original research team
responded to these criticisms with reasonable counterarguments, and stand by their
original announcement. Moreover, in 2002 they published a report stating that they
had found signs of magnetism of a type formed by life. Still, the results are highly con-
troversial, and additional tests are being carried out; most scientists remain skeptical.

Regardless of whether the discovery of ancient microbial life is correct, it raises an
interesting possibility: Earth life may have originated on Mars, and subsequently
migrated to Earth in a meteorite. If so, we are the descendants of Martians!

In 2003, the European Space Agency’s Mars Express reached Mars. It carried a
last-minute, poorly funded but intelligently designed add-on search-for-life laboratory
named Beagle 2. (The original Beagle was Charles Darwin’s ship in the Galdpagos
islands.) The last communication from Beagle 2 occurred when it was released from
the mother ship, but then it was never heard from again. Its rocket may have misfired,
or something might have broken as it bounced around off giant balloons as it landed
on Christmas day. Its failure was obviously a big disappointment, though the report of
the subsequent investigation revealed that it was inadequately planned and funded
from its start.

6.5e Mars in Our Future

Because of the tremendous interest in Mars and the possibility of finding out about
the origin of life by studying it, space agencies in the United States and elsewhere are
planning a whole set of spacecraft to Mars in the near future. Eventually, martian rock
and soil will be brought to Earth, though the goal of doing so by about 2015 has been
postponed for budgetary reasons. Many scientists feel that only with this material to
study using sophisticated Earth-based microscopes and other instruments can we
really understand what Mars is like.

The American government has made it a goal for NASA to send astronauts to Mars,
and they are redoing many of NASA’s priorities to make that happen, even though the
trip would be perhaps 30 years in the future. (Astronomers are worrying that this pri-
ority is distorting NASA’s mission and that it will lead to cutbacks in other important
astronomical space science.) Note that though astronauts reached the Moon in only
four days, Mars is so much farther away that a trip there would take a couple of years.
Because of the cost and other problems, no such astronaut mission is likely for decades.

Mars Reconnaissance Orbiter was launched in August 2005 for arrival in March
2006, carrying cameras and a radar. In the four years or more scheduled (it has
enough fuel to last until 2014), it will send back many times more data than all previ-
ous spacecraft combined, searching for signs of past water and providing images that
will help scientists and engineers choose the landing sites for the next missions. Mars
Reconnaissance Orbiter carries a 50-cm-diameter telescope mirror, the largest ever
sent to another planet, so it can resolve surface features as small as a desktop. It will
also survey Mars’s weather and climate, and it will act as a high-speed relay for com-
munications from other spacecraft in orbit around Mars or on Mars’s surface.

Those next missions include the Phoenix Mars Scout (M Fig. 6-58), scheduled for
launch in mid-2007, to land in order to search for organic chemicals, and the Mars
Science Laboratory, a rover scheduled for launch in late-2009.

In the meantime, we watch Mars from a variety of spacecraft on and around it.
From Earth, it is only a tiny spot in the sky (M Fig. 6-59).

NASA

B FIGURE 6-56 A microscopic view
of a small (2.3 mm across), thin section
from one of the Mars meteorites. It
shows globules of carbonate materials.

NASA

B FIGURE 6-57 Structures in the
“Mars meteorite," seen with a special
kind of microscope, are thought by a
few scientists to be remnants of primi-
tive life-forms but by most other scien-
tists to be natural formations, too small
to be fossils of life-forms.

Courtesy of the Phoenix Mission

B FIGURE 6-58 This 2005 photo
shows the lander of the Phoenix Mis-
sion to Mars suspended in the hot-fire
test bed at Lockheed Martin Space Sys-
tems in Denver.
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The Moon

Hubble Deep Field
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B FIGURE 6-59 Sizes of celestial objects as seen from Earth. Shown here are the Moon, six planets, and some images from the Hubble Space Tele-
scope at the correct relative size as they would appear in the sky. Note how small a field of view Hubble has when compared to the full moon. Hubble
observes less than one-millionth of the sky at a time. In these images, the pillars in the Eagle Nebula and the Hubble Deep Field were observed with
the Wide Field and Planetary Camera 2, whereas the Tadpole galaxy and the cluster of galaxies were observed with the Advanced Camera for Surveys.




| CONCEPT REVIEW

The terrestrial planets, the four inner planets, are rocky
worlds. Venus and the Earth have similar sizes, masses, and
densities, but are otherwise very different. Mars is about
half the diameter of the Earth and has an atmosphere /100
of the pressure of the Earth’s. Compared with the giant
planets we will discuss in the next chapter, the terrestrial
planets are smaller, rocky, and dense, and they have fewer
moons and no rings. Comparative planetology has appli-
cations for understanding weather, earthquakes, and other
topics of use to us on Earth (Sec. 6.1).

Geology is the study of the Earth’s interior and surface,
and often uses seismology, the study of waves that pass
through the Earth, to study the Earth’s interior (Sec. 6.1a).
The Earth has a layered structure, with a core, mantle, and
crust. Radioactivity heats the interior, providing geother-
mal energy (Sec. 6.1b). Continental plates move around the
surface, as explained by plate tectonics, the current theory
that elaborates on the earlier notion of continental drift.

Tides are a differential force caused by the fact that the
near side of the Earth is closer to the Moon than the Earth’s
center, and so is subject to higher gravity, while the far side
is farther than the center and is subject to lower gravity
(Sec. 6.1¢). The Earth’s weather is confined in its atmos-
phere to the troposphere (Sec. 6.1d). The atmosphere and
surface of the Earth are substantially warmer than they
would have been without the greenhouse effect. In the
ionosphere, atoms are ionized and the temperature is
higher. The Van Allen belts of charged particles were a
space-age discovery (Sec. 6.1e). Such particles lead to the
aurora borealis and aurora australis, the northern and
southern lights.

Our own Moon is midway in size between Pluto and
Mercury. Its volcanic surface shows smooth maria (singu-
lar: mare) and cratered highlands (Sec. 6.2a). Shadows
reveal relief best along the terminator, the day-night line.
Most of the craters are from meteoritic impacts (Sec. 6.2b).
The oldest rocks are from 4.4 billion years ago; on the Earth,
erosion and plate tectonics have erased most of the oldest
rocks though a few equally old terrestrial rocks have been
found. Mascons are mass concentrations of high density
under the Moon’s surface (Sec. 6.2¢). The current leading
model for the Moon’s formation is that a body perhaps
twice the size of Mars hit the proto-Earth, ejecting matter
into a ring that coalesced (Sec. 6.2d). A handful of mete-
orites found on Earth have been identified by their chemical
composition as having come from the Moon (Sec. 6.2¢).

Mercury always appears close to the Sun in the sky;
rarely it even goes into transit across the Sun’s disk (Sec.
6.3). The correct rotation period of Mercury was first meas-
ured using radar, and proved to be linked to its orbital

QUESTIONS

1. How did the layers of the Earth arise? Where did the
energy that is flowing as heat come from?

2. What carries the continental plates around over the
Earth’s surface?
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period (Sec. 6.3a). Like the Moon, Mercury has a dark (low
albedo) surface (Sec. 6.3b). Mercury is heavily cratered, and
shows scarps that resulted from a planetwide shrinkage
(Sec. 6.3¢). It has a weak magnetic field, which is a surprise
because we think Mercury’s core has solidified. It is too
close to the Sun to retain a thick atmosphere, but a very
thin atmosphere does exist (Sec. 6.3d). Mercury may be the
fragment of a giant early collision that nearly stripped it to
its core (Sec. 6.3e). New spacecraft are on their way to Mer-
cury, or are now being planned (Sec. 6.3f).

In 2004, Venus transited the Sun, for the first time in
over 100 years (Sec. 6.4a). The highly reflective clouds that
shroud Venus, giving it a high albedo, are mainly droplets
of sulfuric acid, though the atmosphere consists primarily
of carbon dioxide (Sec. 6.4b). Venus’s atmospheric surface
pressure is 90 times higher than Earth’s. Radar penetrated
Venus’s clouds to show that Venus is rotating slowly back-
ward and to map its surface (Sec. 6.4¢).

Venus’s surface temperature is very high, about 750 K,
heated by the greenhouse effect (Sec. 6.4d). Earth escaped
such a fate, but we should be careful about disrupting the
balance in our atmosphere, lest conditions change too
quickly. The atmosphere of Venus has been studied with
various spacecraft (Sec. 6.4e). Radar is used to map the sur-
face of Venus (Sec. 6.4f). Higher-resolution radar reveals
smaller surface features. New spacecraft are on their way to
Venus, or are now being planned (Sec. 6.4g).

Stories about life on Mars have long inspired study of
this planet. We now know the seasonal surface changes to
be the direct result of winds that arise as the sunlight hits
the planet at different angles over a martian year (Sec. 6.5a).
Mars’s weather and dust storms help us understand our
own weather. Mars’s surface appears reddish-orange because
of rusty dust; careful calibration of photos taken on Mars
shows that it is actually yellowish-brown.

Mars boasts of giant volcanoes and a canyon longer than
the width of the continental United States (Sec. 6.5b). There
is strong evidence that Mars had liquid water flowing on its
surface long ago. Mars’s current atmosphere is very thin,
with a surface pressure less than 1 per cent of that near
Earth’s surface (Sec. 6.5¢). But long ago, up to about a bil-
lion years after it formed, Mars had a thicker atmosphere
and a hospitable climate.

In the 1970s, the Viking landers found no evidence for
life on Mars, despite initially promising signs (Sec. 6.5d).
Studies of a martian meteorite provided suggestive, but not
convincing, evidence for the presence of ancient, primitive
life on Mars. A series of spacecraft to Mars should eventu-
ally culminate in a sample return, in part to help settle this
very controversial claim (Sec. 6.5e).

3. (a) Explain the origin of tides. (b) If the Moon were
farther away from the Earth than it actually is, how
would tides be affected?
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. Draw a diagram showing the positions of the Earth,

Moon, and Sun at a time when there is the least differ-
ence between high and low tides.

Calculate your weight if you were standing on the
Moon.

. Look at a globe and make a list or sketches of which

pieces of the various continents probably lined up
with each other before the continents drifted apart.

. To what locations, relative to the Earth-Sun line, does

the Earth’s terminator correspond?

. What does cratering tell you about the age of the sur-

face of the Moon, compared to that of the Earth’s sur-
face?

. Why are we more likely to learn about the early his-

tory of the Earth by studying the rocks from the Moon
than those on the Earth?

Why may the near side and far side of the Moon look
different?

Discuss one of the proposed theories to describe the
origin of the Moon. List points both pro and con.

How can we get lunar material to study on Earth?

Assume that on a given day, Mercury sets after the
Sun. Draw a diagram, or a few diagrams, to show that
the height of Mercury above the horizon depends on
the angle that the Sun’s path in the sky makes with the
horizon as the Sun sets. Discuss how this depends on
the latitude or longitude of the observer.

If Mercury did always keep the same side toward the
Sun, would that mean that the night side would always
face the same stars? Draw a diagram to illustrate your
answer.

Explain why a day/night cycle on Mercury is 176 Earth
day/night cycles long.

What did radar tell us about Mercury? How did it do
s0?

If ice has an albedo of 70 —80%, and volcanic rocks
typically have albedoes of 5—-20%, what can you say
about the surface of Mercury based on its measured
albedo?

If you increased the albedo of Mercury, would its sur-
face temperature increase or decrease? Explain.

How would you distinguish an old crater from a new
one?

What evidence is there for erosion on Mercury? Does
this mean there must have been water on the surface?
List three major findings of Mariner 10.

Make a table displaying the major similarities and dif-
ferences between the Earth and Venus.

Why does Venus have more carbon dioxide in its
atmosphere than does the Earth?

Why do we think that there have been significant
external effects on the rotation of Venus?

Suppose a planet had an atmosphere that was opaque
in the visible but transparent in the infrared. Describe
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how the effect of this type of atmosphere on the
planet’s temperature differs from the greenhouse effect.

Why do radar observations of Venus provide more
data about the surface structure than a flyby with
close-up optical cameras?

>«

Why do we say that Venus is the Earth’s “sister
planet”™?

Describe the most current radar observations of Venus.
What are some signs of volcanism on Venus?

List three of the features of Mars that made scientists
think that it was a good place to search for life.

Compare the tallest volcanoes on Earth and Mars rela-
tive to the diameters of the planets. Give the ratios.

What evidence exists that there is, or has been, water
on Mars?

Describe the composition of Mars’s polar caps.
Consult an atlas and compare the sizes of the Grand
Canyon in Arizona and the Rift Valley in Africa. How
do they compare in size with the giant canyon on
Mars?

Compare the temperature ranges on Venus, Earth, and
Mars.

List the evidence from Mars landers for and against
the existence of life on Mars.

Plan a set of experiments or observations that you, as a
martian scientist, would have an uncrewed spacecraft
carry out on Earth to find out if life existed here. What
data would your spacecraft radio back if it landed in a
cornfield? In the Sahara? In the Antarctic? In New
York’s Times Square?

True or false? All four terrestrial planets show evi-
dence of water flowing on their surfaces, either now or
in the distant past.

True or false? Earth’s Moon has a composition similar
to that of the Earth’s crust, consistent with the hypoth-
esis that the Moon formed after a large object collided
with Earth.

True or false? At any given coastal location on Earth,
high tide occurs only once per day, when the Moon is
overhead.

True or false? The terrestrial planets have iron cores
and rocky outer parts; the iron sank when they were
young and molten.

True or false? Of the four terrestrial planets, Earth is
the only one that now has obvious plate tectonics.

Multiple choice: Which one of the following state-
ments about the greenhouse effect, Venus, and Earth is
false? (a) An extreme, possibly runaway, greenhouse
effect occurred on Venus, making its planetary surface
the hottest in the Solar System. (b) Venus’s atmosphere
is much thicker than that of Earth—but some of
Earth’s gases are trapped in rocks and oceans. (c) If we
dump much more carbon dioxide into Earth’s atmos-
phere, Earth might become significantly hotter due to
the greenhouse effect. (d) The greenhouse effect occurs
when an atmosphere is transparent to optical (visible)
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light but opaque to infrared light. (e) No greenhouse
effect currently occurs on Earth, and this is a good
thing for humans.

Multiple choice: If the Earth’s radius suddenly shrank
by a factor of 2 but the Earth’s mass remained
unchanged, how much would you weigh while stand-
ing on the new (smaller) surface of the Earth? (a) 16
times as much. (b) 4 times as much. (¢) Twice as
much. (d) Half as much. (e) Your weight would
remain unchanged.

Multiple choice: Which one of the following state-
ments about the Earth-Moon system is true? (a) The
same half of the Moon’s surface is perpetually dark
(craters on that side never see sunlight), leading us to
call it the “dark side of the Moon.” (b) At a given
location on Earth, there are two high tides each day—
one caused by the gravitational pull of the Sun, and the
other by the gravitational pull of the Moon. (c) High
tide occurs on the side of the Earth nearest to the
Moon, while low tide occurs on the opposite side of
the Earth. (d) By observing the Moon long enough
from Earth, night after night, we are able to draw a
map of its entire surface. (€) The orbital period of the
Moon around the Earth and the rotation period of the
Moon around its axis are equal.

Multiple choice: Why does Mars appear reddish-
orange from Earth? (a) Its surface temperature is lower
than that of the Earth, which appears blue, and

TOPICS FOR DISCUSSION

1.

It is sometimes said that the U.S. mission to the Moon
was entirely motivated by the Soviet Union’s launch of
the Sputnik satellite in 1957. Do you think the scien-
tific benefits of lunar landings would have been suffi-
cient reason to take the risks and spend the funds?

MEDIA

Virtual Laboratories

Ly
Ly

Ly

Planetary Geology
Tides and Tidal Forces in Astronomy
Planetary Atmospheres and Their Retention
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according to Wien’s law Mars is therefore redder. (b) Its
thick atmosphere consists of reddish-orange clouds.
(c) Its rocks have suffered “rusting” and contain reddish-
orange iron oxides. (d) It is moving away from us rap-
idly and hence is Doppler redshifted. (e) There is a
large population of Martians wandering around, and
they tend to have a reddish-orange skin color.
Multiple choice: The surface of Venus is best observed
using (a) ultraviolet satellites; (b) radar; (c) large opti-
cal telescopes; (d) large radio telescopes; or (e) infrared
telescopes.

Fill in the blank: Earth’s occur in regions
where Earth’s magnetic field lines intersect its atmos-
phere, as a result of collisions between charged parti-
cles and air molecules.

Fill in the blank: The lunar must have formed
more recently than the cratered highlands, covering up
older craters.

Fill in the blank: is often seen as the bright-
est evening or morning “star” in the sky, in part
because it is shrouded in highly reflective clouds.

Fill in the blank: A planet is said to be in

when it appears to move across the face of the Sun.
Fill in the blank: The process of forming layers within
a planet, because of differences in density between
materials, is called

"This question requires a numerical solution.

2.

Do you think the evidence for global warming of Earth
is strong? Will it be too late to reverse this trend, if and
when the effect becomes so large that its presence is
unambiguous?

. How likely do you think it is that humans will eventu-

ally “terraform” Mars so that its climate becomes suit-
able for humans?

Ace'syAstronomy™ Log into AceAstronomy at
http://astronomy.brookscole.com/cosmos3 to access
quizzes and animations that will help you assess your
understanding of this chapter’s topics.

Log into the Student Companion Web Site at http://
astronomy.brookscole.com/cosmos3 for more resources
for this chapter including a list of common misconceptions,
news and updates, flashcards, and more.


http://astronomy.brookscole.com/cosmos3
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The Jovian Planets:
Windswept Giants

Jupiter, Saturn, Uranus, and Neptune are giant planets; they are also called the jovian
planets. They are much bigger, more massive, and less dense than the inner, terres-
trial planets; see A Closer Look 7.1: Comparative Data for the Major Worlds. Their inter-
nal structure is entirely different from that of the four inner planets. In this chapter,
we also discuss a set of moons of these giant planets, some of which range in diameter
between /2 and /4 the size of the Earth, as large as Mercury or Pluto. Close-up space
observations have shown that these moons are themselves interesting objects for study.

Jupiter is the largest planet in our Solar System (M Fig. 7-1). Some of its very
numerous moons are close in size to the terrestrial planets and show fascinating sur-
face structure.

Saturn has long been famous for its beautiful rings. We now know, however, that
each of the other giant planets also has rings. When seen close-up, as on the opposite
page, the astonishing detail in the rings is very beautiful.

Uranus and Neptune were known for a long time to us as mere points in the sky.
Spacecraft views have transformed them into objects with more character.

The age of first exploration of the giant planets, with spacecraft that simply flew by
the planets, is over. We now are in the stage of space missions to orbit the planets,
with a Jupiter orbiter having recently completed its mission and a Saturn orbiter that
started collecting data in 2004. These missions study the planets, their rings, their
moons, and their magnetic fields in a much more detailed manner than before.

7.1 Jupiter

Jupiter, the largest and most massive planet, dominates the Sun’s planetary system. It
alone contains two-thirds of the mass in the Solar System outside of the Sun, 318
times as much mass as the Earth (but only 0.001 times the Sun’s mass). Jupiter has at
least 52 moons of its own and so is a miniature “planetary system” (that is, several
planet-like objects orbiting a central object) in itself. It is often seen as a bright object
in our night sky, and observations with even a small telescope reveal bands of clouds

Ace@%stronomyw The AceAstronomy icon throughout this text indicates an opportunity for you

to test yourself on key concepts, and to explore animations and interactions of the AceAstronomy
website at http://astronomy.brookscole.com/cosmos3

This close-up view of Saturn and its rings was taken in 2005 from the Cassini spacecraft.
Mimas is seen in front of the rings’ shadows falling on Saturn’s disk, just below part of the
disk illuminated by light passing through the rings’ Cassini Division. A section of Saturn’s
rings, so thin that we can see through it, appears at the bottom.

NASA/JPL/Space Science Institute

NASA/JPL/U. Arizona

ORIGINS .

We find that the properties of
giant planets differ from those
of Earth because they formed
much farther out from the cen-
ter of the solar nebula. Compar-
ison of features on these plan-
ets and their moons leads to a
greater understanding of the
origin of Earth’s properties.

AIMS .

1. Understand the giant planets
of our Solar System, their
moons, and their rings
(Sections 7.1 to 7.4).

2. Describe similarities and dif-
ferences among Earth, the
giant planets, and their
moons (Sections 7.1 to 7.4).

3. See how spacecraft have vastly
improved our understanding
of the giant planets, their
moons, and their rings
(Sections 7.1 to 7.4).

B FIGURE 7-1 Crescent Jupiter, in a
farewell view as the Cassini spacecraft
left the Jupiter system in 2001.
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A Closer Look | 7.1

Semimajor Axis

COMPARATIVE DATA FOR THE MAJOR WORLDS

Equatorial

Planet of Orbit Orbital Period Radius + Earth's Mass + Earth's
Jupiter 52 A.U. 12 years 11.2 318
Saturn 9.5 A.U. 29 years 9.4 95
Uranus 19.2 A.U. 84 years 4.0 15
Neptune 30.1 A.U. 164 years 3.9 17

More detailed information appears in Appendices 3 and 4.

86.1% H

13.8% He/ CHy,, NHg, etc.

B FIGURE 7-2 The composition of
Jupiter.

across its surface and show four of its moons, the Galilean satellites. (See Star Party
7.1: Observing the Giant Planets.)

Jupiter is more than 11 times greater in diameter than the Earth (see Figure It Out
7.1: The Size of Jupiter). From its mass and volume, we calculate its density to be 1.3
g/cm®, not much greater than the 1 g/cm® density of water. This low density tells us
that any core of heavy elements (such as iron) makes up only a small fraction of
Jupiter’s mass. Jupiter, rather, is mainly composed of the light elements hydrogen and
helium. Jupiter’s chemical composition is closer to that of the Sun and stars than it is
to that of the Earth (M Fig. 7-2), so its origin can be traced directly back to the solar
nebula with much less modification than the terrestrial planets underwent.

Jupiter has no crust. At deeper and deeper levels, its gas just gets denser and
denser, turning mushy and eventually liquefying about 20,000 km (15 per cent of the
way) down. Jupiter’s core, inaccessible to direct study, is calculated to be made of
heavy elements and to be larger and perhaps 10 times more massive than Earth.

Jupiter’s “surface” (actually, the top of the clouds that we see) rotates in about 10
hours, though different latitudes rotate at slightly different speeds. Regions with differ-
ent speeds correspond to different bands; Jupiter has a half-dozen jet streams while
Earth has only one in each hemisphere. Jupiter’s clouds are in constant turmoil; the
shapes and distribution of bands can change within days. The bright bands are called
“zones” and the dark bands are called “belts,” but the strongest winds appear on the
boundaries between them. The zones seem to be covered by a uniformly high cloud
deck. The belts have both towering convective clouds and lightning,