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To our children — Rachel, David, Jonathan, and Kirill —
and to the memory of Giordano Brumno, burned

at the stake on February 17, 1600.

Bruno is best known to posterity for his

assertion that the cosmos contains

multitudes of inhabited worlds.



Foreword

JELIVEIN HEADY AND EXCITING TIMES. Today scientists se-
L / W/ riously consider whether they may soon have a sample of an alien biol-
vV ogyto study: life from another world. Some of these scientists are old
enough to remember that when the famous biologist Joshua Lederberg coined the
term exobiology, it was ridiculed as ““a science without a subject.” The scientific tide
has turned, and today there is growing enthusiasm for trying to find out whether
life exists elsewhere in the universe.

Life as we know it is a planetary phenomenon. The Earth has hosted life and
has strongly influenced its evolution for the past 3.8 billion years. Life in its turn
has significantly modified its host planet. At one time, life may have called the sur-
face of the planet Mars home, and some scientists speculate that Mars may still har-
bor life, deep beneath its surface, where liquid water might persist today. Europa
and Callisto, two of the planet-sized moons of Jupiter, may have oceans of liquid
water, and possibly even life, beneath their icy exteriors. With only our single ex-
ample of terrestrial biology to guide us, our search for life beyond the Earth must
start with searching for “habitable,” planet-like places. As we learn more about life
on Earth, and as we begin to appreciate how tough and opportunistic it is—living
around the scalding-hot vents of the deep ocean floor, in sulfurous hot springs, in
the radioactive cooling water of nuclear reactors, and within rock miles beneath the
Earth'’s surface—our definition of “habitable” expands.

During the past five years, the number of planets known to be orbiting other
stars like our own sun has grown from 0 to more than 50! The biases imposed by
our instruments have thus far excluded detection of other solar systems like our
own. Before another decade passes, however, we should know whether other
worlds similar to the Earth are common or rare in our Milky Way galaxy. This is a
key piece of information.

The universe is vast and old. Humans are newcomers on the scene. Through-
out our short history, we have looked to the heavens and wondered whether we are
alone. Over the millennia there have been many religious and secular belief sys-
tems whose leaders have offered their own answers to this question. Increasingly
throughout the twentieth century and into the twenty-first, partial answers of a dif-
ferent kind have been pieced together. Answers based on observation, experiment,
and rigorous scientific study have emerged in fields as diverse as molecular biol-
ogy and high-energy astrophysics. The authors of this text, Donald Goldsmith and
Tobias Owen, introduce you to our current understanding of humankind’s place in
the cosmos, and provide perspective by showing how our ideas have changed over
time and where they are likely to change again in the future. To do this it is neces-
sary to consider scales of space and time so vast that they are measured in the bil-
lions, as well as scales so tiny that we measure them with billionths; we must con-
sider both the universe and the world of viruses. Some of the claims in this text may
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seem quite incredible, but the authors provide the evidence to back up their claims.
When they speculate, they tell you so, and illustrate the difference between scien-
tific speculation and random wild ideas. If you take nothing more away from your in-
teraction with this text and these authors than an enhanced capacity for critical
thinking, you will be well served.

I have been fortunate enough to spend my scientific career in a search for intel-
ligent life elsewhere. All of us working on the search for extraterrestrial intelligence
(SETI) search by looking for some evidence of another technology; if we find it, we
can infer the existence of intelligent technologists. Although we can and do make
guesses (such as looking for radio signals), we don’t necessarily have to know what
that technology is. In fact, if another technology were sufficiently advanced, we
would be unable to conceptualize it! But by observing the universe, it may be possi-
ble to detect anomalies for which the simplest explanation is astro-engineering,
rather than astrophysics. That approach requires that we start with a good under-
standing of the observed universe, such as the one provided by this textbook.

The fact that radio SETI searches have been going on for over 40 years, and
searches for short optical pulses for a few years, so far without success, might indi-
cate that other intelligent civilizations do not exist, but it is far too soon to draw that
monumental conclusion. It also might mean we haven’t searched well enough or in
the right way. We are a very young technology in a very old galaxy. Our ability to
search for other technologies is quite primitive. In fact, we have yet to explore our
own cosmic neighborhood systematically. Our tools are getting better, and as Giu-
seppe Cocconi and Philip Morrison stated in the first SETI paper to appear in a ref-
ereed journal, “The probability of success is difficult to estimate, but if we never
search the chance of success is zero.” I'm enthusiastic about continuing the search.
Scientists and engineers may soon be able to answer this old and fundamental
question, Are we alone in the universe?

So, welcome aboard! Fasten your seat belts. This textbook will take you on a
fascinating journey. Along the way you will discover that supernovae, carbona-
ceous chondrites, nuclear fusion, “inflationary” cosmology, greenhouse gases,
comets, killer asteroids, gamma-ray bursters, bipolar outflows, continental drift,
orbital eccentricity, and many, many other exotic sounding things really do have
something to say about how you came to be here and whether there may be mi-
crobes or minds elsewhere in the universe. Today there are many unanswered
questions, but our tools to search for answers are getting better and better. Your
generation will not only answer many of today’s questions, but will undoubtedly
raise new questions we cannot begin to imagine. Indeed, the truth is out there—
and the real science behind searching for life in the universe is far more compelling
than any movie or television drama. Happy searching!

Jill Tarter

DIRECTOR OF RESEARCH, SETI INSTITUTE



STROBIOLOGY, THE SCIENCE that deals with life elsewhere in the
/% universe, continues to attract the attention of students, the public, and
A - those scientists who enjoy letting their minds roam freely through several
disciplines that remain an essential part of searching for life beyond Earth. Since
the previous edition of this book appeared, a single rock from Mars stunned the
world with the tantalizing possibility that we had found the first evidence for ex-
traterrestrial life. Although this conclusion now seems dubious, no doubt exists
that the last few years have also brought the first sure discoveries of planets in orbit
around sunlike stars. In fact, astronomers have now found so many of these planets
(nearly 60) that the thrill has temporarily diminished. That excitement over the de-
tection of new worlds will return quickly on the day when we find not Jupiter-
sized gas giants, the only type of planets that our present techniques can detect, but
the first extrasolar planets similar to our Earth.

Two decades ago, when the first edition of this book appeared, any textbook
dealing with astrobiology seemed destined for modest use, simply because this
subject draws on the knowledge and methods of many disparate fields of science
and even sociology. We were surprised and pleased by the large number of instruc-
tors who have happily adopted our goal of teaching the excitement of science by fo-
cusing on some of its major unsolved issues, despite not themselves being experts
in all the fields of science involved. We can now see more clearly that astrobiology’s
appeal to students can easily override the fact that this field of study requires scien-
tific speculation; indeed we suspect that some instructors, like ourselves, delight in
showing students that the joy of science lies even more in what we don’t know than
in what we do. To teach critical thinking, few subjects can match the search for life
in the universe, whose topics range from determining the lifetimes of stars,
through attempts to judge hypotheses about the origin and evolution of life on
Earth, to the assessment of the most incredible reports of extraterrestrial visitors to
our planet.

This book can serve as a textbook for any introductory astronomy course with
a focus on planetary science and the search for life in the universe, and for many bi-
ology and geology courses that choose to emphasize the cosmic aspects of their
fields of interest. Students in courses taught by ourselves and our colleagues seem
nearly unanimous in welcoming an interdisciplinary course that centers on the
search for life, hardly surprising in view of the public’s interest in the subject. That
interest, fanned by sensational movies and television programs, starts with the hu-
man prejudice that we must be the center of the universe, the natural subject of at-
tention of any extraterrestrial civilization. Teaching a course on extraterrestrial life
takes students along a journey that science has already made, from the belief that
we on Earth are immensely special, perhaps unique, to the realization that our
planet orbits a representative star in the outer reaches of a typical giant spiral gal-
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axy, with millions of possible sites for life. How can we realistically judge whether
life has actually developed on some of those sites? If civilizations have appeared
elsewhere in the Milky Way, some of them may be far more advanced than ours
and may or may not be interested in making contact with us. The intellectual jour-
ney culminates with an assessment of how hard we may have to work if we hope
to find other civilizations with whom to exchange our views of life, and of how
long we may have to wait before any such exchange occurs.

In preparing this new edition of our book, we have changed the order of the in-
troductory astronomy chapters (chapters 2-6) so that they follow the conventional
sequence, reaching outward from the Earth to the universe at large. We have re-
vised the biology chapters (7-10) to include new approaches to understanding the
origin and evolution of life on Earth, and to achieve greater clarity in presenting the
relationship between the development of life on our planet and elsewhere in the
cosmos. The planetary-astronomy chapters (11-15) reflect the new results from
spacecraft and other investigations of the solar system, and a new chapter (17) pre-
sents the discovery of extrasolar planets. Chapters 16-22 carry us through the uni-
verse on a quest to answer the question of how we might find intelligent civiliza-
tions, if they exist, and what conclusions we can draw from the fact that we have
yet to find definitive proof that life exists anywhere beyond the Earth.

In preparing this new edition of The Search for Life in the Universe, we owe a par-
ticularly large debt of gratitude to Dana Backman, Barbara Bowman, Russell Doo-
little, Richard Gammon, William Irvine, David Koerner, Alan Rosan, Jill Tarter, and
Juliette Winterer, who took the trouble to read through part or all of our manuscript
and provide us with detailed comments, which we have done our best to incorpo-
rate into this new edition. We would also like to thank other scientists who helped
us with the text and illustrations for this edition: Gibor Basri, Simon Bell, Leo Blitz,
Ken Brecher, Julian Chela-Flores, Alessandro Dimai, Frank Drake, Alex Filip-
penko, Ben Finney, Dudley Foster, Andy Fruchter, Bob Garrison, Suvi Gezari, Paul
Goldsmith, David Hollenbach, Don Kripke, Monica Lazzarin, Judith Lengyel,
Steve Maran, Geoff Marcy, Lynn Margulis, Larry Marschall, Marjory Martin, Chris
McKay, David Morrison, Kenneth Nealson, John Oro, Guy Ottewell, Adam Riess,
J. William Schopf, Eric Schulman, Seth Shostak, Frank Shu, Michal Simon, Michael
Sitko, Michael Soule, Hy Spinrad, Larry Squire, Woody Sullivan, Jill Tarter, Richard
Wainscoat, and Jurrie van der Woude. To work with University Science Books, and
thus with Bruce and Kathy Armbruster, Jane Ellis, Robert Ishi, Hope Steele, and Su-
sanna Tadlock, has been a special treat. Many happy hours have also been spent in
consultation with Jon Lomberg, our good friend and outstanding astronomy artist,
who provided the artwork for this edition.

Donald Goldsmith
Tobias Owen



Contents

e e

-eword by Jill Tarter xiii
r XV

“fJ

Part One: Why Do We Search? 1

CChoranter T The Seavelr froig #1 Hi1111 001 'a ’ {7y 0
L "!-"3'-’&-' ! [ e Search from the Human Alii’f'r-ﬂflé'rLfi<"‘_ 3

The Quest for Life’s Origins 5

The Importance of Mars 7

The Scientific View of the Universe 11

The Laws of Nature 12

Applying Scientific Thinking in Everyday Life 13

The Scientific Method in the Search for Extraterrestrial Life 14

Cosmic Loneliness 17

A Conservative Approach to the Search for Life 19

SUMMARY 20 ¢ KeYTERM 21 ¢ QUESTIONS 21 © FURTHER READING 21

The Distances to Astronomical Objects 27

The Scale of the Solar System 30

Measuring Stellar Distances with the Parallax Effect 31
Estimating Distances with the Inverse-Square Brightness Law 34
The Spectra of Stars 35

SUMMARY 43 * KEYTERMS 44 © QUESTIONS 44 © FURTHER READING 44

[ Bii '/{’.‘f. 1C€S ( ,“"rfyz:'ﬁ} 47

Probing the Spaces Between the Stars 49

Radio Waves from Interstellar Hydrogen Atoms 51
Interstellar Dust Grains 55

Interstellar Molecules 55

Molecular Clouds 57

The Different Types of Molecules in Molecular Clouds 59
Did Life Begin in Interstellar Clouds? 62

The Birth of Stars 63

How Many Stars Form with Planets? 65

SumMARY 66 e KEYTERMS 67 ® QUESTIONS 67 ¢ FURTHER READING 68

in Stars 69

Types of Stars 70
The Temperature-Luminosity Diagram 74
Red Giants and White Dwarfs 76

Stellar Lifetimes 77 Vil



viii CONTENTS

How Stars Liberate Energy 78

The Proton-Proton Cycle 78

The Importance of Temperature Inside Stars 82

The Struggle Between Gravity and Pressure 85

The Influence of Mass on Stellar Lifetimes 85

SumMARY 88 ¢ KeyTerms 88 ¢ QUESTIONS 88 e FURTHER READING 89

End Their Lives 91

Nuclear Fuel Consumption in Stars 91

The Evolution of Stars 92

The Red-Giant Phase 94

White Dwarfs 96

Could Civilizations Exist Around White Dwarfs? 98

Supernova Explosions 98

The Production of Heavy Elements in Supernovae 100

The Effects of Supernovae on Later Generations of Stars 103
Cosmic Rays 104

Black Holes 105

Pulsars: Cosmic Lighthouses? 105

Precise Pulsar Timing Reveals the Existence of Planets! 111

The Binary Pulsar and Gravitational Radiation 111

Gamma-Ray Bursters: Mysterious Powerhouses of the Cosmos 114
SumMmaRY 116 ¢ KEYTERMS 117 ¢ QUESTIONS 117 ¢ FURTHER READING 118

Chapter 5 How Stars

Chapter 6 Galaxies and the E vpanding Universe 119

Spiral Galaxies 121
The Structure of Spiral Galaxies 123
Dark Matter in Spiral Galaxies 126
Elliptical Galaxies 128
Irregular Galaxies 130
The Formation of Galaxies 130
Star Clusters 133
Radio Galaxies 135
The Doppler Shift and the Expanding Universe 136
The Big Bang 140
The Cosmic Background of Photons 142
The Hypothesis of the Inflationary Universe 144
Dark Matter on the Largest Scales of Distance 145
Is the Universe Finite or Infinite? 147
Will the Universe Expand Forever? 149
Quasars 152
Accretion Disks and Supermassive Black Holes 154
Could Quasars Be Intergalactic Beacons? 155
SumMARY 156 * KeYyTERMS 158 © QUESTIONS 158 ¢ FURTHER READING 159

Part Three: Life 161

Chapter 7 The Nature of Life on Earth 163

WhatIs Life? 163
Biologically Important Compounds 167
The Capacity to Reproduce 172



(

CONTENTS

DNA Does More than Govern Reproduction 173

Evolution and the Arrow of Time 178

Energy 180

The Unity of Life 182

SummaRrYy 183 ¢ KEey Terms 184 ¢ QUESTIONS 184 * FURTHER READING 185

1

1na

pter 8 The Origin of Life 187

How the Earth Got Its Atmosphere 189

The Evolution of the Atmosphere 191

The Effects of Life on the Evolution of Earth’s Atmosphere 192
Early Ideas About the Origin of Life 196

The Chemical Evolution Model for the Origin of Life 197

An Experimental Test of the Primordial-Soup Model 200

Did Life Really Originate in This Manner? 202

An External Alternative 203

Polymerization 205

[s Our Starting Point Too Advanced? 207

Beyond Polymers 207

SUMMARY 210 ¢ KeyTeErRMS 211 ® QUESTIONS 211 ® FURTHER READING 211

'y

I loctiloe +n ‘M :
—raprer From Molecules to Minds 213

{

Prokaryotes 213

Eukaryotes 217

The Great Leap Forward 220

Suitable Stars for Life 223

Life on Other Planets 224

Evolution and the Development of Intelligence 226

Is Intelligence Inevitable? 226

Future Evolution on Earth 230

The Web of Life 231

SUMMARY 233 e KeYTERMS 234 © QUESTIONS 234 ® FURTHER READING 235

(8 r’fzé;h&',‘ (1 How Strange Can Life be: 237

The Chemistry of Alien Life 237

The Superiority of Carbon 239

Solvents 242

Nonchemical Life 246

Black Clouds 248

Life on Neutron Stars 250

Gravitational Life 252

The Advantages of Being Average 253

SuMMARY 254 ¢ KEYTERMS 255 ¢ QUESTIONS 25 5 ® FURTHER READING 255

~1i Frv T 10 111
1 fo Lr";ﬂf, n

~

o Rnl av rcto119
he Solar ystem 257

hapter 11 The Origin and Early History of the Solar System 259

The Formation of the Solar System 260

Comets 266

Asteroids, Meteoroids, and Meteorites 273
Bombardment of the Inner Planets: A Threat to Life? 275

1X



CONTENTS

Meteorites 278

Amino Acids in Meteorites 279

Mercury and the Moon 280

The Early History of the Earth and the Moon 282

Human Exploration of the Moon 285

SumMARY 287 ¢ KeyTerms 288 e QUESTIONS 289 ® FURTHER READING 289

Chapter 12 Venus 291

The Temperature and Rotation of Venus 292

The Atmosphere of Venus 294

The Greenhouse Effect 295

Why Is Venus So Different from Earth? 297

Life on Venus? 300

Exploration of Venus by Spacecraft 302

SumMMARY 305 ¢ KeyTerms 305 ¢ QUESTIONS 305 ® FURTHER READING 306

Chapter13 Mars 307

Modern Observations of Mars 309

Results from Early Space Probes to Mars 310

The Viking Project 315

Mars After Viking 321

Further Missions to Mars 326

Phobos and Deimos 330

SUMMARY 332 ¢ KeyTerms 332 ¢ QUESTIONS 333 ® FURTHER READING 333

Chapter 14 Is There Life on Mars? 335

How to Find Martian Microorganisms 337

The Viking Results: Atmospheric Analysis 339

The Viking Results: Soil Analysis 340

The Viking Biology Experiments 341

Results of the Viking Biology Experiments 344

Did the Vikings Land in the Wrong Places? 346

An Ancient Eden? Goals for Future Exploration 349
Rocks from Mars! A Preview of Coming Attractions 350
What Went Wrong on Mars? 353

Epilogue: What About That Face on Mars? 354
SumMMARY 357 ® KeyTerms 358 ¢ QUESTIONS 358 ¢ FURTHER READING 359

Chapter 15 The Giant Planets and Their Satellites 361

Spacecraft to the Outer Solar System 362

The Composition of the Giant Planets 368

Chemistry on the Giant Planets 371

Could Life Exist on the Giant Planets? 374

Rings and Satellites 375

Titan 379

lapetus: An Intelligence Test for Earthlings? 383

Triton: Chemistry at Low Temperatures 384

Cosmic Messengers 385

SumMMARY 386 ¢ KeYTerRm 387 ¢ QUEsSTIONS 387 ¢ FURTHER READING 388



CONTENTS

‘art Five: The Search for Extraterrestrial Intelligence 391

Chapter 16  Is Earth Unique? 393

Which Characteristics Distinguish Earth as an Abode of Life? 394
Avoiding Regions of Cosmic Violence 395
The Need for Heavy Elements 395
The Importance of Temperature 396
The Threat of Impacts 398
The Advantages of a Large Moon 400
A Conservative Approach: Defining the Habitable Zone Around a Star 401
Which Stars Offer Good Habitable Zones? 402
Can Multiple-Star Systems Provide Good Habitable Zones? 407
Discovering Extrasolar Planets: Six Promising Methods and
One Highly Successful One 409
SUMMARY 414 ¢ KeEYTERMS 415 ¢ QUESTIONS 415 ¢ FURTHER READING 416

& e B d T & P v Y~ ye4 4 2 F o Xy | "I | ] o f
Chapter 17 I'he Discovery of Extrasolar Planets 417

The Great Success: Using the Doppler Effect to Discover Extrasolar Planets 417
What Does the Doppler-Shift Method Reveal About Extrasolar Planets? 419
The Doppler-Shift Technique Reveals New Worlds 424

Why Do So Many Extrasolar Planets Orbit So Close to Their Stars? 427

The Importance of Jupiter’s Distance 430

The Mystery of Eccentricity 431

How Many Stars Have Planets with the Right Conditions for Life? 432
Alternative Possibilities for Habitable Planets 433

How Many Habitable Planets Exist in the Milky Way? 434

How Can We Discover Earthlike Planets Around Other Stars? 435

SUMMARY 439 ® KeyTERMS 439 © QUESTIONS 439 © FURTHER READING 440

Chapter 18 Extraterrestrial Civilizations: How Many? How Distant? 441

How Many Civilizations Exist? 442
Estimating the Number of Civilizations by Using the Drake Equation 443
How Many Stars in the Milky Way? 443
How Many of These Are Suitable Stars? 445
How Many Suitable Planets Orbit Each Suitable Star? 446
What Fraction of These Planets Actually Produce Life? 446
What Fraction of Planets with Life Develop an Intelligent Civilization? 446
How Long Do Intelligent Civilizations Last? 449
The Importance of Survival 451
How Eager Are Civilizations for Contact? 452
How Widely Separated Are Civilizations in the Milky Way? 455
Further Advances of Intelligent Civilizations 458
SUMMARY 462 © KEYTERMS 463 © QUESTIONS 463 ¢ FURTHER READING 464

Chapter 19 Interstellar Spaceflight 465

Sending Information: Photons versus Rockets 465
Interstellar Spaceships 467
Faster, Larger, More Expensive 468

X1



xii CONTENTS

When Time Slows Down 472

The Difficulties of High-Velocity Spaceflight 475

Automated Message Probes 477

SuMmARY 480 ¢ KEey TERMS 481 ® QUESTIONS 481 ¢ FURTHER READING 482

Chapter 20 Interstellar Radio and Television Messages 483

Where Should We Look? 485

What Frequencies Should We Search? 487

What Frequency Bandwidth and Total Frequency Range to Examine? 491

How Can We Recognize Another Civilization? 494

The Present State of Radio Searches for Other Civilizations 497

What Messages Could We Send or Expect to Receive? 500

A Crucial Difference: Beamed Signals versus Eavesdropping 505

Do SETI Searches Limit Themsleves Too Severely by Relying on Radio Waves? 506
SumMARY 507 ® KEeyTERMS 508 ¢ QUESTIONS 508 ® FURTHER READING 509

Chapter 21 Extraterrestrial Visitors to Earth? 511

What Evidence Do We Seek? 511
Four Representative UFO Sightings 512
An Experiment: Meteors and Falling Rockets 513
The Lubbock Lights 516
Venus in Georgia 518
Landing in Socorro 518
Difficulties in Verifying the Spacecraft Hypothesis 520
Classification of UFO Reports 520
Arguments for the Spacecraft Hypothesis 522
Some Conclusions About UFOs 524
What About a Government Conspiracy? 524
Von Déniken: Charlatan of the Gods? 526
SummaRry 531 ¢ KeyTeERM 531 © QUESTIONS 532 © FURTHER READING 532

Chapter 22  Where Is Everybody? 533

We May Be Alone, or Nearly So 534

Advanced Civilizations May Have Little Interest in Communication 539
We Are Still a Primitive Civilization 541

Epilogue: The Search Continues 543

FURTHER READING 544

Some Internet Web Sites Relevant to the Search for Life in the Universe 547

,‘,;;]na':lrf'z"\ 548
Glossary 551
Figure Credits 565
Index 567



PART ONE

Why Do We Search?

To see a World in a Grain of Sand
And a Heaven in a Wild Flower.
Hold Infinity in the palm of your hand
And Eternity in an hour.

—WILLIAM BLAKE

HE HISTORY OF HUMAN AWARENESS of the universe has
brought a steady increase in our desire to find the roots of our
existence and to understand how humans fit into the cosmos. We now
stand at the threshold of determining how life arose on this planet, and
of applying what we know about life on Earth to our quest for life on
planets that orbit other stars. But we should pause to ask some key
questions: Why do we search? How has the search for our origins, and
for evidence of our cosmic kin, proceeded in the past? And what does the
search for extraterrestrial life tell us about our attitude toward the universe
around us?



