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INTRODUCTION

The time will come when diligent research over Igregiods will bring to light things
which now lie hidden. A single lifetime, even thdugntirely devoted to the sky, would not
be enough for the investigation of so vast a sthjec. And so this knowledge will be
unfolded only through long successive ages. Théiee@ame a time when our descendants
will be amazed that we did not know things thatsoeplain to them . . . Many discoveries
are reserved for ages still to come, when memoryoifwill have been effaced. Our
universe is a sorry little affair unless it hastisomething for every age to investigate . . .
Nature does not reveal her mysteries once andlfor a

- SenecalNatural Questions

Book 7, first century

In ancient times, in everyday speech and custom,ntlbst mundane happenings were
connected with the grandest cosmic events. A clmyrakample is an incantation against
the worm which the Assyrians of 1000 B.C. imaginedause toothaches. It begins with
the origin of the universe and ends with a curdgdothache:

After Anu had created the heaven,

And the heaven had created the earth,
And the earth had created the rivers,
And the rivers had created the canals,
And the canals had created the morass,
And the morass had created the worm,
The worm went before Shamash, weeping,
His tears flowing before Ea:

‘What wilt thou give me for my food,
What wilt thou give me for my drink?’

‘I will give thee the dried fig

And the apricot.’

‘What are these to me? The dried fig
And the apricot!

Lift me up, and among the teeth

And the gums let me dwell! . .

Because thou hast said this, O worm,
May Ea smite thee with the might of

His hand!

(Incantation against toothache.)

Its treatment: Second-grade beer . . . and oil gialt mix together;
The incantation thou shalt recite three times thei@nd shalt put the medicine upon
the tooth.



Our ancestors were eager to understand the wotlddslnot quite stumbled upon
the method. They imagined a small, quaint, tidyarse in which the dominant forces
were gods like Anu, Ea, and Shamash. In that useveumans played an important if not a
central role. We were intimately bound up with thst of nature. The treatment of
toothache with second-rate beer was tied to thpeteosmological mysteries.

Today we have discovered a powerful and elegagttavanderstand the universe, a
method called science; it has revealed to us aeusgvso ancient and so vast that human
affairs seem at first sight to be of little conseqce. We have grown distant from the
Cosmos. It has seemed remote and irrelevant ty@agiconcerns. But science has found
not only that the universe has a reeling and ecgjeandeur, not only that it is accessible
to human understanding, but also that we areyverareal and profound sense, a part of
that Cosmos, born from it, our fate deeply conreeteth it. The most basic human events
and the most trivial trace back to the universeindrigins. This book is devoted to the
exploration of that cosmic perspective.

In the summer and fall of 1976, as a member oMiking Lander Imaging Flight
Team, | was engaged, with a hundred of my scientidileagues, in the exploration of the
planet Mars. For the first time in human history lvael landed two space vehicles on the
surface of another world. The results, describederfdly in Chapter 5, were spectacular,
the historical significance of the mission utteafyparent. And yet the general public was
learning almost nothing of these great happeninigs.press was largely inattentive;
television ignored the mission almost altogethenewWit became clear that a definitive
answer on whether there is life on Mars would retdsthcoming, interest dwindled still
further. There was little tolerance for ambigultyhen we found the sky of Mars to be a
kind of pinkish-yellow rather than the blue whicadherroneously first been reported, the
announcement was greeted by a chorus of good-dabaes from the assembled reporters
- they wanted Mars to be, even in this respeat, tite Earth. They believed that their
audiences would be progressively disinterested @s Mas revealed to be less and less
like the Earth. And yet the Martian landscapesstéaggering, the vistas breathtaking. | was
positive from my own experience that an enormouobdjlinterest exists in the exploration
of the planets and in many kindred scientific tgpithe origin of life, the Earth, and the
Cosmos, the search for extraterrestrial intelligermar connection with the universe. And |
was certain that this interest could be excitedugh that most powerful communications
medium, television.

My feelings were shared by B. Gentry Lee, the ikidata Analysis and Mission
Planning Director, a man of extraordinary organael abilities. We decided, gamely, to
do something about the problem ourselves. Lee pexpthat we form a production
company devoted to the communication of scien@iengaging and accessible way. In
the following months we were approached on a nurabprojects. But by far the most
interesting was an inquiry tendered by KCET, thblleuBroadcasting Service’s outlet in
Los Angeles. Eventually, we jointly agreed to proela thirteen-part television series
oriented toward astronomy but with a very broad anmperspective. It was to be aimed at
popular audiences, to be visually and musicallypmsitug, and to engage the heart as well as
the mind. We talked with underwriters, hired anatie producer, and found ourselves
embarked on a three-year project callEbmosAt this writing it has an estimated



worldwide audience of 140 million people, or 3 marcof the human population of the
planet Earth. It is dedicated to the propositicat the public is far more intelligent than it
has generally been given credit for; that the dstepaentific questions on the nature and
origin of the world excite the interests and passiof enormous numbers of people. The
present epoch is a major crossroads for our catibn and perhaps for our species.
Whatever road we take, our fate is indissolublyriztbup with science. It is essential as a
matter of simple survival for us to understand iscge In addition, science is a delight;
evolution has arranged that we take pleasure ienmstahding - those who understand are
more likely to survive. Th€osmogelevision series and this book represent a hdpefu
experiment in communicating some of the ideas, ausland joys of science.

The book and the television series evolved togethesome sense each is based on
the other. But books and television series haveesdrat different audiences and admit
differing approaches. One of the great virtues bbak is that it is possible for the reader to
return repeatedly to obscure or difficult passagf@s;is only beginning to become possible,
with the development of videotape and video-distit@logy, for television. There is much
more freedom for the author in choosing the rangkedepth of topics for a chapter in a
book than for the procrustean fifty-eight minutisrty seconds of a noncommercial
television program. This book goes more deeply mémy topics than does the television
series. There are topics discussed in the bookhndrie not treated in the television series
and vice versa. Explicit representations of thenlosCalendar, featured in the television
series, do not appear here - in part because temiC&alendar is discussed in my book
The Dragons of Ederikewise, | do not here discuss the life of Raligoddard in much
detail, because there is a chapteBinca’s Braindevoted to him. But each episode of the
television series follows fairly closely the copesding chapter of this book; and I like to
think that the pleasure of each will be enhancecdebgrence to the other.

For clarity, | have in a number of cases introdliae idea more than once - the first
time lightly, and with deeper passes on subsecp@mtarances. This occurs, for example,
in the introduction to cosmic objects in Chaptewljch are examined in greater detalil
later on; or in the discussion of mutations, enzy@med nucleic acids in Chapter 2. In a few
cases, concepts are presented out of historicat.dfdr example, the ideas of the ancient
Greek scientists are presented in Chapter 7, \itell the discussion of Johannes Kepler in
Chapter 3. But | believe an appreciation of thegksecan best be provided after we see
what they barely missed achieving.

Because science is inseparable from the resedfiuiman endeavor, it cannot be
discussed without making contact, sometimes glagnsiometimes head-on, with a number
of social, political, religious and philosophicatsues. Even in the filming of a television
series on science, the worldwide devotion to mmifigctivities becomes intrusive.
Simulating the exploration of Mars in the MohavesBe with a full-scale version of the
Viking Lander, we were repeatedly interrupted by thited States Air Force, performing
bombing runs in a nearby test range. In Alexandigypt, from nine to eleven A.M. every
morning, our hotel was the subject of practicefstgaruns by the Egyptian Air Force. In
Samos, Greece, permission to film anywhere washeithuntil the very last moment
because of NATO maneuvers and what was clearlgdhstruction of a warren of
underground and hillside emplacements for artileemgl tanks. In Czechoslovakia the use



of walkie-talkies for organizing the filming logiss on a rural road attracted the attention
of a Czech Air Force fighter, which circled overtiemtil reassured in Czech that no threat
to national security was being perpetrated. In GeeEgypt and Czechoslovakia our film
crews were accompanied everywhere by agents dtéte security apparatus. Preliminary
inquiries about filming in Kaluga, U.S.S.R., fopeoposed discussion of the life of the
Russian pioneer of astronautics Konstantin Tsiadkgwvere discouraged - because, as we
later discovered, trials of dissidents were to dwedeicted there. Our camera crews met
innumerable kindnesses in every country we visitedthe global military presence, the
fear in the hearts of the nations, was everywhHrne.experience confirmed my resolve to
treat, when relevant, social questions both irsérées and in the book.

The essence of science is that it is self-comgctNew experimental results and
novel ideas are continually resolving old mystertes example, in Chapter 9 we discuss
the fact that the Sun seems to be generating Wwoféhe elusive particles called neutrinos.
Some proposed explanations are listed. In Chapterelwonder whether there is enough
matter in the universe eventually to stop the reioesof distant galaxies, and whether the
universe is infinitely old and therefore uncreatédme light on both these questions may
since have been cast in experiments by FrederigieReof the University of California,
who believes he has discovered (a) that neutririss i@ three different states, only one of
which could be detected by neutrino telescopesysigdhe Sun; and (b) that neutrinos -
unlike light - have mass, so that the gravity otla neutrinos in space may help to close
the Cosmos and prevent it from expanding foreveturié experiments will show whether
these ideas are correct. But they illustrate thticoing and vigorous reassessment of
received wisdom which is fundamental to the scienginterprise.

On a project of this magnitude it is impossibléhtank everyone who has made a
contribution. However, | would like to acknowledgspecially, B. Gentry Lee; tl@osmos
production staff, including the senior produceroffey Haines-Stiles and David Kennard
and the executive producer Adrian Malone; the tarlen Lomberg (who played a critical
role in the original design and organization of @@smosvisuals), John Allison, Adolf
Schaller, Rick Sternbach, Don Davies, Brown, andé\Norcia; consultants Donald
Goldsmith, Owen Gingerich, Paul Fox, and Diane Awgian; Cameron Beck; the KCET
management, particularly Greg Andorfer, who fistried KCET’s proposal to us, Chuck
Allen, William Lamb, and James Loper; and the unaditers and co-producers of the
Cosmogelevision series, including the Atlantic RichfiaCompany, the Corporation for
Public Broadcasting, the Arthur Vining Davis Foutidas, the Alfred P. Sloan Foundation,
the British Broadcasting Corporation, and Polyteéfnational. Others who helped in
clarifying matters of fact or approach are listetha back of the book. The final
responsibility for the content of the book is, heee of course mine. | thank the staff at
Random House, particularly my editor, Anne Freedig@md the book designer, Robert
Aulicino, for their capable work and their patierveken the deadlines for the television
series and the book seemed to be in conflict. | awpecial debt of gratitude to Shirley
Arden, my Executive Assistant, for typing the eahtgfts of this book and ushering the
later drafts through all stages of production viién usual cheerful competence. This is
only one of many ways in which ti@smogroject is deeply indebted to her. | am more
grateful than | can say to the administration ofr@t University for granting me a



two-year leave of absence to pursue this projeashy colleagues and students there, and to
my colleagues at NASA, JPL and on the Voyager Imgdieam.

My greatest debt for the writing Gosmoss owed to Ann Druyan and Steven
Soter, my co-writers in the television series. Thegde fundamental and frequent
contributions to the basic ideas and their conoastito the overall intellectual structure of
the episodes, and to the felicity of style. | areplg grateful for their vigorous critical
readings of early versions of this book, their ¢ongive and creative suggestions for
revision through many drafts, and their major cbotions to the television script which in
many ways influenced the content of this book. @akght | found in our many
discussions is one of my chief rewards from@usmogroject.

Ithaca and Los Angeles
May 1980



CHAPTER |

The Shores of the Cosmic Ocean

The first men to be created and formed were caéledSorcerer of Fatal Laughter,
the Sorcerer of Night, Unkempt, and the Black Sarce. . They were endowed
with intelligence, they succeeded in knowing adittthere is in the world. When
they looked, instantly they saw all that is arotimeim, and they contemplated in
turn the arc of heaven and the round face of thi ea. [Then the Creator said]:
‘They know all . . . what shall we do with them rdWwet their sight reach only to
that which is near; let them see only a littlelo# face of the earth! . . . Are they not
by nature simple creatures of our making? Must #isgy be gods?’

- The Popol Vuh of the Quiché Maya

Have you comprehended the expanse of the earthPevhihe way to the dwelling
of light, And where is the place of darkness?. .
- The Book of Job

It is not from space that | must seek my dignityt foom the government of my

thought. | shall have no more if | possess woiRlsspace the universe

encompasses and swallows me up like an atom; lmgtitd comprehend the world.
- Blaise PascaRensées

The known is finite, the unknown infinite; inteltleally we stand on an islet in the
midst of an illimitable ocean of inexplicability.uUDbusiness in every generation is
to reclaim a little more land.

- T. H. Huxley, 1887

The Cosmos is all that is or ever was or ever ballOur feeblest contemplations of the
Cosmos stir us - there is a tingling in the spaeatch in the voice, a faint sensation, as if a
distant memory, of falling from a height. We know are approaching the greatest of
mysteries.

The size and age of the Cosmos are beyond ordmanan understanding. Lost
somewhere between immensity and eternity is oyrgianetary home. In a cosmic
perspective, most human concerns seem insignifieaah petty. And yet our species is
young and curious and brave and shows much proimisiee last few millennia we have
made the most astonishing and unexpected discewan@ut the Cosmos and our place
within it, explorations that are exhilarating tonstder. They remind us that humans have
evolved to wonder, that understanding is a joy knawledge is prerequisite to survival. |
believe our future depends on how well we know @asmos in which we float like a mote
of dust in the morning sky.

Those explorations required skepticism and imdgindoth. Imagination will
often carry us to worlds that never were. But withib, we go nowhere. Skepticism enables



us to distinguish fancy from fact, to test our spatons. The Cosmos is rich beyond
measure - in elegant facts, in exquisite inten@ahips, in the subtle machinery of awe.

The surface of the Earth is the shore of the cosrmean. From it we have learned
most of what we know. Recently, we have wadedla liut to sea, enough to dampen our
toes or, at most, wet our ankles. The water seewitsng. The ocean calls. Some part of
our being knows this is from where we came. We lanigeturn. These aspirations are not,
| think, irreverent, although they may trouble wéhadr gods may be.

The dimensions of the Cosmos are so large thagdamiliar units of distance,
such as meters or miles, chosen for their utilitygarth, would make little sense. Instead,
we measure distance with the speed of light. Insmeend a beam of light travels 186,000
miles, nearly 300,000 kilometers or seven timesiadahe Earth. In eight minutes it will
travel from the Sun to the Earth. We can say theiSeight light-minutes away. In a year,
it crosses nearly ten trillion kilometers, abouttillion miles, of intervening space. That
unit of length, the distance light goes in a y&acalled a light-year. It measures not time
but distances - enormous distances.

The Earth is a place. It is by no means the oldgep It is not even a typical place.
No planet or star or galaxy can be typical, becalus€Cosmos is mostly empty. The only
typical place is within the vast, cold, universatuum, the everlasting night of
intergalactic space, a place so strange and dedbktt by comparison, planets and stars
and galaxies seem achingly rare and lovely. If veeewandomly inserted into the Cosmaos,
the chance that we would find ourselves on or agaanet would be less than one in a
billion trillion trillion* (10 *3, a one followed by 33 zeroes). In everyday lifehsadds are
called compelling. Worlds are precious.

* We use the American scientific convention forg@amumbers: one billion = 1,000,000,000 2,10
one trillion = 1,000,000,000,000= *#petc. The exponent counts the number of zeroes ti¢ one.

From an intergalactic vantage point we would seeys like sea froth on the
waves of space, innumerable faint, wispy tendfilsght. These are the galaxies. Some are
solitary wanderers; most inhabit communal clusteusldling together, drifting endlessly in
the great cosmic dark. Before us is the Cosmos@mgtandest scale we know. We are in
the realm of the nebulae, eight billion light-yetiam Earth, halfway to the edge of the
known universe.

A galaxy is composed of gas and dust and staistsliupon billions of stars. Every
star may be a sun to someone. Within a galaxytare and worlds and, it may be, a
proliferation of living things and intelligent b&ja and spacefaring civilizations. But from
afar, a galaxy reminds me more of a collectioroetly found objects - seashells, perhaps,
or corals, the productions of Nature laboring feomas in the cosmic ocean.

There are some hundred billion t)0galaxies, each with, on the average, a hundred
billion stars. In all the galaxies, there are ppehas many planets as stars; k010> =107,
ten billion trillion. In the face of such overpowsy numbers, what is the likelihood that
only one ordinary star, the Sun, is accompaniedrbyhabited planet? Why should we,
tucked away in some forgotten corner of the Costeso fortunate? To me, it seems far
more likely that the universe is brimming over wlife. But we humans do not yet know.



We are just beginning our explorations. From elghion light-years away we are hard
pressed to find even the cluster in which our My Galaxy is embedded, much less
the Sun or the Earth. The only planet we are surghiabited is a tiny speck of rock and
metal, shining feebly by reflected sunlight, andhét distance utterly lost.

But presently our journey takes us to what astnoers on Earth like to call the
Local Group of galaxies. Several million light-ysacross, it is composed of some twenty
constituent galaxies. It is a sparse and obscuteiapretentious cluster. One of these
galaxies is M31, seen from the Earth in the coladteh Andromeda. Like other spiral
galaxies, it is a huge pinwheel of stars, gas arst. 31 has two small satellites, dwarf
elliptical galaxies bound to it by gravity, by tlikentical law of physics that tends to keep
me in my chair. The laws of nature are the sanmmutjhrout the Cosmos. We are now two
million light-years from home.

Beyond M31 is another, very similar galaxy, oumgws spiral arms turning slowly,
once every quarter billion years. Now, forty thauséght-years from home, we find
ourselves falling toward the massive center ofMliley Way. But if we wish to find the
Earth, we must redirect our course to the remotskats of the Galaxy, to an obscure
locale near the edge of a distant spiral arm.

Our overwhelming impression, even between theabpims, is of stars streaming
by us - a vast array of exquisitely self-luminote's, some as flimsy as a soap bubble and
so large that they could contain ten thousand Suadrillion Earths; others the size of a
small town and a hundred trillion times denser tlead. Some stars are solitary, like the
Sun. Most have companions. Systems are commonlylelowo stars orbiting one another.
But there is a continuous gradation from tripletegss through loose clusters of a few
dozen stars to the great globular clusters, redplanwith a million suns. Some double
stars are so close that they touch, and starstwisfbeneath them. Most are as separated as
Jupiter is from the Sun. Some stars, the supern@aes bright as the entire galaxy that
contains them; others, the black holes, are inkdilom a few kilometers away. Some
shine with a constant brightness; others flickezautainly or blink with an unfaltering
rhythm. Some rotate in stately elegance; others spifeverishly that they distort
themselves to oblateness. Most shine mainly ilblMsand infrared light; others are also
brilliant sources of X-rays or radio waves. Bluarstare hot and young; yellow stars,
conventional and middle-aged; red stars, oftenrl@ad dying; and small white or black
stars are in the final throes of death. The Milkgy¢ontains some 400 billion stars of all
sorts moving with a complex and orderly grace. IDthe stars, the inhabitants of Earth
know close-up, so far, but one.

Each star system is an island in space, quarahtiom its neighbors by the
light-years. | can imagine creatures evolving igliommerings of knowledge on
innumerable worlds, every one of them assumingsittheir puny planet and paltry few
suns to be all that is. We grow up in isolationlyGstowly do we teach ourselves the
Cosmos.

Some stars may be surrounded by millions of Igelend rocky worldlets, planetary
systems frozen at some early stage in their ewluRerhaps many stars have planetary
systems rather like our own: at the periphery, togegeous ringed planets and icy moons,
and nearer to the center, small, warm, blue-whltejd-covered worlds. On some,



intelligent life may have evolved, reworking thapétary surface in some massive
engineering enterprise. These are our brothersiatetls in the Cosmos. Are they very
different from us? What is their form, biochemistmgurobiology, history, politics, science,
technology, art, music, religion, philosophy? Pedhsome day we will know them.

We have now reached our own backyard, a light-frean Earth. Surrounding our
Sun is a spherical swarm of giant snow-balls coragas ice and rock and organic
molecules: the cometary nuclei. Every now and #heassing star gives a tiny gravitational
tug, and one of them obligingly careens into theeirsolar system. There the Sun heats it,
the ice is vaporized, and a lovely cometary tavedeps.

We approach the planets of our system, largishdspcaptives of the Sun,
gravitationally constrained to follow nearly ciraunlorbits, heated mainly by sunlight. Pluto,
covered with methane ice and accompanied by itasplgiant moon Charon, is
illuminated by a distant Sun, which appears as ocerthan a bright point of light in a
pitchblack sky. The giant gas worlds, Neptune, UsariBaturn - the jewel of the solar
system - and Jupiter all have an entourage of iogns. Interior to the region of gassy
planets and orbiting icebergs are the warm, rockyipces of the inner solar system. There
is, for example, the red planet Mars, with soakinlganoes, great rift valleys, enormous
planet-wide sandstorms, and, just possibly, somelsiforms of life. All the planets orbit
the Sun, the nearest star, an inferno of hydrogerhalium gas engaged in thermonuclear
reactions, flooding the solar system with light.

Finally, at the end of all our wanderings, we retto our tiny, fragile, blue-white
world, lost in a cosmic ocean vast beyond our mosgtageous imaginings. It is a world
among an immensity of others. It may be significamiy for us. The Earth is our home, our
parent. Our kind of life arose and evolved heree ihman species is coming of age here. It
is on this world that we developed our passiorefgloring the Cosmos, and it is here that
we are, in some pain and with no guarantees, wgrbirt our destiny.

Welcome to the planet Earth - a place of blueogin skies, oceans of liquid water,
cool forests and soft meadows, a world positivgdplmg with life. In the cosmic
perspective it is, as | have said, poignantly béaawnd rare; but it is also, for the moment,
unique. In all our journeying through space ancetirnis, so far, the only world on which
we know with certainty that the matter of the Cosrhas become alive and aware. There
must be many such worlds scattered through spateub search for them begins here,
with the accumulated wisdom of the men and womewsuokpecies, garnered at great cost
over a million years. We are privileged to live argdrilliant and passionately inquisitive
people, and in a time when the search for knowlésigenerally prized. Human beings,
born ultimately of the stars and now for a whilkabiting a world called Earth, have begun
their long voyage home.

The discovery that the Earth iditle world was made, as so many important
human discoveries were, in the ancient Near East time some humans call the third
century B.C., in the greatest metropolis of the, #ige Egyptian city of Alexandria. Here
there lived a man named Eratosthenes. One of kiswecontemporaries called him
‘Beta,’ the second letter of the Greek alphabetahbse, he said, Eratosthenes was second
best in the world in everything. But it seems cldwat in almost everything Eratosthenes
was ‘Alpha.” He was an astronomer, historian, gapber, philosopher, poet, theater critic
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and mathematician. The titles of the books he wratge fromAstronomyto On Freedom
from Pain He was also the director of the great libranAtexandria, where one day he
read in a papyrus book that in the southern frowmtigpost of Syene, near the first cataract
of the Nile, at noon on June 21 vertical sticks casshadows. On the summer solstice, the
longest day of the year, as the hours crept towaddlay, the shadows of temple columns
grew shorter. At noon, they were gone. A reflecoéthe Sun could then be seen in the
water at the bottom of a deep well. The Sun wasctir overhead.

It was an observation that someone else mighlydasve ignored. Sticks, shadows,
reflections in wells, the position of the Sun wdfat possible importance could such simple
everyday matters be? But Eratosthenes was a stjertd his musings on these
commonplaces changed the world; in a way, they faglevorld. Eratosthenes had the
presence of mind to do an experiment, actuallyoseove whether in Alexandria vertical
sticks cast shadows near noon on June 21. Andsbewéred, sticks do.

Eratosthenes asked himself how, at the same mometitk in Syene could cast no
shadow and a stick in Alexandria, far to the noctiyld cast a pronounced shadow.
Consider a map of ancient Egypt with two vertidalks of equal length, one stuck in
Alexandria, the other in Syene. Suppose thatcattain moment, each stick casts no
shadow at all. This is perfectly easy to understgmavided the Earth is flat. The Sun
would then be directly overhead. If the two stickst shadows of equal length, that also
would make sense on a flat Earth: the Sun’s rayddvihen be inclined at the same angle
to the two sticks. But how could it be that at $aene instant there was no shadow at Syene
and a substantial shadow at Alexandria?

The only possible answer, he saw, was that tHasiof the Earth is curved. Not
only that: the greater the curvature, the gre&tedifference in the shadow lengths. The
Sun is so far away that its rays are parallel wthey reach the Earth. Sticks placed at
different angles to the Sun’s rays cast shadovdiffgirent lengths. For the observed
difference in the shadow lengths, the distance éetwAlexandria and Syene had to be
about seven degrees along the surface of the Ehathis, if you imagine the sticks
extending down to the center of the Earth, theyldithere intersect at an angle of seven
degrees. Seven degrees is something like onettiitiethree hundred and sixty degrees,
the full circumference of the Earth. Eratosthenasvkthat the distance between
Alexandria and Syene was approximately 800 kilonsetgecause he hired a man to pace it
out. Eight hundred kilometers times 50 is 40,000rketers: so that must be the
circumference of the Earth.*

* Or if you like to measure things in miles, thetdince between Alexandria and Syene is about 500
miles, and 500 miles x 50 = 25,000 miles.

This is the right answer. Eratosthenes’ only tewdse sticks, eyes, feet and brains,
plus a taste for experiment. With them he dedubectircumference of the Earth with an
error of only a few percent, a remarkable achieverfar 2,200 years ago. He was the first
person accurately to measure the size of a planet.

The Mediterranean world at that time was famouséafaring. Alexandria was the
greatest seaport on the planet. Once you knewdhé Eo be a sphere of modest diameter,
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would you not be tempted to make voyages of exptorato seek out undiscovered lands,
perhaps even to attempt to sail around the pldf@i? hundred years before Eratosthenes,
Africa had been circumnavigated by a Phoeniciagt fle the employ of the Egyptian
Pharaoh Necho. They set sail, probably in frailmobeats, from the Red Sea, turned down
the east coast of Africa up into the Atlantic, ratag through the Mediterranean. This epic
journey took three years, about as long as a modeyager spacecratft takes to fly from
Earth to Saturn.

After Eratosthenes’ discovery, many great voyager® attempted by brave and
venturesome sailors. Their ships were tiny. Theydray rudimentary navigational
instruments. They used dead reckoning and folloggadtlines as far as they could. In an
unknown ocean they could determine their latitdme,not their longitude, by observing,
night after night, the position of the constellasavith respect to the horizon. The familiar
constellations must have been reassuring in thetrofcan unexplored ocean. The stars are
the friends of explorers, then with seagoing sbip&arth and now with spacefaring ships
in the sky. After Eratosthenes, some may have,thatinot until the time of Magellan did
anyone succeed in circumnavigating the Earth. Wales of daring and adventure must
earlier have been recounted as sailors and navsgg@ctical men of the world, gambled
their lives on the mathematics of a scientist frdlexandria?

In Eratosthenes’ time, globes were constructettgging the Earth as viewed from
space; they were essentially correct in the watl@ed Mediterranean but became more
and more inaccurate the farther they strayed fromeh Our present knowledge of the
Cosmos shares this disagreeable but inevitablaridn the first century, the Alexandrian
geographer Strabo wrote:

Those who have returned from an attempt to circiungase the Earth do not say
they have been prevented by an opposing contif@ritie sea remained perfectly
open, but, rather, through want of resolution azataty of provision ....
Eratosthenes says that if the extent of the Ata@tiean were not an obstacle, we
might easily pass by sea from Iberia to Indidt.is quite possible that in the
temperate zone there may be one or two habitabte€a.. Indeed, if [this other
part of the world] is inhabited, it is not inhaldltby men such as exist in our parts,
and we should have to regard it as another inréhbrteld.

Humans were beginning to venture, in almost evengs that matters, to other worlds.

The subsequent exploration of the Earth was adwadle endeavor, including
voyages from as well as to China and Polynesia.clilhmination was, of course, the
discovery of America by Christopher Columbus aredjturneys of the following few
centuries, which completed the geographical exptoraf the Earth. Columbus’ first
voyage is connected in the most straight-forwargt wih the calculations of Eratosthenes.
Columbus was fascinated by what he called ‘thefprite of the Indies,” a project to reach
Japan, China and India not by following the coasthf Africa and sailing East but rather
by plunging boldly into the unknown Western oceanm,-as Eratosthenes had said with
startling prescience, ‘to pass by sea from Iberimdia.’
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Columbus had been an itinerant peddler of old naaplsan assiduous reader of the
books by and about the ancient geographers, ingudiatosthenes, Strabo and Ptolemy.
But for the Enterprise of the Indies to work, fbips and crews to survive the long voyage,
the Earth had to be smaller than Eratosthenesdadd@olumbus therefore cheated on his
calculations, as the examining faculty of the Umsity of Salamanca quite correctly
pointed out. He used the smallest possible circtentee of the Earth and the greatest
eastward extension of Asia he could find in all boeks available to him, and then
exaggerated even those. Had the Americas not betee way, Columbus’ expeditions
would have failed utterly.

The Earth is now thoroughly explored. It no longesmises new continents or lost
lands. But the technology that allowed us to exphlord inhabit the most remote regions of
the Earth now permits us to leave our planet, tdwe into space, to explore other worlds.
Leaving the Earth, we are now able to view it frabove, to see its solid spherical shape of
Eratosthenian dimensions and the outlines of itgigents, confirming that many of the
ancient mapmakers were remarkably competent. Whkgtasure such a view would have
given to Eratosthenes and the other Alexandriag@gghers.

It was in Alexandria, during the six hundred ydagginning around 300 B.C., that
human beings, in an important sense, began thiéertteal adventure that has led us to the
shores of space. But of the look and feel of thatigqus marble city, nothing remains.
Oppression and the fear of learning have oblitdratmost all memory of ancient
Alexandria. Its population was marvelously divemgacedonian and later Roman soldiers,
Egyptian priests, Greek aristocrats, PhoenicidorsaiJewish merchants, visitors from
India and sub-Saharan Africa - everyone, excepvéisé slave population - lived together
in harmony and mutual respect for most of the pkobAlexandria’s greatness.

The city was founded by Alexander the Great antstracted by his former
bodyguard. Alexander encouraged respect for alitnres and the open-minded pursuit of
knowledge. According to tradition - and it does match matter whether it really happened
- he descended beneath the Red Sea in the warkt'sliving bell. He encouraged his
generals and soldiers to marry Persian and Ind@men. He respected the gods of other
nations. He collected exotic lifeforms, including elephant for Aristotle, his teacher. His
city was constructed on a lavish scale, to be thedicenter of commerce, culture and
learning. It was graced with broad avenues thirggars wide, elegant architecture and
statuary, Alexander’'s monumental tomb, and an eaosiighthouse, the Pharos, one of
the seven wonders of the ancient world.

But the greatest marvel of Alexandria was thealiprand its associated museum
(literally, an institution devoted to the speciadtiof the Nine Muses). Of that legendary
library, the most that survives today is a dank famgotten cellar of the Serapeum, the
library annex, once a temple and later reconseattatknowledge. A few moldering
shelves may be its only physical remains. Yetplase was once the brain and glory of the
greatest city on the planet, the first true redearstitute in the history of the world. The
scholars of the library studied the entire Cosnmsmosgs a Greek word for the order of
the universe. It is, in a way, the oppositeCtios It implies the deep interconnectedness
of all things. It conveys awe for the intricate audbtle way in which the universe is put
together. Here was a community of scholars, expipphysics, literature, medicine,



astronomy, geography, philosophy, mathematicspgigland engineering. Science and
scholarship had come of age. Genius flourishecthidre Alexandrian Library is where we
humans first collected, seriously and systematic#ite knowledge of the world.

In addition to Eratosthenes, there was the astnenddiparchus, who mapped the
constellations and estimated the brightness o$tidwes; Euclid, who brilliantly systematized
geometry and told his king, struggling over a difft mathematical problem, ‘There is no
royal road to geometry’; Dionysius of Thrace, themmvho defined the parts of speech and
did for the study of language what Euclid did feogetry; Herophilus, the physiologist
who firmly established that the brain rather tham lheart is the seat of intelligence; Heron
of Alexandria, inventor of gear trains and steamimes and the author élutomata the
first book on robots; Apollonius of Perga, the nemtiatician who demonstrated the forms
of the conic sections* - ellipse, parabola and hlgpka - the curves, as we now know,
followed in their orbits by the planets, the cometsl the stars; Archimedes, the greatest
mechanical genius until Leonardo da Vinci; anddeionomer and geographer Ptolemy,
who compiled much of what is today the pseudose@ri@strology: his Earth-centered
universe held sway for 1,500 years, a reminderittieliectual capacity is no guarantee
against being dead wrong. And among those greatwasra great woman, Hypatia,
mathematician and astronomer, the last light ofitirary, whose martyrdom was bound up
with the destruction of the library seven centugésr its founding, a story to which we
will return.

*So called because they can be produced by slitirggigh a cone at various angles. Eighteen
centuries later, the writings of Apollonius on aoeections would be employed by Johannes Kepler in
understanding for the first time the movement ef phanets.

The Greek Kings of Egypt who succeeded Alexandeeserious about learning.
For centuries, they supported research and magdamthe library a working environment
for the best minds of the age. It contained tegdaesearch halls, each devoted to a
separate subject; fountains and colonnades; balagcdens; a zoo; dissecting rooms; an
observatory; and a great dining hall where, atiteiswas conducted the critical discussion
of ideas.

The heart of the library was its collection of keoThe organizers combed all the
cultures and languages of the world. They senttagdiroad to buy up libraries.
Commercial ships docking in Alexandria were seaiddhethe police - not for contraband,
but for books. The scrolls were borrowed, copied @en returned to their owners.
Accurate numbers are difficult to estimate, bueiéms probable that the Library contained
half a million volumes, each a handwritten papya®ll. What happened to all those
books? The classical civilization that created tligsmtegrated, and the library itself was
deliberately destroyed. Only a small fraction efutorks survived, along with a few
pathetic scattered fragments. And how tantalizihagé bits and pieces are! We know, for
example, that there was on the library shelvesok by the astronomer Aristarchus of
Samos, who argued that the Earth is one of theefdawhich like them orbits the Sun, and
that the stars are enormously far away. Each sktlbenclusions is entirely correct, but we
had to wait nearly two thousand years for theirseavery. If we multiply by a hundred



thousand our sense of loss for this work of Aristas, we begin to appreciate the grandeur
of the achievement of classical civilization and tragedy of its destruction.

We have far surpassed the science known to therdnveorld. But there are
irreparable gaps in our historical knowledge. Imagivhat mysteries about our past could
be solved with a borrower’s card to the Alexandtigsrary. We know of a three-volume
history of the world, now lost, by a Babyloniangst named Berossus. The first volume
dealt with the interval from the Creation to thedd, a period he took to be 432,000 years
or about a hundred times longer than the Old Testachronology. | wonder what was in
it.

The ancients knew that the world is very old. Theyght to look into the distant
past. We now know that the Cosmos is far older thag ever imagined. We have
examined the universe in space and seen that wetiva mote of dust circling a humdrum
star in the remotest corner of an obscure galarg iRwe are a speck in the immensity of
space, we also occupy an instant in the expanagaes. We now know that our universe -
or at least its most recent incarnation - is soifteeh or twenty billion years old. This is
the time since a remarkable explosive event caéliedig Bang. At the beginning of this
universe, there were no galaxies, stars or planetsfe or civilizations, merely a uniform,
radiant fireball filling all of space. The passdgem the Chaos of the Big Bang to the
Cosmos that we are beginning to know is the mossawe transformation of matter and
energy that we have been privileged to glimpse. émtil we find more intelligent beings
elsewhere, we are ourselves the most spectacuédirtbe transformations - the remote
descendants of the Big Bang, dedicated to undelistgiand further transforming the
Cosmos from which we spring.



CHAPTER I
One Voice in the Cosmic Fugue

| am bidden to surrender myself to the Lord of Werlds.
He it is who created you of the dust . . .
- The Koran, Sura 40

The oldest of all philosophies, that of Evoluti@ras bound hand and foot and cast
into utter darkness during the millennium of thepdal scholasticism. But Darwin
poured new lifeblood into the ancient frame; thad®burst, and the revivified
thought of ancient Greece has proved itself to beee adequate expression of the
universal order of things than any of the schemi@isiwhave been accepted by the
credulity and welcomed by the superstition of t@dgenerations of men.

- T. H. Huxley, 1887

Probably all the organic beings which have evexdion this earth have descended
from some one primordial form, into which life wist breathed .... There is
grandeur in this view of life . . . that, whilsigtplanet has gone cycling on
according to the fixed law of gravity, from so simpa beginning endless forms
most beautiful and most wonderful have been, aadamng, evolved.

- Charles DarwinThe Origin of Specie4859

A community of matter appears to exist throughbetuisible universe, for the stars
contain many of the elements which exist in the &uh Earth. It is remarkable that
the elements most widely diffused through the lobstars are some of those most
closely connected with the living organisms of glabe, including hydrogen,
sodium, magnesium, and iron. May it not be thakeast, the brighter stars are like
our Sun, the upholding and energizing centres stiesys of worlds, adapted to be
the abode of living beings?

- William Huggins, 1865

All my life I have wondered about the possibilitl/lile elsewhere. What would it be like?
Of what would it be made? All living things on qulanet are constructed of organic
molecules - complex microscopic architectures ictvithe carbon atom plays a central
role. There was once a time before life, when taglEwas barren and utterly desolate. Our
world is now overflowing with life. How did it com&bout? How, in the absence of life,
were carbon-based organic molecules made? Hovhdifirst living things arise? How did
life evolve to produce beings as elaborate and texrgs we, able to explore the mystery
of our own origins?

And on the countless other planets that may cother suns, is there life also? Is
extraterrestrial life, if it exists, based on tleene organic molecules as life on Earth? Do
the beings of other worlds look much like life ocarta? Or are they stunningly different -



other adaptations to other environments? Whatiglgessible? The nature of life on Earth
and the search for life elsewhere are two sidéseofame question - the search for who we
are.

In the great dark between the stars there arelslofigas and dust and organic
matter. Dozens of different kinds of organic molesthave been found there by radio
telescopes. The abundance of these molecules ssidigatsthe stuff of life is everywhere.
Perhaps the origin and evolution of life is, givamough time, a cosmic inevitability. On
some of the billions of planets in the Milky Way I&ey, life may never arise. On others, it
may arise and die out, or never evolve beyondmtgplest forms. And on some small
fraction of worlds there may develop intelligene@sl civilizations more advanced than
our own.

Occasionally someone remarks on what a lucky adémce it is that the Earth is
perfectly suitable for life - moderate temperatutiegiid water, oxygen atmosphere, and so
on. But this is, at least in part, a confusionafise and effect. We earthlings are supremely
well adapted to the environment of the Earth beeawesgrew up here. Those earlier forms
of life that were not well adapted died. We arecéesled from the organisms that did well.
Organisms that evolve on a quite different worltl doubtless sing its praises too.

All life on Earth is closely related. We have argoon organic chemistry and a
common evolutionary heritage. As a result, ourdmgats are profoundly limited. They
study only a single kind of biology, one lonelytieein the music of life. Is this faint and
reedy tune the only voice for thousands of ligharg® Or is there a kind of cosmic fugue,
with themes and counterpoints, dissonances anddmies) a billion different voices
playing the life music of the Galaxy?

Let me tell you a story about one little phraséhim music of life on Earth. In the
year 1185, the Emperor of Japan was a seven-yddregl named Antoku. He was the
nominal leader of a clan of samurai called the Eeiltho were engaged in a long and
bloody war with another samurai clan, the GenjclEasserted a superior ancestral claim to
the imperial throne. Their decisive naval encountéth the Emperor on board ship,
occurred at Danno-ura in the Japanese Inland Sépmli24, 1185. The Heike were
outnumbered, and outmaneuvered. Many were killéd.Survivors, in massive numbers,
threw themselves into the sea and drowned. The Naigdgrandmother of the Emperor,
resolved that she and Antoku would not be captbyetthe enemy. What happened next is
told in The Tale of the Heike:

The Emperor was seven years old that year but tbokech older. He was so

lovely that he seemed to shed a brilliant radiaara his long, black hair hung loose
far down his back. With a look of surprise and atxin his face he asked the
Lady Nii, ‘Where are you to take me?’

She turned to the youthful sovereign, with teémsasning down her cheeks,
and . . . comforted him, binding up his long haihis dove-colored robe. Blinded
with tears, the child sovereign put his beauti$ahall hands together. He turned
first to the East to say farewell to the god ofdsel then to the West to repeat the
Nembutsu [a prayer to the Amida Buddha]. The Ladydbok him tightly in her



arms and with the words ‘In the depths of the odeamur capitol,” sank with him at
last beneath the waves.

The entire Heike battle fleet was destroyed. Oatyfthree women survived. These
ladies-in-waiting of the imperial court were forcedsell flowers and other favors to the
fishermen near the scene of the battle. The Hdikest vanished from history. But a

ragtag group of the former ladies-in-waiting anélitloffspring by the fisher-folk

established a festival to commemorate the batttakes place on the twenty-fourth of

April every year to this day. Fishermen who aredhscendants of the Heike dress in hemp
and black headgear and proceed to the Akama shkihioh contains the mausoleum of the
drowned Emperor. There they watch a play portragiegevents that followed the Battle of
Danno-ura. For centuries after, people imaginetttiey could discern ghostly samurai
armies vainly striving to bail the sea, to cleamnsd# blood and defeat and humiliation.

The fishermen say the Heike samurai wander theinstof the Inland Sea still - in
the form of crabs. There are crabs to be found Wwéhecurious markings on their backs,
patterns and indentations that disturbingly resertiie face of a samurai. When caught,
these crabs are not eaten, but are returned sethan commemoration of the doleful
events at Danno-ura.

This legend raises a lovely problem. How does me@bout that the face of a
warrior is incised on the carapace of a crab? Tisevar seems to be that humans made the
face. The patterns on the crab’s shell are intterBait among crabs, as among people,
there are many different hereditary lines. Suppbat by chance, among the distant
ancestors of this crab, one arose with a pattetrésembled, even slightly, a human face.
Even before the battle of Danno-ura, fishermen hase been reluctant to eat such a crab.
In throwing it back, they set in motion an evolu@oy process: If you are a crab and your
carapace is ordinary, the humans will eat you. Ymer will leave fewer descendants. If
your carapace looks a little like a face, they wilow you back. You will leave more
descendants. Crabs had a substantial investméme patterns on their carapaces. As the
generations passed, of crabs and fishermen dfigerabs with patterns that most
resembled a samurai face survived preferentialty ementually there was produced not
just a human face, not just a Japanese face, bwighge of a fierce and scowling samurai.
All this has nothing to do with what the cralant Selection is imposed from the outside.
The more you look like a samurai, the better angr yhances of survival. Eventually, there
come to be a great many samurai crabs.

This process is called artificial selection. In tase of the Heike crab it was
effected more or less unconsciously by the fisharraad certainly without any serious
contemplation by the crabs. But humans have daliblr selected which plants and
animals shall live and which shall die for thousanflyears. We are surrounded from
babyhood by familiar farm and domestic animalsidrand trees and vegetables. Where do
they come from? Were they once free-living in thiehand then induced to adopt a less
strenuous life on the farm? No, the truth is qdifeerent. They are, most of them, made by
us.

Ten thousand years ago, there were no dairy cofesret hounds or large ears of



corn. When we domesticated the ancestors of tHasésgand animals - sometimes
creatures who looked quite different - we contiblieeir breeding. We made sure that
certain varieties, having properties we considsirdble, preferentially reproduced. When
we wanted a dog to help us care for sheep, wetedléceeds that were intelligent,
obedient and had some pre-existing talent to hvend;h is useful for animals who hunt in
packs. The enormous distended udders of dairyecatt the result of a human interest in
milk and cheese. Our corn, or maize, has beenfbradn thousand generations to be more
tasty and nutritious than its scrawny ancestodeeédl, it is so changed that it cannot even
reproduce without human intervention.

The essence of artificial selection - for a Hatkab, a dog, a cow or an ear of corn -
is this: Many physical and behavioral traits ofrisaand animals are inherited. They breed
true. Humans, for whatever reason, encourage pgredaction of some varieties and
discourage the reproduction of others. The vasgetgcted for preferentially reproduces; it
eventually becomes abundant; the variety sele@athst becomes rare and perhaps
extinct.

But if humans can make new varieties of plantsamwithals, must not nature do so
also? This related process is called natural setecthat life has changed fundamentally
over the aeons is entirely clear from the alterstive have made in the beasts and
vegetables during the short tenure of humans otinEamd from the fossil evidence. The
fossil record speaks to us unambiguously of creatthrat once were present in enormous
numbers and that have now vanished utterly.* Farerspecies have become extinct in the
history of the Earth than exist today; they aretdreinated experiments of evolution.

* Although traditional Western religious opiniorostly maintained the contrary, as for example, the
1770 opinion of John Wesley: ‘Death is never petedito destroy [even] the most inconsiderable g3eci

The genetic changes induced by domestication hemeri@d very rapidly. The
rabbit was not domesticated until early medievaks (it was bred by French monks in the
belief that new-born bunnies were fish and theeetatempt from the prohibitions against
eating meat on certain days in the Church calendaffee in the fifteenth century; the
sugar beet in the nineteenth century; and the miskll in the earliest stages of
domestication. In less than ten thousand yearsedbication has increased the weight of
wool grown by sheep from less than one kilogramoafjh hairs to ten or twenty kilograms
of uniform, fine down; or the volume of milk givday cattle during a lactation period from
a few hundred to a million cubic centimeters. tifanial selection can make such major
changes in so short a period of time, what musirabselection, working over billions of
years, be capable of? The answer is all the bemdydiversity of the biological world.
Evolution is a fact, not a theory.

That the mechanism of evolution is natural selecisathe great discovery
associated with the names of Charles Darwin anceAIRussel Wallace. More than a
century ago, they stressed that nature is protti@t many more animals and plants are
born than can possibly survive and that therefloesshvironment selects those varieties
which are, by accident, better suited for survikltations - sudden changes in heredity -
breed true. They provide the raw material of evolutThe environment selects those few



mutations that enhance survival, resulting in g&seasf slow transformations of one
lifeform into another, the origin of new species.*

* |n the Mayan holy book the Popol Vuh, the varidoms of life are described as unsuccessful
attempts by gods with a predilection for experinterinake people. Early tries were far off the markating
the lower animals; the penultimate attempt, a nd@as, made the monkeys. In Chinese myth, humargbein
arose from the body lice of a god named P’an Kuhéeighteenth century, de Buffon proposed that th
Earth was much older than Scripture suggestedthbdbrms of life somehow changed slowly over the
millennia, but that the apes were the forlorn dedaets of people. While these notions do not pedgcis
reflect the evolutionary process described by Darmvid Wallace, they are anticipations of it - asthe
views of Democritus, Empedocles and other earljaloscientists who are discussed in Chapter 7.

Darwin’s words inThe Origin of Speciesere:

Man does not actually produce variability; he omhntentionally exposes organic
beings to new conditions of life, and then Natws @n the organisation, and
causes variability. But man can and does seleatdhations given to him by
Nature, and thus accumulate them in any desirecherahiie thus adapts animals
and plants for his own benefit or pleasure. He n@ayhis methodically, or he may
do it unconsciously by preserving the individualssinuseful to him at the time,
without any thought of altering the breed .... Ehisrno obvious reason why the
principles which have acted so efficiently undemgstication should not have
acted under Nature . . . . More individuals arenldban can possibly survive . . . .
The slightest advantage in one being, of any agkiong any season, over those
with which it comes into competition, or better ptiion in however slight a
degree to the surrounding physical conditions, wiih the balance.

T. H. Huxley, the most effective nineteenth-centdeyender and popularizer of evolution,
wrote that the publications of Darwin and Wallacereva ‘flash of light, which to a man
who has lost himself in a dark night, suddenly edy@ road which, whether it takes him
straight home or not, certainly goes his way .y.reflection, when | first made myself
master of the central idea of the ‘Origin of Speciwas, ‘How extremely stupid not to
have thought of that! | suppose that Columbus’ pamons said much the same .... The
facts of variability, of the struggle for existencé adaptation to conditions, were notorious
enough; but none of us had suspected that thetoahe heart of the species problem lay
through them, until Darwin and Wallace dispelled tlarkness.’

Many people were scandalized - some still arebottt ideas, evolution and natural
selection. Our ancestors looked at the elegantifeain Earth, at how appropriate the
structures of organisms are to their functions, gawl evidence for a Great Designer. The
simplest one-celled organism is a far more compiaghine than the finest pocket watch.
And yet pocket watches do not spontaneously seirable, or evolve, in slow stages, on
their own, from, say, grandfather clocks. A watciplies a watchmaker. There seemed to
be no way in which atoms and molecules could somedpmntaneously fall together to
create organisms of such awesome complexity anttesuinctioning as grace every region
of the Earth. That each living thing was specidigigned, that one species did not become



another, were notions perfectly consistent with wha ancestors with their limited
historical records knew about life. The idea thadrg organism was meticulously
constructed by a Great Designer provided a sigmfie and order to nature and an
importance to human beings that we crave still.&siDner is a natural, appealing and
altogether human explanation of the biological @woBut, as Darwin and Wallace showed,
there is another way, equally appealing, equallypdw, and far more compelling: natural
selection, which makes the music of life more biéalas the aeons pass.

The fossil evidence could be consistent with teaiof a Great Designer; perhaps
some species are destroyed when the Designer beabssatisfied with them, and new
experiments are attempted on an improved designthBunotion is a little disconcerting.
Each plant and animal is exquisitely made; shooldarsupremely competent Designer
have been able to make the intended variety franstart? The fossil record implies trial
and error, an inability to anticipate the futureatures inconsistent with an efficient Great
Designer (although not with a Designer of a moreate and indirect temperament).

When | was a college undergraduate in the ea’591 was fortunate enough to
work in the laboratory of H. J. Muller, a great géaist and the man who discovered that
radiation produces mutations. Muller was the pesba first called my attention to the
Heike crab as an example of artificial selectioa.ldarn the practical side of genetics, |
spent many months working with fruit flieBrosophila melanogastdmwhich means the
black-bodied dew-lover) - tiny benign beings witvotwings and big eyes. We kept them
in pint milk bottles. We would cross two varietiessee what new forms emerged from the
rearrangement of the parental genes, and fromaland induced mutations. The females
would deposit their eggs on a kind of molasseddbknicians placed inside the bottles; the
bottles were stoppered; and we would wait two wdekthe fertilized eggs to become
larvae, the larvae pupae, and the pupae to emsngevaadult fruit flies.

One day | was looking through a low-power binocutécroscope at a newly
arrived batch of adulDrosophilaimmobilized with a little ether, and was busilyaeating
the different varieties with a camel’s-hair brusb.my astonishment, | came upon
something very different: not a small variationtsas red eyes instead of white, or neck
bristles instead of no neck bristles. This was lagotand very well-functioning, kind of
creature with much more prominent wings and loragifery antennae. Fate had arranged, |
concluded, that an example of a major evolutiomhignge in a single generation, the very
thing Muller had said could never happen, shouté falace in his own laboratory. It was
my unhappy task to explain it to him.

With heavy heart | knocked on his office door. f@®in,” came the muffled cry. |
entered to discover the room darkened except $ange small lamp illuminating the stage
of the microscope at which he was working. In thgdlsemy surroundings | stumbled
through my explanation. | had found a very différend of fly. | was sure it had emerged
from one of the pupae in the molasses. | didn'tmteadisturb Muller but... ‘Does it look
more like Lepidoptera than Diptera?’ he askedfdwsg illuminated from below. | didn’t
know what this meant, so he had to explain: ‘Doésve big wings? Does it have feathery
antennae?’ | glumly nodded assent.

Muller switched on the overhead light and smiledignly. It was an old story.
There was a kind of moth that had adaptenmsphilagenetics laboratories. It was



nothing like a fruit fly and wanted nothing to dathvfruit flies. What it wanted was the
fruit flies’ molasses. In the brief time that tlaobratory technician took to unstopper and
stopper the milk bottle - for example, to add filigs - the mother moth made a
dive-bombing pass, dropping her eggs on the runth tasty molasses. | had not
discovered a macro-mutation. | had merely stumbfszh another lovely adaptation in
nature, itself the product of micromutation andunait selection.

The secrets of evolution are death and time d#dahs of enormous numbers of
lifeforms that were imperfectly adapted to the emwment; and time for a long succession
of small mutations that wel®y accidentadaptive, time for the slow accumulation of
patterns of favorable mutations. Part of the rasis¢ to Darwin and Wallace derives from
our difficulty in imagining the passage of the milhia, much less the aeons. What does
seventy million years mean to beings who live ane-millionth as long? We are like
butterflies who flutter for a day and think it @réver.

What happened here on Earth may be more or legstyy the evolution of life on many
worlds; but in such details as the chemistry otgires or the neurology of brains, the story
of life on Earth may be unique in all the Milky W&alaxy. The Earth condensed out of
interstellar gas and dust some 4.6 billion yeacs 8ge know from the fossil record that the
origin of life happened soon after, perhaps arcufddillion years ago, in the ponds and
oceans of the primitive Earth. The first livingrigs were not anything so complex as a
one-celled organism, already a highly sophisticébech of life. The first stirrings were
much more humble. In those early days, lightning @ltraviolet light from the Sun were
breaking apart the simple hydrogen-rich molecufas® primitive atmosphere, the
fragments spontaneously recombining into more aoceraomplex molecules. The
products of this early chemistry were dissolvethiioceans, forming a kind of organic
soup of gradually increasing complexity, until ategy, quite by accident, a molecule arose
that was able to make crude copies of itself, uambuilding blocks other molecules in the
soup. (We will return to this subject later.)

This was the earliest ancestor of deoxyribonudeid, DNA, the master molecule
of life on Earth. It is shaped like a ladder twiktato a helix, the rungs available in four
different molecular parts, which constitute therftaiters of the genetic code. These rungs,
called nucleotides, spell out the hereditary ingtams for making a given organism. Every
lifeform on Earth has a different set of instrunBpwritten out in essentially the same
language. The reason organisans different is the differences in their nucleic acid
instructions. A mutation is a change in a nuclentbpied in the next generation, which
breeds true. Since mutations emedomnucleotide changes, most of them are harmful or
lethal, coding into existence nonfunctional enzynhieis a long wait before a mutation
makes an organism work better. And yet it is thgirobable event, a small beneficial
mutation in a nucleotide a ten-millionth of a cemgter across, that makes evolution go.

Four billion years ago, the Earth was a molec@Garden of Eden. There were as
yet no predators. Some molecules reproduced theasselefficiently, competed for
building blocks and left crude copies of themsel#&h reproduction, mutation and the
selective elimination of the least efficient vaiest evolution was well under way, even at
the molecular level. As time went on, they got &etit reproducing. Molecules with



specialized functions eventually joined togethesikimg a kind of molecular collective -
the first cell. Plant cells today have tiny molesuiactories, called chloroplasts, which are
in charge of photosynthesis - the conversion ofight) water and carbon dioxide into
carbohydrates and oxygen. The cells in a dropaddlkontain a different sort of molecular
factory, the mitochondrion, which combines foodhaatkxygen to extract useful energy.
These factories exist in plant and animal cellayodut may once themselves have been
free-living cells.

By three billion years ago, a number of one-cefiohts had joined together,
perhaps because a mutation prevented a singlea®liseparating after splitting in two.
The first multicellular organisms had evolved. Bveell of your body is a kind of
commune, with once free-living parts all bandedetbgr for the common good. And you
are made of a hundred trillion cells. We are, ezfalns, a multitude.

Sex seems to have been invented around two bitkamns ago. Before then, new
varieties of organisms could arise only from theussulation of random mutations - the
selection of changes, letter by letter, in the genestructions. Evolution must have been
agonizingly slow. With the invention of sex, twayanisms could exchange whole
paragraphs, pages and books of their DNA code,uging new varieties ready for the
sieve of selection. Organisms are selected to enigasex - the ones that find it
uninteresting quickly become extinct. And thisrigetnot only of the microbes of two
billion years ago. We humans also have a palpablettn to exchanging segments of
DNA today.

By one billion years ago, plants, working coopealy, had made a stunning
change in the environment of the Earth. Green plgaherate molecular oxygen. Since the
oceans were by now filled with simple green plaaigigen was becoming a major
constituent of the Earth’s atmosphere, alteringetersibly from its original
hydrogen-rich character and ending the epoch ahEastory when the stuff of life was
made by nonbiological processes. But oxygen temdsake organic molecules fall to
pieces. Despite our fondness for it, it is fundarakiyna poison for unprotected organic
matter. The transition to an oxidizing atmospheyegol a supreme crisis in the history of
life, and a great many organisms, unable to copie exygen, perished. A few primitive
forms, such as the botulism and tetanus bacillnamga to survive even today only in
oxygen-free environments. The nitrogen in the Esudimosphere is much more
chemically inert and therefore much more benigm hveygen. But it, too, is biologically
sustained. Thus, 99 percent of the Earth’s atmasphef biological origin. The sky is
made by life.

For most of the four billion years since the arigf life, the dominant organisms
were microscopic blue-green algae, which coveretifidled the oceans. Then some 600
million years ago, the monopolizing grip of theadgvas broken and an enormous
proliferation of new lifeforms emerged, an everiteththe Cambrian explosion. Life had
arisen almost immediately after the origin of treeth, which suggests that life may be an
inevitable chemical process on an Earth-like plaBat life did not evolve much beyond
blue-green algae for three billion years, whichgasgs that large lifeforms with specialized
organs are hard to evolve, harder even than tigenarf life. Perhaps there are many other
planets that today have abundant microbes butgbdasts and vegetables.



Soon after the Cambrian explosion, the oceansddewth many different forms of
life. By 500 million years ago there were vast Isenéitrilobites, beautifully constructed
animals, a little like large insects; some huntegacks on the ocean floor. They stored
crystals in their eyes to detect polarized lighit Bhere are no trilobites alive today; there
have been none for 200 million years. The Earthl tigdoe inhabited by plants and animals
of which there is today no living trace. And of ceelevery species now on the planet once
did not exist. There is no hint in the old rocksaafmals like us. Species appear, abide
more or less briefly and then flicker out.

Before the Cambrian explosion species seem to sizseeeded one another rather
slowly. In part this may be because the richnesmioinformation declines rapidly the
farther into the past we peer; in the early histwirgur planet, few organisms had hard
parts and soft beings leave few fossil remains.iBpart the sluggish rate of appearance of
dramatically new forms before the Cambrian explossoreal; the painstaking evolution of
cell structure and biochemistry is not immediatelfected in the external forms revealed
by the fossil record. After the Cambrian explosiexqguisite new adaptations followed one
another with comparatively breathtaking speedapid succession, the first fish and the
first vertebrates appeared; plants, previouslyicst to the oceans, began the colonization
of the land; the first insect evolved, and its éestants became the pioneers in the
colonization of the land by animals; winged insentsse together with the amphibians,
creatures something like the lungfish, able toisertoth on land and in the water; the first
trees and the first reptiles appeared; the dingsawoslved; the mammals emerged, and then
the first birds; the first flowers appeared; theatiaurs became extinct; the earliest
cetaceans, ancestors to the dolphins and whatese and in the same period the primates -
the ancestors of the monkeys, the apes and therfsuinass than ten million years ago, the
first creatures who closely resembled human besngbsed, accompanied by a spectacular
increase in brain size. And then, only a few milligears ago, the first true humans
emerged.

Human beings grew up in forests; we have a na#ifiaity for them. How lovely a
tree is, straining toward the sky. Its leaves hstrganlight to photosynthesize, so trees
compete by shadowing their neighbors. If you lolaisely you can often see two trees
pushing and shoving with languid grace. Trees eeatgand beautiful machines, powered
by sunlight, taking in water from the ground andoca dioxide from the air, converting
these materials into food for their use and ouh® plant uses the carbohydrates it makes
as an energy source to go about its planty busidesswe animals, who are ultimately
parasites on the plants, steal the carbohydrate® s@an go abowur business. In eating
the plants we combine the carbohydrates with oxytiesolved in our blood because of our
penchant for breathing air, and so extract theggnrat makes us go. In the process we
exhale carbon dioxide, which the plants then rext@lmake more carbohydrates. What a
marvelous cooperative arrangement - plants andasieach inhaling the other’s
exhalations, a kind of planet-wide mutual mouttstoma resuscitation, the entire elegant
cycle powered by a star 150 million kilometers away

There are tens of billions of known kinds of origamolecules. Yet only about fifty
of them are used for the essential activitiesfef The same patterns are employed over
and over again, conservatively, ingeniously fofetént functions. And at the very heart of



life on Earth the proteins that control cell chetnyisand the nucleic acids that carry the
hereditary instructions - we find these molecutebé essentially identical in all the plants
and animals. An oak tree and | are made of the samfie If you go far enough back, we
have a common ancestor.

The living cell is a regime as complex and beautf the realm of the galaxies and
the stars. The elaborate machinery of the celbleas painstakingly evolved over four
billion years. Fragments of food are transmogrifigd cellular machinery. Today’s white
blood cell is yesterday’s creamed spinach. How dloesell do it? Inside is a labyrinthine
and subtle architecture that maintains its owncstine, transforms molecules, stores energy
and prepares for self-replication. If we could emteell, many of the molecular specks we
would see would be protein molecules, some in feghactivity, others merely waiting.
The most important proteins are enzymes, mole¢hbgscontrol the cell’s chemical
reactions. Enzymes are like assembly-line worleash specializing in a particular
molecular job: Step 4 in the construction of thelaatide guanosine phosphate, say, or
Step 11 in the dismantling of a molecule of sugaextract energy, the currency that pays
for getting the other cellular jobs done. But theyanes do not run the show. They receive
their instructions - and are in fact themselvesstmcted - on orders sent from those in
charge. The boss molecules are the nucleic aciesy live sequestered in a forbidden city
in the deep interior, in the nucleus of the cell.

If we plunged through a pore into the nucleushefdell, we would find something
that resembles an explosion in a spaghetti factarglisorderly multitude of coils and
strands, which are the two kinds of nucleic aci2l¥A, which knows what to do, and RNA,
which conveys the instructions issued by DNA tordst of the cell. These are the best that
four billion years of evolution could produce, caining the full complement of
information on how to make a cell, a tree or a hanvark. The amount of information in
human DNA, if written out in ordinary language, doccupy a hundred thick volumes.
What is more, the DNA molecules know how to makigh wnly very rare exceptions,
identical copies of themselves. They know extrawdily much.

DNA is a double helix, the two intertwined stramdsembling a ‘spiral’ staircase. It
is the sequence or ordering of the nucleotidesgaditmer of the constituent strands that is
the language of life. During reproduction, the tedi separate, assisted by a special
unwinding protein, each synthesizing an identicgdycof the other from nucleotide
building blocks floating about nearby in the vissdiguid of the cell nucleus. Once the
unwinding is underway, a remarkable enzyme callBidh[polymerase helps ensure that the
copying works almost perfectly. If a mistake is matthere are enzymes which snip the
mistake out and replace the wrong nucleotide byigte one. These enzymes are a
molecular machine with awesome powers.

In addition to making accurate copies of itsedfhich is what heredity is about -
nuclear DNA directs the activities of the cell -ialinis what metabolism is about - by
synthesizing another nucleic acid called messeRf§&x, each of which passes to the
extranuclear provinces and there controls the coctsbn, at the right time, in the right
place, of one enzyme. When all is done, a singtgrae molecule has been produced,
which then goes about ordering one particular asgiegbe chemistry of the cell.

Human DNA is a ladder a billion nucleotides loMpst possible combinations of



nucleotides are nonsense: they would cause thbesiatof proteins that perform no useful
function. Only an extremely limited number of nuclacid molecules are any good for
lifeforms as complicated as we. Even so, the nurabaseful ways of putting nucleic acids
together is stupefyingly large - probably far geeahan the total number of electrons and
protons in the universe. Accordingly, the numbepadsible individual human beings is
vastly greater than the number that have ever lithesluntapped potential of the human
species is immense. There must be ways of puttieteit acids together that will function
far better - by any criterion we choose - than lanman being who has ever lived.
Fortunately, we do not yet know how to assemblkeriaditive sequences of nucleotides to
make alternative kinds of human beings. In therkitue may well be able to assemble
nucleotides in any desired sequence, to producéewdacharacteristics we think desirable
- a sobering and disquieting prospect.

Evolution works through mutation and selection.tdiwns might occur during
replication if the enzyme DNA polymerase makes stafie. But it rarely makes a mistake.
Mutations also occur because of radioactivity eraviolet light from the Sun or cosmic
rays or chemicals in the environment, all of whielm change the nucleotides or tie the
nucleic acids up in knots. If the mutation ratéois high, we lose the inheritance of four
billion years of painstaking evolution. If it isddow, new varieties will not be available to
adapt to some future change in the environment.elbgition of life requires a more or
less precise balance between mutation and sele®tiban that balance is achieved,
remarkable adaptations occur.

A change in a single DNA nucleotide causes a ch@mg@ single amino acid in the
protein for which that DNA codes. The red bloodsef people of European descent look
roughly globular. The red blood cells of some peayl African descent look like sickles or
crescent moons. Sickle cells carry less oxygencandequently transmit a kind of anemia.
They also provide major resistance against mal@hare is no question that it is better to
be anemic than to be dead. This major influenctheriunction of the blood - so striking as
to be readily apparent in photographs of red bloalts - is the result of a change in a single
nucleotide out of the ten billion in the DNA ofyptcal human cell. We are still ignorant of
the consequences of changes in most of the otluézatides.

We humans look rather different than a tree. Witteodoubt we perceive the world
differently than a tree does. But down deep, antbéecular heart of life, the trees and we
are essentially identical. We both use nucleicsafod heredity; we both use proteins as
enzymes to control the chemistry of our cells. Maghificantly, we both use precisely the
same code book for translating nucleic acid infaromainto protein information, as do
virtually all the other creatures on the planettfeTusual explanation of this molecular
unity is that we are, all of us - trees and peaghgler fish and slime molds and paramecia
- descended from a single and common instanceeadrilgin of life in the early history of
our planet. How did the critical molecules thersa®

* The genetic code turns out to be not quite idetin all parts of all organisms on the Earth. At
least a few cases are known where the transcrifribmm DNA information into protein information in a
mitochondrion employs a different code book fromtthsed by the genes in the nucleus of the very saath
This points to a long evolutionary separation & ¢ienetic codes of mitochondria and nuclei, and is



consistent with the idea that mitochondria wereedinee-living organisms incorporated into the ek
symbiotic relationship billions of years ago. Trevelopment and emerging sophistication of that sgsi®
is, incidentally, one answer to the question of thanlution was doing between the origin of the aal the
proliferation of many-celled organisms in the Caiabrexplosion.

In my laboratory at Cornell University we work @among other things,
prebiological organic chemistry, making some natethe music of life. We mix together
and spark the gases of the primitive Earth: hydnogater, ammonia, methane, hydrogen
sulfide - all present, incidentally, on the pladepiter today and throughout the Cosmos.
The sparks correspond to lightning - also preserthe ancient Earth and on modern
Jupiter. The reaction vessel is initially transpéréhe precursor gases are entirely invisible.
But after ten minutes of sparking, we see a stréamgen pigment slowly streaking the
sides of the vessel. The interior gradually becoopegjue, covered with a thick brown tar.
If we had used ultraviolet light - simulating therky Sun - the results would have been
more or less the same. The tar is an extremelycodbction of complex organic molecules,
including the constituent parts of proteins andli@igacids. The stuff of life, it turns out,
can be very easily made.

Such experiments were first performed in the ed9§0’s by Stanley Miller, then a
graduate student of the chemist Harold Urey. Uiy &rgued compellingly that the early
atmosphere of the Earth was hydrogen-rich, as & wfdche Cosmos; that the hydrogen
has since trickled away to space from Earth, bufnoon massive Jupiter; and that the
origin of life occurred before the hydrogen wad.lédter Urey suggested that such gases
be sparked, someone asked him what he expectedk® imsuch an experiment. Urey
replied, Beilstein’ Beilsteinis the massive German compendium in 28 volumsting all
the organic molecules known to chemists.

Using only the most abundant gases that were presethe early Earth and almost
any energy source that breaks chemical bonds, wercaluce the essential building blocks
of life. But in our vessel are only the notes @ thusic of life - not the music itself. The
molecular building blocks must be put togetherhia torrect sequence. Life is certainly
more than the amino acids that make up its protamaisthe nucleotides that make up its
nucleic acids. But even in ordering these builditgrks into long-chain molecules, there
has been substantial laboratory progress. Amirdsdtave been assembled under primitive
Earth conditions into molecules resembling prote8wme of them feebly control useful
chemical reactions, as enzymes do. Nucleotides Ibase put together into strands of
nucleic acid a few dozen units long. Under thetrigitcumstances in the test tube, short
nucleic acids can synthesize identical copies efiselves.

No one has so far mixed together the gases aretsvaitthe primitive Earth and at
the end of the experiment had something crawl bthetest tube. The smallest living
things known, the viroids, are composed of lesa 13000 atoms. They cause several
different diseases in cultivated plants and hawdably most recently evolved from more
complex organisms rather than from simpler onededd, it is hard to imagine a still
simpler organism that is in any sense alive. Vs@ade composed exclusively of nucleic
acid, unlike the viruses, which also have a proteiat. They are no more than a single
strand of RNA with either a linear or a closed giaz geometry. Viroids can be so small



and still thrive because they are thoroughgoingemnitting parasites. Like viruses, they
simply take over the molecular machinery of a miacer, well-functioning cell and
change it from a factory for making more cells iatéactory for making more viroids.

The smallest known free-living organisms are tR&® (pleuropneumonia-like
organisms) and similar small beasts. They are cepybof about fifty million atoms. Such
organisms, having to be more self-reliant, are alsoe complicated than viroids and
viruses. But the environment of the Earth todayasextremely favorable for simple forms
of life. You have to work hard to make a living. Y bave to be careful about predators. In
the early history of our planet, however, when emmrs amounts of organic molecules
were being produced by sunlight in a hydrogen-atthosphere, very simple, nonparasitic
organisms had a fighting chance. The first livingpgs may have been something like
free-living viroids only a few hundred nucleotidesg. Experimental work on making
such creatures from scratch may begin by the etiseatentury. There is still much to be
understood about the origin of life, including trégin of the genetic code. But we have
been performing such experiments for only someytlyears. Nature has had a
four-billion-year head start. All in all, we havetrdone badly.

Nothing in such experiments is unique to the Edrtte initial gases, and the energy
sources, are common throughout the Cosmos. Cheremetions like those in our
laboratory vessels may be responsible for the acgaatter in interstellar space and the
amino acids found in meteorites. Some similar ckammust have occurred on a billion
other worlds in the Milky Way Galaxy. The molecutgdife fill the Cosmos.

But even if life on another planet has the samkoutar chemistry as life here,
there is no reason to expect it to resemble fanvliganisms. Consider the enormous
diversity of living things on Earth, all of whiclmnare the same planet and an identical
molecular biology. Those other beasts and vegetavke probably radically different from
any organism we know here. There may be some cgantevolution because there may
be only one best solution to a certain environmentzblem - something like two eyes, for
example, for binocular vision at optical frequesciBut in general the random character of
the evolutionary process should create extrateraésteatures very different from any that
we know.

| cannot tell you what an extraterrestrial beingid look like. | am terribly limited
by the fact that | know only one kind of life, liten Earth. Some people - science fiction
writers and artists, for instance - have speculatedhat other beings might be like. | am
skeptical about most of those extraterrestriabvisi They seem to me to rely too much on
forms of life we already know. Any given organissithe way it is because of a long series
of individually unlikely steps. | do not think lifanywhere else would look very much like
a reptile, or an insect or a human - even with sator cosmetic adjustments as green
skin, pointy ears and antennae. But if you pressedl could try to imagine something
rather different.

On a giant gas planet like Jupiter, with an atrhesg rich in hydrogen, helium,
methane, water and ammonia, there is no accessilidesurface, but rather a dense cloudy
atmosphere in which organic molecules may be fafilom the skies like manna from
heaven, like the products of our laboratory expents. However, there is a characteristic
impediment to life on such a planet: the atmospiseterbulent, and down deep it is very



hot. An organism must be careful that it is notieardown and fried.

To show that life is not out of the question icls@a very different planet, my
Cornell colleague E. E. Salpeter and | have madeeszmalculations. Of course, we cannot
know precisely what life would be like in such ag#, but we wanted to see if, within the
laws of physics and chemistry, a world of this soild possibly be inhabited.

One way to make a living under these conditiorts igproduce before you are
fried and hope that convection will carry some ofiyoffspring to the higher and cooler
layers of the atmosphere. Such organisms couleébelitle. We call them sinkers. But
you could also be a floater, some vast hydrogelod@alpumping helium and heavier gases
out of its interior and leaving only the lightestsg hydrogen; or a hot-air balloon, staying
buoyant by keeping your interior warm, using eneagguired from the food you eat. Like
familiar terrestrial balloons, the deeper a floderarried, the stronger is the buoyant force
returning it to the higher, cooler, safer regiohthe atmosphere. A floater might eat
preformed organic molecules, or make its own framlight and air, somewhat as plants
do on Earth. Up to a point, the bigger a floatethie more efficient it will be. Salpeter and
| imagined floaters kilometers across, enormousigér than the greatest whale that ever
was, beings the size of cities.

The floaters may propel themselves through thegitay atmosphere with gusts of
gas, like a ramjet or a rocket. We imagine therarayed in great lazy herds for as far as the
eye can see, with patterns on their skin, an adgapamouflage implying that they have
problems, too. Because there is at least one etfwogical niche in such an environment:
hunting. Hunters are fast and maneuverable. Thethedloaters both for their organic
molecules and for their store of pure hydrogenldokinkers could have evolved into the
first floaters, and self-propelled floaters inte first hunters. There cannot be very many
hunters, because if they consume all the floateeshunters themselves will perish.

Physics and chemistry permit such lifeforms. Adl@wvs them with a certain charm.
Nature, however, is not obliged to follow our sgations. But if there are billions of
inhabited worlds in the Milky Way Galaxy, perhapsrte will be a few populated by the
sinkers, floaters and hunters which our imaginatie@mpered by the laws of physics and
chemistry, have generated.

Biology is more like history than it is like phgsi You have to know the past to
understand the present. And you have to knowekuuisite detail. There is as yet no
predictive theory of biology, just as there is yet a predictive theory of history. The
reasons are the same: both subjects are stilldiplecated for us. But we can know
ourselves better by understanding other casessflidg of a single instance of
extraterrestrial life, no matter how humble, widptovincialize biology. For the first time,
the biologists will know what other kinds of lifeeapossible. When we say the search for
life elsewhere is important, we are not guarangeéiat it will be easy to find - only that it
is very much worth seeking.

We have heard so far the voice of life on one bmatld only. But we have at last
begun to listen for other voices in the cosmic figu



CHAPTER III
The Harmony of Worlds

Do you know the ordinances of the heavens?
Can you establish their rule on Earth?
- The Book of Job

All welfare and adversity that come to man and otneatures come through the
Seven and the Twelve. Twelve Signs of the Zodia¢ha Religion says, are the
twelve commanders on the side of light; and theslanets are said to be the
seven commanders on the side of darkness. Ancetlen planets oppress all
creation and deliver it over to death and all mamfevil: for the twelve signs of
the Zodiac and the seven planets rule the fateeofvorld.

- The late Zoroastrian book, thenok i Xrat

To tell us that every species of thing is endowét an occult specific quality by
which it acts and produces manifest effects, iellais nothing; but to derive two or
three general principles of motion from phenomemal, afterwards to tell us how
the properties and actions of all corporeal thifodjew from those manifest
principles, would be a very great step.

- Isaac NewtonQptics

We do not ask for what useful purpose the birdsidg, for song is their pleasure
since they were created for singing. Similarly,aught not to ask why the human
mind troubles to fathom the secrets of the heaven3he diversity of the
phenomena of Nature is so great, and the treabidden in the heavens so rich,
precisely in order that the human mind shall néeslacking in fresh nourishment.
- Johannes KepleMysterium Cosmographicum

If we lived on a planet where nothing ever changieeke would be little to do. There
would be nothing to figure out. There would be mpetus for science. And if we lived in
an unpredictable world, where things changed id@amor very complex ways, we would
not be able to figure things out. Again, there wicloé no such thing as science. But we live
in an in-between universe, where things changeabtearding to patterns, rules, or, as we
call them, laws of nature. If | throw a stick uptire air, it always falls down. If the sun sets
in the west, it always rises again the next morminpe east. And so it becomes possible to
figure things out. We can do science, and withataan improve our lives.

Human beings are good at understanding the wdfédalways have been. We were
able to hunt game or build fires only because weflgured something out. There was a
time before television, before motion pictures,doefradio, before books. The greatest part
of human existence was spent in such a time. Onedying embers of the campfire, on a
moonless night, we watched the stars.



The night sky is interesting. There are pattelnesd. Without even trying, you can
imagine pictures. In the northern sky, for examfilere is a pattern, or constellation, that
looks a little ursine. Some cultures call it thee@rBear. Others see quite different images.
These pictures are not, of coursslly in the night sky; we put them there ourselves. We
were hunter folk, and we saw hunters and dogsstaeat young women, all manner of
things of interest to us. When seventeenth-cerifurppean sailors first saw the southern
skies they put objects of seventeenth centuryasten the heavens - toucans and peacocks,
telescopes and microscopes, compasses and the statmps. If the constellations had
been named in the twentieth century, | suppose addisee bicycles and refrigerators in
the sky, rock-and-roll ‘stars’ and perhaps evenhmusm clouds - a new set of human
hopes and fears placed among the stars.

Occasionally our ancestors would see a very bsgirtwith a tail, glimpsed for just
a moment, hurtling across the sky. They calledfélang star, but it is not a good name:
the old stars are still there after the falling $&dls. In some seasons there are many falling
stars; in others very few. There is a kind of ragty here as well.

Like the Sun and the Moon, stars always rise énetiast and set in the west, taking
the whole night to cross the sky if they pass osath There are different constellations in
different seasons. The same constellations alwsgsat the beginning of autumn, say. It
never happens that a new constellation sudderdyg ast of the east. There is an order, a
predictability, a permanence about the stars.May they are almost comforting.

Certain stars rise just before or set just afterSun - and at times and positions that
vary with the seasons. If you made careful obsematof the stars and recorded them over
many years, you could predict the seasons. Youwalab measure the time of year by
noting where on the horizon the Sun rose eachldake skies was a great calendar,
available to anyone with dedication and ability #mel means to keep records.

Our ancestors built devices to measure the paséitigg seasons. In Chaco Canyon,
in New Mexico, there is a great roofless ceremakiia or temple, dating from the
eleventh century. On June 21, the longest dayeoy#tar, a shaft of sunlight enters a
window at dawn and slowly moves so that it covespecial niche. But this happens only
around June 21. | imagine the proud Anasazi peagle,described themselves as ‘The
Ancient Ones,’ gathered in their pews every Junalgdssed in feathers and rattles and
turquoise to celebrate the power of the Sun. Th&y monitored the apparent motion of the
Moon: the twenty-eight higher niches in the kivaymapresent the number of days for the
Moon to return to the same position among the @tlatibns. These people paid close
attention to the Sun and the Moon and the statserQlevices based on similar ideas are
found at Angkor Wat in Cambodia; Stonehenge in &mgjl Abu Simbel in Egypt; Chichén
Itz& in Mexico; and the Great Plains in North Argari

Some alleged calendrical devices may just possiblgiue to chance - an accidental
alignment of window and niche on June 21, say.tBerte are other devices wonderfully
different. At one locale in the American Southwisst set of three upright slabs which
were moved from their original position about 1,3@@rs ago. A spiral a little like a
galaxy has been carved in the rock. On June 2Zirthelay of summer, a dagger of
sunlight pouring through an opening between thiesstasects the spiral; and on December
21, the first day of winter, there are two daggdrsunlight that flank the spiral, a unique



application of the midday sun to read the calendéne sky.

Why did people all over the world make such aoreto learn astronomy? We
hunted gazelles and antelope and buffalo whoseatmgis ebbed and flowed with the
seasons. Fruits and nuts were ready to be pickednme times but not in others. When we
invented agriculture, we had to take care to pdauat harvest our crops in the right season.
Annual meetings of far-flung nomadic tribes werefeeprescribed times. The ability to
read the calendar in the skies was literally aenatt life and death. The reappearance of
the crescent moon after the new moon; the retutheoSun after a total eclipse; the rising
of the Sun in the morning after its troublesomeeabs at night were noted by people
around the world: these phenomena spoke to oustorseof the possibility of surviving
death. Up there in the skies was also a metaphionrabrtality.

The wind whips through the canyons in the AmeriSanthwest, and there is no
one to hear it but us - a reminder of the 40,008:getions of thinking men and women
who preceded us, about whom we know almost nothipgn whom our civilization is
based.

As ages passed, people learned from their anse3tioe more accurately you knew
the position and movements of the Sun and Moorstard, the more reliably you could
predict when to hunt, when to sow and reap, whegatber the tribes. As precision of
measurement improved, records had to be kept,temasy encouraged observation and
mathematics and the development of writing.

But then, much later, another rather curious mleae, an assault by mysticism and
superstition into what had been largely an emgdiscegence. The Sun and stars controlled
the seasons, food, warmth. The Moon controlledittes, the life cycles of many animals,
and perhaps the human menstrual* period - of ceimtzortance for a passionate species
devoted to having children. There was another kinobject in the sky, the wandering or
vagabond stars called planets. Our nomadic ansastost have felt an affinity for the
planets. Not counting the Sun and the Moon, youdcsee only five of them. They moved
against the background of more distant stars. uffptlowed their apparent motion over
many months, they would leave one constellatiotereamother, occasionally even do a
kind of slow loop-the-loop in the sky. Everythinigein the sky had some real effect on
human life. What must the influence of the plaret®

* The root of the word means ‘Moon.’

In contemporary Western society, buying a magaaimastrology - at a newsstand,
say - is easy; it is much harder to find one oroastimy. Virtually every newspaper in
America has a daily column on astrology; therererelly any that have even a weekly
column on astronomy. There are ten times morelageos in the United States than
astronomers. At parties, when | meet people whoaldknow | am a scientist, | am
sometimes asked, ‘Are you a Gemini?’ (chances ofess, one in twelve), or ‘What sign
are you?’ Much more rarely am | asked, ‘Have yoartiehat gold is made in supernova
explosions?’ or ‘When do you think Congress wilpegve a Mars Rover?’

Astrology contends that which constellation thenglts are in at the moment of your
birth profoundly influences your future. A few thgand years ago, the idea developed that



the motions of the planets determined the fatédsngfs, dynasties, empires. Astrologers
studied the motions of the planets and asked tHeeswhat had happened the last time
that, say, Venus was rising in the ConstellatiothefGoat; perhaps something similar
would happen this time as well. It was a subtle @sid/ business. Astrologers came to be
employed only by the State. In many countries & waapital offense for anyone but the
official astrologer to read the portents in theeskia good way to overthrow a regime was
to predict its downfall. Chinese court astrologet® made inaccurate predictions were
executed. Others simply doctored the records dafterwards they were in perfect
conformity with events. Astrology developed inteteange combination of observations,
mathematics and careful record-keeping with fulmyling and pious fraud.

But if the planets could determine the destinfasadions, how could they avoid
influencing what will happen to me tomorrow? Theiow of a personal astrology
developed in Alexandrian Egypt and spread thronghGreek and Roman worlds about
2,000 years ago. We today can recognize the attigtiastrology in words such as
disaster which is Greek for ‘bad staifffluenza Italian for (astral) ‘influence’mazeltoy
Hebrew - and, ultimately, Babylonian - for ‘goodhstellation,’” or the Yiddish word
shlamazelapplied to someone plagued by relentless ilbfoet which again traces to the
Babylonian astronomical lexicon. According to Plittyere were Romans considered
sideratig ‘planetstruck.” Planets were widely thought tosbéirect cause of death. Or
considerconsider it means ‘with the planets,’ evidently the prarsite for serious
reflection. John Graunt compiled the mortality istats in the City of London in 1632.
Among the terrible losses from infant and childhadigkases and such exotic illnesses as
‘the rising of the lights’ and ‘the King’s evil,’ &find that, of 9,535 deaths, 13 people
succumbed to ‘planet,” more than died of cancemhder what the symptoms were.

And personal astrology is with us still: consitieo different newspaper astrology
columns published in the same city on the same®ayexample, we can examine the
New YorkPostand the New Yorlpaily Newson September 21, 1979. Suppose you are a
Libra - that is, born between September 23 and lé2ctd2. According to the astrologer for
thePost ‘a compromise will help ease tension’; usefulhaes, but somewhat vague.
According to theDaily News’sastrologer, you must ‘demand more of yourself,” an
admonition that is also vague but also differetiege ‘predictions’ are not predictions;
rather they are pieces of advice - they tell wbhatd, not what will happen. Deliberately,
they are phrased so generally that they could appdyyone. And they display major
mutual inconsistencies. Why are they publishednapaologetically as sports statistics and
stock market reports?

Astrology can be tested by the lives of twins. rfEh&e many cases in which one
twin is killed in childhood, in a riding accidersay, or is struck by lightning, while the
other lives to a prosperous old age. Each was ibgorecisely the same place and within
minutes of the other. Exactly the same planets wsirgg at their births. If astrology were
valid, how could two such twins have such profoyrdifferent fates? It also turns out that
astrologers cannot even agree among themselvefainavgiven horoscope means. In
careful tests, they are unable to predict the cterand future of people they knew
nothing about except their time and place of birth.



* Skepticism about astrology and related doctrisesither new nor exclusive to the West. For
example, in the Essays on ldleness, written in 1882surezuregusa Kenko, we read:
The Yin-Yang teachings (in Japan] have nothingapan the subject of the Red Tongue Days.
Formerly people did not avoid these days, but t&f 1d wonder who is responsible for starting this
custom - people have taken to saying things sucasnterprise begun on a Red Tongue Day will
never see an end,’ or, ‘Anything you say or do ¢ted Tongue Day is bound to come to naught:
you lose what you’ve won, your plans are undonenat\honsense! If one counted the projects
begun on carefully selected ‘lucky days’ which cameothing in the end, they would probably be
quite as many as the fruitless enterprises beguheoRed Tongue days.

There is something curious about the national féghe planet Earth. The flag of
the United States has fifty stars; the Soviet Urand Israel, one each; Burma, fourteen;
Grenada and Venezuela, seven; China, five; Iragetl8do Tomé a Principe, two; Japan,
Uruguay, Malawi, Bangladesh and Taiwan, the Suazira celestial sphere; Australia,
Western Samoa, New Zealand and Papua New Guireeptistellation of the Southern
Cross; Bhutan, the dragon pearl, symbol of thelE&ambodia, the Angkor Wat
astronomical observatory; India, South Korea aedMilongolian Peoples’ Republic,
cosmological symbols. Many socialist nations dig@tars. Many Islamic countries display
crescent moons. Almost half of our national flagkileit astronomical symbols. The
phenomenon is transcultural, non-sectarian, woddwit is also not restricted to our time:
Sumerian cylinder seals from the third millenniun€Band Taoist flags in
prerevolutionary China displayed constellationstiddes, | do not doubt, wish to embrace
something of the power and credibility of the hee/éNe seek a connection with the
Cosmos. We want to count in the grand scale ofjthiAnd it turns out ware connected -
not in the personal, small-scale unimaginativeitaskhat the astrologers pretend, but in
the deepest ways, involving the origin of mattee habitability of the Earth, the evolution
and destiny of the human species, themes to whectvilt return.

Modern popular astrology runs directly back tou@ias Ptolemaeus, whom we call
Ptolemy, although he was unrelated to the kingb®tame name. He worked in the
Library of Alexandria in the second century. Alattarcane business about planets
ascendant in this or that solar or lunar ‘househer‘Age of Aquarius’ comes from
Ptolemy, who codified the Babylonian astrologicatiition. Here is a typical horoscope
from Ptolemy’s time, written in Greek on papyrus, & little girl born in the year 150: ‘The
birth of Philoe. The 10th year of Antoninus Cadsarlord, Phamenoth 15 to 16, first hour
of the night. Sun in Pisces, Jupiter and Mercuriiies, Saturn in Cancer, Mars in Leo,
Venus and the Moon in Aquarius, horoscopus Capritdhe method of enumerating the
months and the years has changed much more ovitéineening centuries than have the
astrological niceties. A typical excerpt from Ptolgs astrological book, th€etrabiblos
reads: ‘Saturn, if he is in the orient, makes higjects in appearance dark-skinned, robust,
black-haired, curly-haired, hairy-chested, with®gémoderate size, of middling stature,
and in temperament having an excess of the maistald.” Ptolemy believed not only that
behavior patterns were influenced by the planettstae stars but also that questions of
stature, complexion, national character and evegeaital physical abnormalities were
determined by the stars. On this point modern kEgjers seem to have adopted a more
cautious position.



But modern astrologers have forgotten about teegssion of the equinoxes, which
Ptolemy understood. They ignore atmospheric raracabout which Ptolemy wrote. They
pay almost no attention to all the moons and pirasteroids and comets, quasars and
pulsars, exploding galaxies, symbiotic stars, ¢dgsadc variables and X-ray sources that
have been discovered since Ptolemy’s time. Astrgnism science - the study of the
universe as it is. Astrology is a pseudosciencelaim, in the absence of good evidence,
that the other planets affect our everyday liveg?tolemy’s time the distinction between
astronomy and astrology was not clear. Today it is.

As an astronomer, Ptolemy named the stars, Itbtsdbrightnesses, gave good
reasons for believing that the Earth is a spheted@wn rules for predicting eclipses and,
perhaps most important, tried to understand whyeikaexhibit that strange, wandering
motion against the background of distant constetiat He developed a predictive model
to understand planetary motions and decode theagess the skies. The study of the
heavens brought Ptolemy a kind of ecstasy. ‘Masal am,” he wrote, ‘I know that | am
born for a day. But when | follow at my pleasure serried multitude of the stars in their
circular course, my feet no longer touch the Earth.

Ptolemy believed that the Earth was at the ceftdre universe; that the Sun,
Moon, planets and stars went around the Earth. i$hie most natural idea in the world.
The Earth seems steady, solid, immobile, while are see the heavenly bodies rising and
setting each day. Every culture has leaped to ¢oeantric hypothesis. As Johannes Kepler
wrote, ‘It is therefore impossible that reason mi@viously instructed should imagine
anything other than that the Earth is a kind ot yasise with the vault of the sky placed on
top of it; it is motionless and within it the Suaibg so small passes from one region to
another, like a bird wandering through the air.t Baw do we explain the apparent motion
of the planets - Mars, for example, which had basywn for thousands of years before
Ptolemy’s time? (One of the epithets given Marshgyancient Egyptians waskded-ef
em khetkhetwhich means ‘who travels backwards,’ a clearreefee to its retrograde or
loop-the-loop apparent motion.)

Ptolemy’s model of planetary motion can be represgby a little machine, like
those that, serving a similar purpose, existedatebhy’s time.* The problem was to figure
out a ‘real’ motion of the planets, as seen fronthgre, on the ‘outside,” which would
reproduce with great accuracy the apparent motidneoplanets, as seen from down here,
on the ‘inside.’

* Four centuries earlier, such a device was contruby Archimedes and examined and described
by Cicero in Rome, where it had been carried byRbman general Marcellus, one of whose soldiers had
gratuitously and against orders, killed the septnagan scientist during the conquest of Syracuse.

The planets were imagined to go around the Eafitkedfto perfect transparent
spheres. But they were not attached directly tsfiteeres, but indirectly, through a kind of
off-center wheel. The sphere turns, the little whietates, and, as seen from the Earth,
Mars does its loop-the-loop. This model permittealsonably accurate predictions of
planetary motion, certainly good enough for thecigien of measurement available in
Ptolemy’s day, and even many centuries later.



Ptolemy’s aetherial spheres, imagined in medignas to be made of crystal, are
why we still talk about the music of the sphered arseventh heaven (there was a
‘heaven,’ or sphere for the Moon, Mercury, Venbg, $un, Mars, Jupiter and Saturn, and
one more for the stars). With the Earth the ceoftéihe Universe, with creation pivoted
about terrestrial events, with the heavens imagawestructed on utterly unearthly
principles, there was little motivation for astromocal observations. Supported by the
Church through the Dark Ages, Ptolemy’s model hetjpeevent the advance of astronomy
for a millennium. Finally, in 1543, a quite differehypothesis to explain the apparent
motion of the planets was published by a Polisth@at cleric named Nicholas Copernicus.
Its most daring feature was the proposition thatShn, not the Earth, was at the center of
the universe. The Earth was demoted to just onleegplanets, third from the Sun, moving
in a perfect circular orbit. (Ptolemy had considesech a heliocentric model but rejected it
immediately; from the physics of Aristotle, the ilied violent rotation of the Earth seemed
contrary to observation.)

It worked at least as well as Ptolemy’s spherespiaining the apparent motion of
the planets. But it annoyed many people. In 16&6datholic Church placed Copernicus’
work on its list of forbidden books ‘until corredteby local ecclesiastical censors, where it
remained until 1835.* Martin Luther described hisn‘an upstart astrologer . . . This fool
wishes to reverse the entire science of astron@utySacred Scripture tells us that Joshua
commanded the Sun to stand still, and not the E&itlen some of Copernicus’ admirers
argued that he had not really believed in a Suteced universe but had merely proposed
it as a convenience for calculating the motionthefplanets.

* In a recent inventory of nearly every sixteentntury copy of Copernicus’ book, Owen Gingerich
has found the censorship to have been ineffeatinky. 60 percent of the copies in Italy were ‘coteel;’ and
not one in Iberia.

The epochal confrontation between the two viewthefCosmos - Earth-centered
and Sun-centered - reached a climax in the sixtesamd seventeenth centuries in the
person of a man who was, like Ptolemy, both asggei@nd astronomer. He lived in a time
when the human spirit was fettered and the minéheldawhen the ecclesiastical
pronouncements of a millennium or two earlier oerstific matters were considered more
reliable than contemporary findings made with téghes unavailable to the ancients;
when deviations, even on arcane theological mathens the prevailing doxological
preferences, Catholic or Protestant, were puniblgdtimiliation, taxation, exile, torture or
death. The heavens were inhabited by angels, deamahthe Hand of God, turning the
planetary crystal spheres. Science was barreredtida that underlying the phenomena of
Nature might be the laws of physics. But the brave lonely struggle of this man was to
ignite the modern scientific revolution.

Johannes Kepler was born in Germany in 1571 anidasea boy to the Protestant
seminary school in the provincial town of Maulbrdorbe educated for the clergy. It was a
kind of boot camp, training young minds in the oééheological weaponry against the
fortress of Roman Catholicism. Kepler, stubbortelilgent and fiercely independent,
suffered two friendless years in bleak Maulbroregdming isolated and withdrawn, his



thoughts devoted to his imagined unworthiness énetyes of God. He repented a thousand
sins no more wicked than another’s and despaired@f attaining salvation.

But God became for him more than a divine wratliagapropitiation. Kepler's God was
the creative power of the Cosmos. The boy’s cugasinquered his fear. He wished to
learn the eschatology of the world; he dared tderoplate the Mind of God. These
dangerous visions, at first insubstantial as a nmgpii@came a lifelong obsession. The
hubristic longings of a child seminarian were tag&urope out of the cloister of medieval
thought.

The sciences of classical antiquity had beens@émore than a thousand years
before, but in the late Middle Ages some faint exshof those voices, preserved by Arab
scholars, began to insinuate themselves into thedean educational curriculum. In
Maulbronn, Kepler heard their reverberations, situglybesides theology, Greek and Latin,
music and mathematics. In the geometry of Euclithbeght he glimpsed an image of
perfection and cosmic glory. He was later to wri@ometry existed before the Creation.
It is co-eternal with the mind of God . . . Georggirovided God with a model for the
Creation . . . Geometry is God Himself.’

In the midst of Kepler’'s mathematical raptures] daspite his sequestered life, the
imperfections of the outside world must also hawdd®d his character. Superstition was a
widely available nostrum for people powerless agfaime miseries of famine, pestilence
and deadly doctrinal conflict. For many, the ongytainty was the stars, and the ancient
astrological conceit prospered in the courtyardstamerns of fear-haunted Europe. Kepler,
whose attitude toward astrology remained ambigadiuss life, wondered whether there
might be hidden patterns underlying the appareatsiof daily life. If the world was
crafted by God, should it not be examined clos&lga not all of creation an expression of
the harmonies in the mind of God? The book of Nahad waited more than a millennium
for a reader.

In 1589, Kepler left Maulbronn to study for thery at the great university in
Tubingen and found it a liberation. Confronted bg most vital intellectual currents of the
time, his genius was immediately recognized bytéashers - one of whom introduced the
young man to the dangerous mysteries of the Cogaarriiypothesis. A heliocentric
universe resonated with Kepler’s religious sensd, @ embraced it with fervor. The Sun
was a metaphor for God, around Whom all else reaslBefore he was to be ordained, he
was made an attractive offer of secular employmehich - perhaps because he felt
himself indifferently suited to an ecclesiasticateer - he found himself accepting. He was
summoned to Graz, in Austria, to teach seconddrgadanathematics, and began a little
later to prepare astronomical and meteorologicabahcs and to cast horoscopes. ‘God
provides for every animal his means of sustenameeyirote. ‘For the astronomer, He has
provided astrology.’

Kepler was a brilliant thinker and a lucid writbyt he was a disaster as a
classroom teacher. He mumbled. He digressed. Hattames utterly incomprehensible.
He drew only a handful of students his first ygaBGeaz; the next year there were none. He
was distracted by an incessant interior clamorsebaiations and speculations vying for his
attention. And one pleasant summer afternoon, dete interstices of one of his
interminable lectures, he was visited by a revefathat was to alter radically the future of



astronomy. Perhaps he stopped in mid-sentencen&tientive students, longing for the
end of the day, took little notice, | suspect,hd# historic moment.

There were only six planets known in Kepler’s tilvkercury, Venus, Earth, Mars,
Jupiter and Saturn. Kepler wondered why only siXx?/\fWot twenty, or a hundred? Why
did they have the spacing between their orbits@wgernicus had deduced? No one had
ever asked such questions before. There were kimwea five regular or ‘platonic’ solids,
whose sides were regular polygons, as known tarlceent Greek mathematicians after the
time of Pythagoras. Kepler thought the two numipegse connected, that tiheasonthere
were only six planets was because there were ardyrégular solids, and that these solids,
inscribed or nested one within another, would dgehe distances of the planets from the
Sun. In these perfect forms, he believed he haaprézed the invisible supporting
structures for the spheres of the six planets.dlled his revelation The Cosmic Mystery.
The connection between the solids of Pythagoradtendisposition of the planets could
admit but one explanation: the Hand of God, Geomete

Kepler was amazed that he - immersed, so he thogsin - should have been
divinely chosen to make this great discovery. Hansitted a proposal for a research grant
to the Duke of Wirttemberg, offering to supervise tonstruction of his nested solids as a
three-dimensional model so that others could glartpe beauty of the holy geometry. It
might, he added, be contrived of silver and prezistones and serve incidentally as a ducal
chalice. The proposal was rejected with the kiratlyice that he first construct a less
expensive version out of paper, which he promptignapted to do: ‘The intense pleasure |
have received from this discovery can never beitolgords . . . | shunned no calculation
no matter how difficult. Days and nights | spenmathematical labors, until | could see
whether my hypothesis would agree with the orbitS€apernicus or whether my joy was to
vanish into thin air.” But no matter how hard hedrt the solids and the planetary orbits did
not agree well. The elegance and grandeur of g@ryhhowever, persuaded him that the
observations must be in error, a conclusion dralWwanthe observations are unobliging by
many other theorists in the history of science.r&élveas then only one man in the world
who had access to more accurate observations af@mplanetary positions, a self-exiled
Danish nobleman who had accepted the post of l@pdathematician in the Court of the
Holy Roman Emperor, Rudolf Il. That man was TychralB. By chance, at Rudolf’s
suggestion, he had just invited Kepler, whose nma#tigal fame was growing, to join him
in Prague.

A provincial schoolteacher of humble origins, uakm to all but a few
mathematicians, Kepler was diffident about Tychaffer. But the decision was made for
him. In 1598, one of the many premonitory tremdrghe coming Thirty Years’ War
engulfed him. The local Catholic archduke, steadfadogmatic certainty, vowed he
would rather ‘make a desert of the country thae nyer heretics.’* Protestants were
excluded from economic and political power, Keesthool was closed, and prayers,
books and hymns deemed heretical were forbidderallffithe townspeople were
summoned to individual examinations on the sourglnégheir private religious
convictions, those refusing to profess the Romathdlia faith being fined a tenth of their
income and, upon pain of death, exiled forever f(éraz. Kepler chose exile: ‘Hypocrisy |
have never learned. | am in earnest about fadb.rot play with it.’



* By no means the most extreme such remark in matir Reformation Europe. Upon being asked
how to distinguish the faithful from the infidel the siege of a largely Albigensian city, Domingo@uzman,
later known as Saint Dominic, allegedly repliedilfkhem all. God will know his own.’

Leaving Graz, Kepler, his wife and stepdaughteosébn the difficult journey to
Prague. Theirs was not a happy marriage. Chrogighlhaving recently lost two young
children, his wife was described as ‘stupid, sukimnely, melancholy.” She had no
understanding of her husband’s work and, having lbased among the minor rural gentry,
she despised his impecunious profession. He fgpdnisalternately admonished and
ignored her, ‘for my studies sometimes made meghthesss; but | learned my lesson, |
learned to have patience with her. When | sawghattook my words to heart, | would
rather have bitten my own finger than to give hetifer offense.’ But Kepler remained
preoccupied with his work.

He envisioned Tycho’s domain as a refuge fronethiks of the time, as the place
where his Cosmic Mystery would be confirmed. Harasbto become a colleague of the
great Tycho Brahe, who for thirty-five years hadated himself, before the invention of
the telescope, to the measurement of a clockwarletse, ordered and precise. Kepler's
expectations were to be unfulfilled. Tycho himse#s a flamboyant figure, festooned with
a golden nose, the original having been lost itudent duel fought over who was the
superior mathematician. Around him was a raucotsueage of assistants, sycophants,
distant relatives and assorted hangers-on. Thdiess revelry, their innuendoes and
intrigues, their cruel mockery of the pious andadaHy country bumpkin depressed and
saddened Kepler: ‘Tycho . . . is superlatively tcxh knows not how to make use of it. Any
single instrument of his costs more than my andvhgle family’s fortunes put together.’

Impatient to see Tycho’s astronomical data, Kepleuld be thrown only a few
scraps at a time: ‘Tycho gave me no opportunitgtiare in his experiences. He would only,
in the course of a meal and, in between other msatteention, as if in passing, today the
figure of the apogee of one planet, tomorrow th@escof another . . . Tycho posesses the
best observations . . . He also has collaborattedacks only the architect who would put
all this to use.” Tycho was the greatest obsematigenius of the age, and Kepler the
greatest theoretician. Each knew that, alone, hdduoe unable to achieve the synthesis of
an accurate and coherent world system, which tb#y fielt to be imminent. But Tycho
was not about to make a gift of his life’s workaanuch younger potential rival. Joint
authorship of the results, if any, of the collalimawas for some reason unacceptable. The
birth of modern science - the offspring of theong @bservation - teetered on the precipice
of their mutual mistrust. In the remaining eighteeonths that Tycho was to live, the two
qguarreled and were reconciled repeatedly. At aatigiven by the Baron of Rosenberg,
Tycho, having robustly drunk much wine, ‘placediltyy ahead of health,” and resisted his
body’s urgings to leave, even if briefly, before tharon. The consequent urinary infection
worsened when Tycho resolutely rejected advicentgoer his eating and drinking. On his
deathbed, Tycho bequeathed his observations teeKegld ‘on the last night of his gentle
delirium, he repeated over and over again thesdsytike someone composing a poem:
“Let me not seem to have lived in vain . . . Let no¢ seem to have lived in vain.”’



After Tycho’s death, Kepler, now the new ImpeN&thematician, managed to
extract the observations from Tycho’s recalcitfamily. His conjecture that the orbits of
the planets are circumscribed by the five plat@oids was no more supported by Tycho’s
data than by Copernicus’. His ‘Cosmic Mystery’ vaasproved entirely by the much later
discoveries of the planets Uranus, Neptune ana Pliitere are no additional platonic
solids* that would determine their distances fréva Sun. The nested Pythagorean solids
also made no allowance for the existence of théhEsamoon, and Galileo’s discovery of
the four large moons of Jupiter was also discongitBut far from becoming morose,
Kepler wished to find additional satellites and wered how many satellites each planet
should have. He wrote to Galileo: ‘Il immediatelygha to think how there could be any
addition to the number of the planets without awering my Mysterium Cosmographicum,
according to which Euclid’s five regular solids oot allow more than six planets around
the Sun . .. | am so far from disbelieving thesextice of the four circumjovial planets that
I long for a telescope, to anticipate you, if pbksiin discovering two around Mars, as the
proportion seems to require, six or eight roundiBgatand perhaps one each round
Mercury and Venus.” Mars does have two small moand,a major geological feature on
the larger of them is today called the Kepler Riggkonor of this guess. But he was
entirely mistaken about Saturn, Mercury and Veans, Jupiter has many more moons
than Galileo discovered. We still do not really knehy there are only nine planets, more
or less, and why they have the relative distanaes the Sun that they do. (See Chapter 8.)

* The proof of this statement can be found in Appirr2.

Tycho’s observations of the apparent motion of Mard other planets through the
constellations were made over a period of manysyddrese data, from the last few
decades before the telescope was invented, weradbeaccurate that had yet been
obtained. Kepler worked with a passionate intertsitynderstand them: What real motion
of the Earth and Mars about the Sun could exptaithe precision of measurement, the
apparent motion of Mars in the sky, including gsrograde loops through the background
constellations? Tycho had commended Mars to Kdygeause its apparent motion seemed
most anomalous, most difficult to reconcile withabit made of circles. (To the reader
who might be bored by his many calculations, herlatrote: ‘If you are wearied by this
tedious procedure, take pity on me who carriecablgast seventy trials.’)

Pythagoras, in the sixth century B.C., Plato, &gl and all the Christian
astronomers before Kepler had assumed that thetglamoved in circular paths. The circle
was thought to be a ‘perfect’ geometrical shapethaglanets, placed high in the heavens,
away from earthly ‘corruption,” were also thoughtite in some mystical sense ‘perfect’
Galileo, Tycho and Copernicus were all committedndorm circular planetary motion,
the latter asserting that ‘the mind shudders’ atahernative, because ‘it would be
unworthy to suppose such a thing in a Creationtdoted in the best possible way.” So at
first Kepler tried to explain the observations magining that the Earth and Mars moved
in circular orbits about the Sun.

After three years of calculation, he believed hd found the correct values for a
Martian circular orbit, which matched ten of Tych@bservations within two minutes of



arc. Now, there are 60 minutes of arc in an angiggree, and 90 degrees, a right angle,
from the horizon to the zenith. So a few minutearafis a very small quantity to measure -
especially without a telescope. It is one-fifteethith angular diameter of the full Moon as
seen from Earth. But Kepler’s replenishable ecssasy crumbled into gloom - because
two of Tycho's further observations were inconsisiwith Kepler’'s orbit, by as much as
eight minutes of arc:

Divine Providence granted us such a diligent obeeirv Tycho Brahe that his
observations convicted this . . . calculation okarr of eight minutes; it is only
right that we should accept God’s gift with a gfakenind . . . If | had believed that
we could ignore these eight minutes, | would haatelped up my hypothesis
accordingly. But, since it was not permissiblegodre, those eight minutes pointed
the road to a complete reformation in astronomy.

The difference between a circular orbit and the titbit could be distinguished
only by precise measurement and a courageous accepdf the facts: ‘The universe is
stamped with the adornment of harmonic proportibng harmonies must accommodate
experience.’ Kepler was shaken at being competieaxbandon a circular orbit and to
guestion his faith in the Divine Geometer. Havitepced the stable of astronomy of circles
and spirals, he was left, he said, with ‘only agircartful of dung,” a stretched-out circle
something like an oval.

Eventually, Kepler came to feel that his fascioratith the circle had been a
delusion. The Earth was a planet, as Copernicusaidd and it was entirely obvious to
Kepler that the Earth, wracked by wars, pestilefammjne and unhappiness, fell short of
perfection. Kepler was one of the first people siaatiquity to propose that the planets
were material objects made of imperfect stuff like Earth. And if planets were
‘imperfect,” why not their orbits as well? He trigdrious oval-like curves, calculated away,
made some arithmetical mistakes (which caused hiirsato reject the correct answer)
and months later in some desperation tried theudtaror an ellipse, first codified in the
Alexandrian Library by Apollonius of Perga. He falihat it matched Tycho’s
observations beautifully: ‘The truth of nature, alhil had rejected and chased away,
returned by stealth through the back door, disggigiself to be accepted . . . Ah, what a
foolish bird | have been!

Kepler had found that Mars moves about the Summatcircle, but in an ellipse.
The other planets have orbits much less elliptitah that of Mars, and if Tycho had urged
him to study the motion of, say, Venus, Kepler nigbver have discovered the true orbits
of the planets. In such an orbit the Sun is ntlhatcenter but is offset, at the focus of the
ellipse. When a given planet is at its neareshé¢o3un, it speeds up. When it is at its
farthest, it slows down. Such motion is why we digscthe planets as forever falling
toward, but never reaching, the Sun. Kepler’s fagt of planetary motion is simply this: A
planet moves in an ellipse with the Sun at onegocu

In uniform circular motion, an equal angle or fran of the arc of a circle is
covered in equal times. So, for example, it takesed as long to go two-thirds of the way



around a circle as it does to go one-third of tlag wround. Kepler found something
different for elliptical orbits: As the planet masalong its orbit, it sweeps out a little
wedge-shaped area within the ellipse. When itasecko the Sun, in a given period of time
it traces out a large arc in its orbit, but Hrearepresented by that arc is not very large
because the planet is then near the Sun. Wherlahetps far from the Sun, it covers a
much smaller arc in the same period of time, bat #nc corresponds to a bigger area
because the Sun is now more distant. Kepler fobatthese two areas were precisely the
same no matter how elliptical the orbit: the lokonay area, corresponding to the planet
far from the Sun, and the shorter, squatter areanwhe planet is close to the Sun, are
exactly equal. This was Kepler's second law of ptary motion: Planets sweep out equal
areas in equal times.

Kepler's first two laws may seem a little remotalabstract: planets move in
ellipses, and sweep out equal areas in equal tivkie8, so what? Circular motion is easier
to grasp. We might have a tendency to dismiss tla@geas mere mathematical tinkering,
something removed from everyday life. But thesetlaedaws our planet obeys as we
ourselves, glued by gravity to the surface of thel hurtle through interplanetary space.
We move in accord with laws of nature that Keplest fdiscovered. When we send
spacecraft to the planets, when we observe dotdnle svhen we examine the motion of
distant galaxies; we find that throughout the urseeepler’s laws are obeyed.

Many years later, Kepler came upon his third a law of planetary motion, a
law that relates the motion of various planetsrte another, that lays out correctly the
clockwork of the solar system. He described it boak calledThe Harmonies of the
World. Kepler understood many things by the word harmémg order and beauty of
planetary motion, the existence of mathematicaklawplaining that motion - an idea that
goes back to Pythagoras - and even harmony in tisécal sense, the *harmony of the
spheres.” Unlike the orbits of Mercury and Marg thbits of other planets depart so little
from circularity that we cannot make out their tal@pes even in an extremely accurate
diagram. The Earth is our moving platform from whige observe the motion of the other
planets against the backdrop of distant constefiatiThe inner planets move rapidly in
their orbits - that is why Mercury has the nameoiés: Mercury was the messenger of the
gods. Venus, Earth and Mars move progressivelyrgsdly about the Sun. The outer
planets, such as Jupiter and Saturn, move statdlglaw, as befits the kings of the gods.

Kepler’s third or harmonic law states that theasgs of the periods of the planets
(the times for them to complete one orbit) are propnal to the cubes of their average
distance from the Sun; the more distant the plahetmore slowly it moves, but according
to a precise mathematical la®? = a°, whereP represents the period of revolution of the
planet about the Sun, measured in yearsaahd distance of the planet from the Sun
measured in ‘astronomical units.” An astronomiaait ts the distance of the Earth from the
Sun. Jupiter, for example, is five astronomicatsifiom the Sun, and & 5 x 5 x 5 =125.
What number times itself equals 125? Why, 11, ceosmugh. And 11 years the period
for Jupiter to go once around the Sun. A similguanent applies for every planet and
asteroid and comet. Not content merely to haveaeted from Nature the laws of planetary
motion, Kepler endeavored to find some still manedamental underlying cause, some
influence of the Sun on the kinematics of worldse Pplanets sped up on approaching the



Sun and slowed down on retreating from it. Someti@distant planets sensed the Sun’s
presence. Magnetism also was an influence feltditance, and in a stunning anticipation
of the idea of universal gravitation, Kepler suggdghat the underlying cause was akin to
magnetism:

My aim in this is to show that the celestial maehisito be likened not to a divine
organism but rather to a clockwork . . . , ins@amearly all the manifold
movements are carried out by means of a singlég gunple magnetic force, as in
the case of a clockwork [where] all motions [araszd] by a simple weight.

Magnetism is, of course, not the same as gravityKlepler's fundamental
innovation here is nothing short of breathtakingpnoposed that quantitative physical
laws that apply to the Earth are also the undemgwof quantitative physical laws that
govern the heavens. It was the first nonmysticplanation of motion in the heavens; it
made the Earth a province of the Cosmos. ‘Astronbheysaid ‘is part of physics.” Kepler
stood at a cusp in history; the last scientific@eger was the first astrophysicist.

Not given to quiet understatement, Kepler asselssediscoveries in these words:

With this symphony of voices man can play throuwgh eéternity of time in less than
an hour, and can taste in small measure the dalfighod, the Supreme Artist . . . |

yield freely to the sacred frenzy . . . the dieast, and | am writing the book - to be
read either now or by posterity, it matters notah wait a century for a reader, as

God Himself has waited 6,000 years for a witness.

Within the ‘symphony of voices,’” Kepler believedththe speed of each planet corresponds
to certain notes in the Latinate musical scale faypo his day - do, re, mi, fa, sol, la, ti, do.
He claimed that in the harmony of the spherestdhes of Earth are fa and mi, that the
Earth is forever humming fa and mi, and that theyd in a straightforward way for the
Latin word for famine. He argued, not unsuccesgftliat the Earth was best described by
that single doleful word.

Exactly eight days after Kepler’s discovery of thisd law, the incident that
unleashed the Thirty Years’ War transpired in Peadine war’s convulsions shattered the
lives of millions, Kepler among them. He lost higenand son to an epidemic carried by
the soldiery, his royal patron was deposed, anddseeexcommunicated by the Lutheran
Church for his uncompromising individualism on reastof doctrine. Kepler was a refugee
once again. The conflict, portrayed by both thenGlats and the Protestants as a holy war,
was more an exploitation of religious fanaticismtbgse hungry for land and power. In the
past, wars had tended to be resolved when thgybedint princes had exhausted their
resources. But now organized pillage was introdwased means of keeping armies in the
field. The savaged population of Europe stood leskphs plowshares and pruning hooks
were literally beaten into swords and spears.*

* Some examples are still to be seen in the Grawagy.



Waves of rumor and paranoia swept through the cgside, enveloping especially
the powerless. Among the many scapegoats chosenelgarly women living alone, who
were charged with witchcraft. Kepler's mother wasried away in the middle of the night
in a laundry chest. In Kepler’s little hometownWeil der Stadt, roughly three women
were tortured and killed as witches every year betw1615 and 1629. And Katharina
Kepler was a cantankerous old woman. She engagdidpates that annoyed the local
nobility, and she sold soporific and perhaps hatlegenic drugs as do contemporary
Mexicancuranderas Poor Kepler believed that he himself had conteduo her arrest.

It came about because Kepler wrote one of theviissks of science fiction,
intended to explain and popularize science. It galed theSomnium‘The Dream.” He
imagined a journey to the Moon, the space travetensding on the lunar surface and
observing the lovely planet Earth rotating slowlythe sky above them. By changing our
perspective we can figure out how worlds work. kplker’s time one of the chief
objections to the idea that the Earth turns wadabiethat people do not feel the motion. In
the Somniunhe tried to make the rotation of the Earth plaesidramatic, comprehensible:
‘As long as the multitude does not err .... | wiambe on the side of the many. Therefore, |
take great pains to explain to as many people ssilge.’ (On another occasion he wrote in
a letter, ‘Do not sentence me completely to thadneill of mathematical calculations -
leave me time for philosophical speculations, m sielight.™)

* Brahe, like Kepler, was far from hostile to astgy, although he carefully distinguished his own
secret version of astrology from the more commaiawés of his time, which he thought conducive to
superstition. In his booRstronomiae Instauratae Mechonjqaublished in 1598, he argued that astrology is
‘really more reliable than one would think’ if chsuiof the position of the stars were properly inyech Brahe
wrote: ‘I have been occupied in alchemy, as mudbyabe celestial studies, from my 23rd year.” Bath of
these pseudosciences, he felt, had secrets fdiatagerous for the general populace (although éntede,
he thought, in the hands of those princes and Kirogs whom he sought support). Brahe continueddhg
and truly dangerous tradition of some scientists Wwélieve that only they and the temporal and st$tical
powers can be trusted with arcane knowledge: Hieseno useful purpose and is unreasonable, to swdte
things generally known.” Kepler, on the other hdedtured on astronomy in schools, published extehs
and often at his own expense, and wrote scientierfiovhich was certainly not intended primarily fus
scientific peers. He may not have been a populiéemof science in the modern sense, but the tiiansin
attitudes in the single generation that separayettd@ and Kepler is telling.

With the invention of the telescope, what Kepldtech’lunar geography’ was
becoming possible. In tf@omniumhe described the Moon as filled with mountaing an
valleys and as ‘porous, as though dug through ellows and continuous caves,’ a
reference to the lunar craters Galileo had recehsigovered with the first astronomical
telescope. He also imagined that the Moon haahltahitants, well adapted to the
inclemencies of the local environment. He descrthesslowly rotating Earth viewed from
the lunar surface and imagines the continents aadrs of our planet to produce some
associative image like the Man in the Moon. Hewies the near contact of southern Spain
with North Africa at the Straits of Gibraltar ay@ng woman in a flowing dress about to
kiss her lover - although rubbing noses looks ntieeit to me.



Because of the length of the lunar day and niglgl&r described ‘the great
intemperateness of climate and the most violeetradtion of extreme heat and cold on the
Moon,” which is entirely correct. Of course, he diot get everything right. He believed,
for example, that there was a substantial lunapgpiere and oceans and inhabitants. Most
curious is his view of the origin of the lunar e, which make the Moon, he says, ‘not
dissimilar to the face of a boy disfigured with $imax.” He argued correctly that the
craters are depressions rather than mounds. Fowm observations he noted the
ramparts surrounding many craters and the existaincentral peaks. But he thought that
their regular circular shape implied such a degfesrder that only intelligent life could
explain them. He did not realize that great roekkng out of the sky would produce a
local explosion, perfectly symmetric in all diremts, that would carve out a circular cavity
- the origin of the bulk of the craters on the Ma@omd the other terrestrial planets. He
deduced instead ‘the existence of some race rédiffarapable of constructing those
hollows on the surface of the Moon. This race nmaste many individuals, so that one
group puts one hollow to use while another groupstroicts another hollow.” Against the
view that such great construction projects werékahl, Kepler offered as counterexamples
the pyramids of Egypt and the Great Wall of Chimhich can, in fact, be seen today from
Earth orbit. The idea that geometrical order revaal underlying intelligence was central
to Kepler’s life. His argument on the lunar cratisra clear foreshadowing of the Martian
canal controversy (Chapter 5). It is striking ttieg observational search for extraterrestrial
life began in the same generation as the inverdidhe telescope, and with the greatest
theoretician of the age.

Parts of th&somniumwere clearly autobiographical. The hero, for exngsits
Tycho Brahe. He has parents who sell drugs. Hiheratonsorts with spirits and daemons,
one of whom eventually provides the means to trevéhie moon. Th&omniunmakes
clear to us, although it did not to all of Keplecentemporaries, that ‘in a dream one must
be allowed the liberty of imagining occasionallgthvhich never existed in the world of
sense perception.” Science fiction was a new idéaeatime of the Thirty Years’ War, and
Kepler's book was used as evidence that his methsra witch.

In the midst of other grave personal problems.l&ejushed to Wirttemberg to
find his seventy-four-year-old mother chained iRratestant secular dungeon and
threatened, like Galileo in a Catholic dungeonhwairture. He set about, as a scientist
naturally would, to find natural explanations foetvarious events that had precipitated the
accusations of witchcraft, including minor physiadiments that the burghers of
Wirttemberg had attributed to her spells. The mebeaas successful, a triumph, as was
much of the rest of his life, of reason over suiigre. His mother was exiled, with a
sentence of death passed on her should she euar tetWirttemberg; and Kepler's
spirited defense apparently led to a decree bpthiee forbidding further trials for
witchcraft on such slender evidence.

The upheavals of the war deprived Kepler of mudhisfinancial support, and the
end of his life was spent fitfully, pleading for mey and sponsors. He cast horoscopes for
the Duke of Wallenstein, as he had done for Ruidiadind spent his final years in a
Silesian town controlled by Wallenstein and calBadjan. His epitaph, which he himself
composed, was: ‘| measured the skies, now the simtimeasure. Sky-bound was the



mind, Earth-bound the body rests.’ But the Thirgays’ War obliterated his grave. If a
marker were to be erected today, it might reathpimage to his scientific courage: ‘He
preferred the hard truth to his dearest illusions.’

Johannes Kepler believed that there would onebedgelestial ships with sails
adapted to the winds of heaven’ navigating the Blkgd with explorers ‘who would not
fear the vastness’ of space. And today those esf@phuman and robot, employ as
unerring guides on their voyages through the vastoéspace the three laws of planetary
motion that Kepler uncovered during a lifetime efspnal travail and ecstatic discovery.

The lifelong quest of Johannes Kepler, to undedstha motions of the planets, to seek a
harmony in the heavens, culminated thirty-six yedisr his death, in the work of Isaac
Newton. Newton was born on Christmas Day, 1642ingothat, as his mother told him
years later, he would have fit into a quart mugkl§i feeling abandoned by his parents,
guarrelsome, unsociable, a virgin to the day hd,dsaac Newton was perhaps the greatest
scientific genius who ever lived.

Even as a young man, Newton was impatient witblhetantial questions, such as
whether light was ‘a substance or an accidentiiaw gravitation could act over an
intervening vacuum. He early decided that the cotiveal Christian belief in the Trinity
was a misreading of Scripture. According to higgbapher, John Maynard Keynes,

He was rather a Judaic Monotheist of the schoMamonides. He arrived at this
conclusion, not on so-to-speak rational or scepgoaunds, but entirely on the
interpretation of ancient authority. He was persadhithat the revealed documents
gave no support to the Trinitarian doctrines whigre due to late falsifications.
The revealed God was one God. But this was a dueseéret which Newton was at
desperate pains to conceal all his life.

Like Kepler, he was not immune to the superstitiohlis day and had many encounters
with mysticism. Indeed, much of Newton’s intellegitdevelopment can be attributed to
this tension between rationalism and mysticismth&tStourbridge Fair in 1663, at age
twenty, he purchased a book on astrology, ‘out @iréosity to see what there was in it.’
He read it until he came to an illustration whi@dould not understand, because he was
ignorant of trigonometry. So he purchased a booltignnometry but soon found himself
unable to follow the geometrical arguments. Sodumdl a copy of Euclid’&lements of
Geometryand began to read. Two years later he inveneditferential calculus.

As a student, Newton was fascinated by light aadsfixed by the Sun. He took to
the dangerous practice of staring at the Sun’s ema@ looking glass:

In a few hours | had brought my eyes to such a thedd could look upon no bright
object with neither eye but | saw the Sun before soehat | durst neither write nor
read but to recover the use of my eyes shut myugeli my chamber made dark
three days together & used all means to divertmmgination from the Sun. For if |
thought upon him | presently saw his picture thouglas in the dark.



In 1666, at the age of twenty-three, Newton wasradergraduate at Cambridge University
when an outbreak of plague forced him to spendaa iyeidleness in the isolated village of
Woolsthorpe, where he had been born. He occupreddii by inventing the differential
and integral calculus, making fundamental disc@gean the nature of light and laying the
foundation for the theory of universal gravitatidine only other year like it in the history
of physics was Einstein’s ‘Miracle Year’ of 1905héh asked how he accomplished his
astonishing discoveries, Newton replied unhelpfuBy thinking upon them.” His work
was so significant that his teacher at Cambridggad Barrow, resigned his chair of
mathematics in favor of Newton five years afterybang student returned to college.
Newton, in his mid-forties, was described by lEs/ant as follows:

I never knew him to take any recreation or pastitiger in riding out to take the air,
walking, bowling, or any other exercise whateveimking all hours lost that were
not spent in his studies, to which he kept so ctbaehe seldom left his chamber
unless [to lecture] at term time . . . where so ¥eswnt to hear him, and fewer
understood him, that ofttimes he did in a manra@rwant of hearers, read to the
walls.

Students both of Kepler and of Newton never knewtwhey were missing.

Newton discovered the law of inertia, the tendemicg moving object to continue
moving in a straight line unless something influesit and moves it out of its path. The
Moon, it seemed to Newton, would fly off in a sgfat line, tangential to its orbit, unless
there were some other force constantly divertireghth into a near circle, pulling it in the
direction of the Earth. This force Newton called\gty, and believed that it acted at a
distance. There is nothing physically connectirggEarth and the Moon. And yet the Earth
is constantly pulling the Moon toward us. Using Kejs third law, Newton
mathematically deduced the nature of the gravitaliforce.* He showed that the same
force that pulls an apple down to Earth keeps tlervin its orbit and accounts for the
revolutions of the then recently discovered modniupiter in their orbits about that
distant planet.

* Sadly, Newton does not acknowledge his debt tpl&rein his masterpiece thi&incipia. But in a
1686 letter to Edmund Halley, he says of his lawrafvitation: ‘I can affirm that | gathered it frolkepler’s
theorem about twenty years ago.’

Things had been falling down since the beginningmé. That the Moon went
around the Earth had been believed for all of huhistory. Newton was the first person
ever to figure out that these two phenomena weegtathe same force. This is the
meaning of the word ‘universal’ as applied to Newidm gravitation. The same law of
gravity applies everywhere in the universe.

It is a law of the inverse square. The force dediinversely as the square of
distance. If two objects are moved twice as faryaree gravity now pulling them together
is only one-quarter as strong. If they are moveditees farther away, the gravity is ten



squared, 1= 100 times smaller. Clearly, the force must imssense be inverse - that is,
declining with distance. If the force were dir@ntreasing with distance, then the strongest
force would work on the most distant objects, asddpose all the matter in the universe
would find itself careering together into a singtssmic lump. No, gravity must decrease
with distance, which is why a comet or a planet esoslowly when far from the Sun and
faster when close to the Sun - the gravity it feelseaker the farther from the Sun it is.

All three of Kepler's laws of planetary motion claa derived from Newtonian
principles. Kepler's laws were empirical, basedufite painstaking observations of Tycho
Brahe. Newton’s laws were theoretical, rather semphthematical abstractions from which
all of Tycho’s measurements could ultimately bewdst. From these laws, Newton wrote
with undisguised pride in therincipia, ‘1 now demonstrate the frame of the System of the
World.’

Later in his life, Newton presided over the Rogatiety, a fellowship of scientists,
and was Master of the Mint, where he devoted hésges to the suppression of counterfeit
coinage. His natural moodiness and reclusivity gieswesolved to abandon those
scientific endeavors that brought him into quaoele disputes with other scientists,
chiefly on issues of priority; and there were thaé® spread tales that he had experienced
the seventeenth-century equivalent of a ‘nervoeskaown.” However, Newton continued
his lifelong experiments on the border betweeneithand chemistry, and some recent
evidence suggests that what he was suffering frasiwet so much a psychogenic ailment
as heavy metal poisoning, induced by systematiestign of small quantities of arsenic
and mercury. It was a common practice for chenukthe time to use the sense of taste as
an analytic tool.

Nevertheless his prodigious intellectual powensigéed unabated. In 1696, the
Swiss mathematician Johann Bernoulli challengeddlisagues to solve an unresolved
issue called the brachistochrone problem, spegjfthie curve connecting two points
displaced from each other laterally, along whidiody, acted upon by gravity, would fall
in the shortest time. Bernoulli originally spectfia deadline of six months, but extended it
to a year and a half at the request of Leibniz,afrtbe leading scholars of the time, and the
man who had, independently of Newton, inventeddifferential and integral calculus. The
challenge was delivered to Newton at four P.M. amudry 29, 1697. Before leaving for
work the next morning, he had invented an entixg beanch of mathematics called the
calculus of variations, used it to solve the brsiddhrone problem and sent off the solution,
which was published, at Newton’s request, anonytyoBsit the brilliance and originality
of the work betrayed the identity of its author. &dBernoulli saw the solution, he
commented. ‘We recognize the lion by his claw.” N@wwas then in his fifty-fifth year.

The major intellectual pursuit of his last yeamsva concordance and calibration of
the chronologies of ancient civilizations, very rhue the tradition of the ancient historians
Manetho, Strabo and Eratosthenes. In his lasthposius work, “The Chronology of
Ancient Kingdoms Amended,’ we find repeated astroial calibrations of historical
events; an architectural reconstruction of the TleropSolomon; a provocative claim that
all the Northern Hemisphere constellations are mhafter the personages, artifacts and
events in the Greek story of Jason and the Argenauad the consistent assumption that
the gods of all civilizations, with the single eptien of Newton’s own, were merely



ancient kings and heroes deified by later generatio

Kepler and Newton represent a critical transitiohuman history, the discovery
that fairly simple mathematical laws pervade alNature; that the same rules apply on
Earth as in the skies; and that there is a resenb@twveen the way we think and the way
the world works. They unflinchingly respected tlvewracy of observational data, and their
predictions of the motion of the planets to highgision provided compelling evidence that,
at an unexpectedly deep level, humans can unddrtarCosmos. Our modern global
civilization, our view of the world and our presemxiploration of the Universe are
profoundly indebted to their insights.

Newton was guarded about his discoveries anddligmmpetitive with his
scientific colleagues. He thought nothing of wajtendecade or two after its discovery to
publish the inverse square law. But before thedganand intricacy of Nature, he was,
like Ptolemy and Kepler, exhilarated as well asudigngly modest. Just before his death
he wrote: ‘I do not know what | may appear to thegld; but to myself | seem to have been
only like a boy, playing on the seashore, and dingmyself, in now and then finding a
smoother pebble or a prettier shell than ordinahjle the great ocean of truth lay all
undiscovered before me.’



CHAPTER IV

Heaven and Hell

Nine worlds | remember.
- The Icelandic Edda of Snorri Sturluson, 1200

| am become death, the shatterer of worlds.
- Bhagavad Gita

The doors of heaven and hell are adjacent andigdnt
- Nikos KazantzakisThe Last Temptation of Christ

The Earth is a lovely and more or less placid pldténgs change, but slowly. We can lead
a full life and never personally encounter a ndtdigaster more violent than a storm. And
so we become complacent, relaxed, unconcernednBlo¢ history of Nature, the record is
clear. Worlds have been devastated. Even we huhssmesachieved the dubious technical
distinction of being able to make our own disasteoth intentional and inadvertent. On
the landscapes of other planets where the recdttie past have been preserved, there is
abundant evidence of major catastrophes. It ia alhtter of time scale. An event that
would be unthinkable in a hundred years may beitalele in a hundred million. Even on
the Earth, even in our own century, bizarre natevaints have occurred.

In the early morning hours of June 30, 1908, int&# Siberia, a giant fireball was
seen moving rapidly across the sky. Where it tod¢he horizon, an enormous explosion
took place. It leveled some 2,000 square kilometéfsrest and burned thousands of trees
in a flash fire near the impact site. It producachtmospheric shock wave that twice
circled the Earth. For two days afterwards, theas ao much fine dust in the atmosphere
that one could read a newspaper at night by sedttaght in the streets of London, 10,000
kilometers away.

The government of Russia under the Czars coulth@diothered to investigate so
trivial an event, which, after all, had occurreddavay, among the backward Tungus
people of Siberia. It was ten years after the Rdiah before an expedition arrived to
examine the ground and interview the witnessessd laee some of the accounts they
brought back:

Early in the morning when everyone was asleepertéht, it was blown up into the
air, together with the occupants. When they fetlidd@ Earth, the whole family
suffered slight bruises, but Akulina and Ivan altjulast consciousness. When they
regained consciousness they heard a great deals#f and saw the forest blazing
round them and much of it devastated.

| was sitting in the porch of the house at theitrgdtation of Vanovara at breakfast
time and looking towards the north. | had justedisny axe to hoop a cask, when



suddenly . . . the sky was split in two, and higb\ae the forest the whole northern
part of the sky appeared to be covered with fitethat moment | felt a great heat as
if my shirt had caught fire . . . | wanted to poff my shirt and throw it away, but at
that moment there was a bang in the sky, and atypnagash was heard. | was
thrown on the ground about three sajenes away fhenporch and for a moment |
lost consciousness. My wife ran out and carriednteethe hut. The crash was
followed by a noise like stones falling from theys&r guns firing. The Earth
trembled, and when | lay on the ground | coveredhesd because | was afraid that
stones might hit it. At that moment when the skgrmgd, a hot wind, as from a
cannon, blew past the huts from the north. Ititeftnark on the ground . . .

When | sat down to have my breakfast beside mygblpuheard sudden bangs, as
if from gun-fire. My horse fell to its knees. Frdhe north side above the forest a
flame shot up . . . Then | saw that the fir fofestl been bent over by the wind and |
thought of a hurricane. | seized hold of my plowgth both hands, so that it would
not be carried away. The wind was so strong thartied off some of the soil from
the surface of the ground, and then the hurricaoeeda wall of water up the
Angara. | saw it all quite clearly, because my lara$ on a hillside.

The roar frightened the horses to such an extantsttime galloped off in panic,
dragging the ploughs in different directions, atiteos collapsed.

The carpenters, after the first and second craslaeiscrossed themselves in
stupefaction, and when the third crash resoundey fiil backwards from the
building onto the chips of wood. Some of them wsayestunned and utterly terrified
that | had to calm them down and reassure themal\sbandoned work and went
into the village. There, whole crowds of local ibftants were gathered in the
streets in terror, talking about this phenomenon.

| was in the fields . . . and had only just got twese harnessed to the harrow and
begun to attach another when suddenly | heard sdhatded like a single loud shot
to the right. | immediately turned round and sawebimgated flaming object flying
through the sky. The front part was much broadan the tail end and its color was
like fire in the day-time. It was many times bigglean the sun but much dimmer,

so that it was possible to look at it with the nédikege. Behind the flames trailed
what looked like dust. It was wreathed in littlefflsyand blue streamers were left
behind from the flames . . . As soon as the flaack disappeared, bangs louder than
shots from a gun were heard, the ground could Ibéof&remble, and the window
panes in the cabin were shattered.

... I was washing wool on the bank of the RivanKSuddenly a noise like the
fluttering of the wings of a frightened bird wasah . . . and a kind of swell came
up the river. After this came a single sharp bamfpsad that one of the workmen . . .
fell into the water.



This remarkable occurrence is called the TungusieanE Some scientists have suggested
that it was caused by a piece of hurtling antinnaétenihilated on contact with the ordinary
matter of the Earth, disappearing in a flash of g@nnays. But the absence of radioactivity
at the impact site gives no support to this explanaOthers postulate that a mini black
hole passed through the Earth in Siberia and @ubther side. But the records of
atmospheric shock waves show no hint of an objeatrting out of the North Atlantic later
that day. Perhaps it was a spaceship of some umaialg advanced extraterrestrial
civilization in desperate mechanical trouble, ciagln a remote region of an obscure
planet. But at the site of the impact there israoéd of such a ship. Each of these ideas has
been proposed, some of them more or less seriddstyone of them is strongly supported
by the evidence. The key point of the Tunguska Eigethat there was a tremendous
explosion, a great shock wave, an enormous foirestaind yet there is no impact crater at
the site. There seems to be only one explanatiosistent with all the facts: In 1908 a
piece of comet hit the Earth.

In the vast spaces between the planets therearg abjects, some rocky, some
metallic, some icy, some composed partly of orgamtecules. They range from grains of
dust to irregular blocks the size of Nicaragua bufdn. And sometimes, by accident, there
is a planet in the way. The Tunguska Event wasablybcaused by an icy cometary
fragment about a hundred meters across - the seéootball field - weighing a million
tons, moving at about 30 kilometers per second)0miles per hour.

If such an impact occurred today it might be nkistg especially in the panic of the
moment, for a nuclear explosion. The cometary irhpad fireball would simulate all
effects of a one-megaton nuclear burst, includiregmushroom cloud, with two
exceptions: there would be no gamma radiationdipeative fallout. Could a rare but
natural event, the impact of a sizable cometamynfrent, trigger a nuclear war? A strange
scenario: a small comet hits the Earth, as mill@inhem have, and the response of our
civilization is promptly to self-destruct. It mighe a good idea for us to understand comets
and collisions and catastrophes a little betten tha do. For example, an American Vela
satellite detected an intense double flash of ligith the vicinity of the South Atlantic and
Western Indian Ocean on September 22, 1979. BEaelgutation held that it was a
clandestine test of a low yield (two kilotons, abatsixth the energy of the Hiroshima
bomb) nuclear weapon by South Africa or Israel. pbktical consequences were
considered serious around the world. But whatdfftashes were instead caused by the
impact of a small asteroid or a piece of a comei@esairborne over-flights in the vicinity
of the flashes showed not a trace of unusual ratiiaty in the air, this is a real possibility
and underscores the dangers in an age of nuclegrone of not monitoring impacts from
space better than we do.

A comet is made mostly of ice - water,(®) ice, with a little methane (ChMice,
and some ammonia (NMHice. Striking the Earth’s atmosphere, a modestatary
fragment would produce a great radiant fireball andighty blast wave, which would burn
trees, level forests and be heard around the wBdtit might not make much of a crater in
the ground. The ices would all be melted duringyerithere would be few recognizable



pieces of the comet left - perhaps only a smatesfrsmall grains from the non-icy parts
of the cometary nucleus. Recently, the Soviet $iseB. Sobotovich has identified a large
number of tiny diamonds strewn over the Tungusta Siuch diamonds are already known
to exist in meteorites that have survived impaatl that may originate ultimately from
comets.

On many a clear night, if you look patiently uglag sky, you will see a solitary
meteor blazing briefly overhead. On some nightsgemusee a shower of meteors, always
on the same few days of every year - a naturakérks display, an entertainment in the
heavens. These meteors are made by tiny grainfiesi@n a mustard seed. They are less
shooting stars than falling fluff. Momentarily bi@int as they enter the Earth’s atmosphere,
they are heated and destroyed by friction at ahteiffabout 100 kilometers. Meteors are
the remnants of comets.* Old comets, heated byatedepassages near the Sun, break up,
evaporate and disintegrate. The debris spreadl$ ttoef full cometary orbit. Where that
orbit intersects the orbit of the Earth, there ssvarm of meteors waiting for us. Some part
of the swarm is always at the same position irBaeh’s orbit, so the meteor shower is
always observed on the same day of every year.3unE908 was the day of the Beta
Taurid meteor shower, connected with the orbit oi&t Encke. The Tunguska Event
seems to have been caused by a chunk of Comet Enplece substantially larger than the
tiny fragments that cause those glittering, harsmfasteor showers.

* That meteors and meteorites are connected wélttimets was first proposed by Alexander von
Humboldt in his broad-gauge popularization of &science, published in the years 1845 to 18620k w
calledKosmos It was reading Humboldt's earlier work that firke young Charles Darwin to embark on a
career combining geographical exploration and métistory. Shortly thereafter he accepted a pwsidis
naturalist aboard the ship HMEagle the event that led tbhe Origin of Species

Comets have always evoked fear and awe and sujmersiiheir occasional
apparitions disturbingly challenged the notion wfumalterable and divinely ordered
Cosmos. It seemed inconceivable that a spectastnéak of milk-white flame, rising and
setting with the stars night after night, was inetré for a reason, did not hold some portent
for human affairs. So the idea arose that comete Warbingers of disaster, auguries of
divine wrath - that they foretold the deaths ohpes, the fall of kingdoms. The
Babylonians thought that comets were celestialdsedrhe Greeks thought of flowing hair,
the Arabs of flaming swords. In Ptolemy’s time caésneere elaborately classified as
‘beams,’ ‘trumpets,’ ‘jars’ and so on, accordingheir shapes. Ptolemy thought that
comets bring wars, hot weather and ‘disturbed dondi.” Some medieval depictions of
comets resemble unidentified flying crucifixes. Atheran ‘Superintendent’ or Bishop of
Magdeburg named Andreas Celichius published in E67"eological Reminder of the
New Comet,” which offered the inspired view thatamet is ‘the thick smoke of human
sins, rising every day, every hour, every momaeiit,of stench and horror before the face
of God, and becoming gradually so thick as to faroomet, with curled and plaited tresses,
which at last is kindled by the hot and fiery angkethe Supreme Heavenly Judge.’ But
others countered that if comets were the smokeoflse skies would be continually
ablaze with them.



The most ancient record of an apparition of Hall€gr any other) Comet appears
in the Chines®ook of Prince Huai Narattendant to the march of King Wu against Zhou
of Yin. The year was 1057 B.C. The approach toleaftHalley’'s Comet in the year 66 is
the probable explanation of the account by Josephasword that hung over Jerusalem
for a whole year. In 1066 the Normans witnessedhanaeturn of Halley’'s Comet. Since it
must, they thought, presage the falsomekingdom, the comet encouraged, in some sense
precipitated, the invasion of England by Williane tGonqueror. The comet was duly noted
in a newspaper of the time, the Bayeux Tapestrg3bi, Giotto, one of the founders of
modern realistic painting, witnessed another apiparof Comet Halley and inserted it into
a nativity scene. The Great Comet of 1466 - yettaraeturn of Halley’'s Comet -
panicked Christian Europe; the Christians fearatl od, who sends comets, might be on
the side of the Turks, who had just captured Coristaple.

The leading astronomers of the sixteenth and segeth centuries were fascinated
by comets, and even Newton became a little giday tvem. Kepler described comets as
darting through space ‘as the fishes in the sed,bbing dissipated by sunlight, as the
cometary tail always points away from the sun. Ba&dume, in many cases an
uncompromising rationalist, at least toyed with tio¢ion that comets were the
reproductive cells - the eggs or sperm - of plalyetgstems, that planets are produced by a
kind of interstellar sex. As an undergraduate, teefos invention of the reflecting
telescope, Newton spent many consecutive sleepigsts searching the sky for comets
with his naked eye, pursuing them with such fethat he felt ill from exhaustion.
Following Tycho and Kepler, Newton concluded thet tomets seen from Earth do not
move within our atmosphere, as Aristotle and othagthought, but rather are more
distant than the Moon, although closer than Satiomets shine, as the planets do, by
reflected sunlight, ‘and they are much mistaken wdmove them almost as far as the fixed
stars; for if it were so, the comets could rece&igemore light from our Sun than our planets
do from the fixed stars.” He showed that comeks filanets, move in ellipses: ‘Comets are
a sort of planets revolved in very eccentric orblisut the Sun.” This demystification, this
prediction of regular cometary orbits, led hisrideEdmund Halley in 1707 to calculate
that the comets of 1531, 1607 and 1682 were appasiat 76-year intervals of the same
comet, and predicted its return in 1758. The cahaét arrived and was named for him
posthumously. Comet Halley has played an intergstie in human history, and may be
the target of the first space vehicle probe of met during its return in 1986.

Modern planetary scientists sometimes argue kiwatadllision of a comet with a
planet might make a significant contribution to fhanetary atmosphere. For example, all
the water in the atmosphere of Mars today coulddo®unted for by a recent impact of a
small comet. Newton noted that the matter in tie td comets is dissipated in
interplanetary space, lost to the comet and liyldittle attracted gravitationally to nearby
planets. He believed that the water on the Eanginadually being lost, ‘spent upon
vegetation and putrefaction, and converted intoedngh . . . The fluids, if they are not
supplied from without, must be in a continual dases and quite fail at last.” Newton
seems to have believed that the Earth’s oceansf ammetary origin, and that life is
possible only because cometary matter falls upomplamet. In a mystical reverie, he went
still further: ‘I suspect, moreover, that it is efly from the comets that spirit comes, which



is indeed the smallest but the most subtle andutpaft of our air, and so much required to
sustain the life of all things with us.’

As early as 1868 the astronomer William Hugginsmfiban identity between some
features in the spectrum of a comet and the spaatfunatural or ‘olefiant’ gas. Huggins
had found organic matter in the comets; in subssggesars cyanogen, CN, consisting of a
carbon and a nitrogen atom, the molecular fragrtiettmakes cyanides, was identified in
the tails of comets. When the Earth was about $s gfarough the tail of Halley’s Comet in
1910, many people panicked. They overlooked thetlfet the tail of a comet is
extravagantly diffuse: the actual danger from tbes@n in a comet’s tail is far less than the
danger, even in 1910, from industrial pollutiorange cities.

But that reassured almost no one. For examplé&llinea in the San Francisco
Chroniclefor May 15, 1910, include ‘Comet Camera as Big &ouse,” ‘Comet Comes
and Husband Reforms,” ‘Comet Parties Now Fad in Newk.” The Los Angeles
Examineradopted a light mood: ‘Say! Has That Comet CyanedeYou Yet? . . . Entire
Human Race Due for Free Gaseous Bath,” ‘Expectiildigks,” ‘Many Feel Cyanogen
Tang,” ‘Victim Climbs Trees, Tries to Phone Comét.’1910 there were parties, making
merry before the world ended of cyanogen pollutientrepreneurs hawked anti-comet
pills and gas masks, the latter an eerie premandfdahe battlefields of World War 1.

Some confusion about comets continues to our owa tn 1957, | was a graduate
student at the University of Chicago’s Yerkes Owbatary. Alone in the observatory late
one night, | heard the telephone ring persisteltigen | answered, a voice, betraying a
well-advanced state of inebriation, said, ‘Lemnmnik ta a shtrominer.” ‘Can | help you?’
‘Well, see, we’re havin’ this garden party out har&Vilmette, and there’s somethin’ in the
sky. The funny part is, though, if you look strdighit, it goes away. But if you don’t look
at it, there it is.” The most sensitive part of tbé&na is not at the center of the field of view.
You can see faint stars and other objects by ageytur vision slightly. | knew that,
barely visible in the sky at this time, was a nedigcovered comet called Arend-Roland.
So | told him that he was probably looking at a etirithere was a long pause, followed by
the query: ‘Wash’a comet?’ ‘A comet,’ | replieds ‘a snowball one mile across.” There was
a longer pause, after which the caller requestezimme talk to aeal shtrominer.” When
Halley’s Comet reappears in 1986, | wonder whaitipal leaders will fear the apparition,
what other silliness will then be upon us.

While the planets move in elliptical orbits arouhd Sun, their orbits are neg¢ry
elliptical. At first glance they are, by and largalistinguishable from circles. It is the
comets - especially the long-period comets - thathdramatically elliptical orbits. The
planets are the old-timers in the inner solar systee comets are the newcomers. Why are
the planetary orbits nearly circular and neatlyesafed one from the other? Because if
planets had very elliptical orbits, so that theiths intersected, sooner or later there would
be a collision. In the early history of the solgstem, there were probably many planets in
the process of formation. Those with ellipticalssimg orbits tended to collide and destroy
themselves. Those with circular orbits tended tmgand survive. The orbits of the present
planets are the orbits of the survivors of thidisimnal natural selection, the stable middle
age of a solar system dominated by early catastopipacts.

In the outermost solar system, in the gloom faobe the planets, there is a vast



spherical cloud of a trillion cometary nuclei, dnbg the Sun no faster than a racing car at
the Indianapolis 500.* A fairly typical comet woulabk like a giant tumbling snowball
about 1 kilometer across. Most never penetratéonéer marked by the orbit of Pluto. But
occasionally a passing star makes a gravitatidnalfand commotion in the cometary
cloud, and a group of comets finds itself in higéllptical orbits, plunging toward the Sun.
After its path is further changed by gravitatioeatounters with Jupiter or Saturn, it tends
to find itself, once every century or so, careetimgard the inner solar system. Somewhere
between the orbits of Jupiter and Mars it wouldibégating and evaporating. Matter
blown outwards from the Sun’s atmosphere, the suilad, carries fragments of dust and
ice back behind the comet, making an incipient thiupiter were a meter across, our
comet would be smaller than a speck of dust, benafblly developed, its tail would be as
great as the distances between the worlds. Whéinvgight of the Earth on each of its
orbits, it would stimulate outpourings of superstis fervor among the Earthlings. But
eventually they would understand that it lived motheir atmosphere, but out among the
planets. They would calculate its orbit. And pehape day soon they would launch a
small space vehicle devoted to exploring this ersitom the realm of the stars.

* The Earth is r = 1 astronomical unit = 150,00@ edometers from the Sun. Its roughly circular
orbit then has a circumference afr210° km. Our planet circulates once along this patineyear. One year
=3 x 10 seconds. So the Earth’s orbital speed fski¥3 x 1J sec=30 km/sec. Now consider the spherical
shell of orbiting comets that many astronomerselvelisurrounds the solar system at a distai6€,000

astronomical units, almost halfway to the nearest §rom Kepler’s third law it immediately follovisat the

orbital period about the Sun of any one of themisut (16)*? = 10°=3 x 10 or 30 million years. Once

around the Sun is a long time if you live in theesueaches of the solar system. The cometary isrBita =
21mx 10 x 1.5 x 16 km=10" km around, and its speed is therefore onff/ @®/ 10°° sec = 0.1 km/se€220
miles per hour.

Sooner or later comets will collide with planetdeTEarth and its companion the
Moon must be bombarded by comets and small asserdébris left over from the
formation of the solar system. Since there are raorall objects than large ones, there
should be more impacts by small objects than lgelanes. An impact of a small cometary
fragment with the Earth, as at Tunguska, shouldioabout once every thousand years.
But an impact with a large comet, such as Hall&osnet, whose nucleus is perhaps
twenty kilometers across, should occur only abagecevery billion years.

When a small, icy object collides with a planeaanoon, it may not produce a very
major scar. But if the impacting object is largentade primarily of rock, there is an
explosion on impact that carves out a hemisphebioad called an impact crater. And if no
process rubs out or fills in the crater, it may fas billions of years. Almost no erosion
occurs on the Moon and when we examine its surfaedind it covered with impact
craters, many more than can be accounted for brather sparse population of cometary
and asteroidal debris that now fills the inner selstem. The lunar surface offers eloquent
testimony of a previous age of the destruction ofles, now billions of years gone.

Impact craters are not restricted to the Moon.fWethem throughout the inner
solar system - from Mercury, closest to the SurtJdad-covered Venus to Mars and its
tiny moons, Phobos and Deimos. These are the teatgdanets, our family of worlds, the



planets more or less like the Earth. They havelsulifaces, interiors made of rock and
iron, and atmospheres ranging from near-vacuunnasspires ninety times higher than the
Earth’s. They huddle around the Sun, the sourdgluif and heat, like campers around a
fire. The planets are all about 4.6 billion yedis dike the Moon, they all bear witness to
an age of impact catastrophism in the early histdthe solar system.

As we move out past Mars we enter a very differegime - the realm of Jupiter
and the other giant or Jovian planets. These a&a& grorlds, composed largely of hydrogen
and helium, with smaller amounts of hydrogen-rieBes such as methane, ammonia and
water. We do not see solid surfaces here, onlatim@sphere and the multicolored clouds.
These are serious planets, not fragmentary wosldilkd the Earth. A thousand Earths
could fit inside Jupiter. If a comet or an asteridpped into the atmosphere of Jupiter, we
would not expect a visible crater, only a momentagak in the clouds. Nevertheless, we
know there has been a many-billion-year historgadfisions in the outer solar system as
well - because Jupiter has a great system of rhared dozen moons, five of which were
examined close up by the Voyager spacecraft. Hgaave find evidence of past
catastrophes. When the solar system is all explovedvill probably have evidence for
impact catastrophism on all nine worlds, from Meydo Pluto, and on all the smaller
moons, comets and asteroids.

There are about 10,000 craters on the near sitteedfloon, visible to telescopes on
Earth. Most of them are in the ancient lunar higtlkaand date from the time of the final
accretion of the Moon from interplanetary debrisefle are about a thousand craters larger
than a kilometer across in thearia (Latin for ‘seas’), the lowland regions that were
flooded, perhaps by lava, shortly after the forovatf the Moon, covering over the
pre-existing craters. Thus, very roughly, cratershe Moon should be formed today at the
rate of about 10years/10 craters, = 10years/crater, a hundred thousand years between
cratering events. Since there may have been mtagpianetary debris a few billion years
ago than there is today, we might have to wait dgeger than a hundred thousand years
to see a crater form on the Moon. Because the Bagla larger area than the Moon, we
might have to wait something like ten thousand yé&atween collisions that would make
craters as big as a kilometer across on our plamet.since Meteor Crater, Arizona, an
impact crater about a kilometer across, has beamdfto be twenty or thirty thousand years
old, the observations on the Earth are in agreemigthtsuch crude calculations.

The actual impact of a small comet or asteroidhwhe Moon might make a
momentary explosion sufficiently bright to be visilirom the Earth. We can imagine our
ancestors gazing idly up on some night a hundredstéind years ago and noting a strange
cloud arising from the unilluminated part of the &g suddenly struck by the Sun’s rays.
But we would not expect such an event to have haape historical times. The odds
against it must be something like a hundred to bleertheless, there is an historical
account which may in fact describe an impact orMben seen from Earth with the naked
eye: On the evening of June 25, 1178, five Britiginks reported something extraordinary,
which was later recorded in the chronicle of GeevalsCanterbury, generally considered a
reliable reporter on the political and cultural etgeof his time, after he had interviewed the
eyewitnesses who asserted, under oath, the truttefstory. The chronicle reads:



There was a bright New Moon, and as usual in thase its horns were tilted
towards the east. Suddenly, the upper horn sptiwan From the midpoint of the
division, a flaming torch sprang up, spewing otg,fhot coals, and sparks.

The astronomers Derral Mulholland and Odile Caltwaee calculated that a lunar
impact would produce a dust cloud rising off theate of the Moon with an appearance
corresponding rather closely to the report of ta@t€rbury monks.

If such an impact were made only 800 years agoctater should still be visible.
Erosion on the Moon is so inefficient, becausehefdbsence of air and water, that even
small craters a few billion years old are still gmamatively well preserved. From the
description recorded by Gervase, it is possiblgitipoint the sector of the Moon to which
the observations refer. Impacts produce rays, flitrads of fine powder spewed out during
the explosion. Such rays are associated with theywmingest craters on the Moon - for
example, those named after Aristarchus and Copesrind Kepler. But while the craters
may withstand erosion on the Moon, the rays, bexagptionally thin, do not. As time
goes on, even the arrival of micrometeorites - @inst from space stirs up and covers over
the rays, and they gradually disappear. Thus raya gignature of a recent impact.

The meteoriticist Jack Hartung has pointed out a@haery recent, very fresh-looking
small crater with a prominent ray system lies dyantthe region of the Moon referred to
by the Canterbury monks. It is called Giordano Brafter the sixteenth-century Roman
Catholic scholar who held that there are an infinitworlds and that many are inhabited.
For this and other crimes he was burned at the=stathe year 1600.

Another line of evidence consistent with this rptetation has been provided by
Calame and Mulholland. When an object impacts teeiat high speed, it sets the Moon
slightly wobbling. Eventually the vibrations diewdo but not in so short a period as eight
hundred years. Such a quivering can be studiedd®r reflection techniques. The Apollo
astronauts emplaced in several locales on the Mpenial mirrors called laser
retro-reflectors. When a laser beam from Eartlkessrthe mirror and bounces back, the
round-trip travel time can be measured with remialk@recision. This time multiplied by
the speed of light gives us the distance to therMaidhat moment to equally remarkable
precision. Such measurements, performed over agefiyears, reveal the Moon to be
librating, or quivering with a period (about thngears) and amplitude (about three meters),
consistent with the idea that the crater GiordanmB was gouged out less than a thousand
years ago.

All this evidence is inferential and indirect. Tbeds, as | have said, are against
such an event happening in historical times. Beateidence is at least suggestive. As the
Tunguska Event and Meteor Crater, Arizona, alsdarrdmas, not all impact catastrophes
occurred in the early history of the solar systBuit the fact that only a few of the lunar
craters have extensive ray systems also remintsatjseven on the Moon, some erosion
occurs.* By noting which craters overlap which artller signs of lunar stratigraphy, we
can reconstruct the sequence of impact and flooefegts of which the production of
crater Bruno is perhaps the most recent example.

* On Mars, where erosion is much more efficienthaligh there are many craters there are virtually



no ray craters, as we would expect.

The Earth is very near the Moon. If the Moon isewerely cratered by impacts,
how has the Earth avoided them? Why is Meteor €sateare? Do the comets and
asteroids think it inadvisable to impact an inhadbiplanet? This is an unlikely forbearance.
The only possible explanation is that impact csatee formed at very similar rates on both
the Earth and the Moon, but that on the airlessemMess Moon they are preserved for
immense periods of time, while on the Earth sloasEm wipes them out or fills them in.
Running water, windblown sand and mountain-builcing very slow processes. But over
millions or billions of years, they are capableutterly erasing even very large impact
scars.

On the surface of any moon or planet, there véleEkternal processes, such as
impacts from space, and internal processes, suelrdgjuakes; there will be fast,
catastrophic events, such as volcanic explosionspeocesses of excruciating slowness,
such as the pitting of a surface by tiny airboraedsgrains. There is no general answer to
the question of which processes dominate, thedritsmes or the inside ones; the rare but
violent events, or the common and inconspicuousibences. On the Moon, the outside,
catastrophic events hold sway; on Earth, the inslbev processes dominate. Mars is an
intermediate case.

Between the orbits of Mars and Jupiter are cossatésteroids, tiny terrestrial
planets. The largest are a few hundred kilometenssa. Many have oblong shapes and are
tumbling through space. In some cases there sebmti@o or more asteroids in tight
mutual orbits. Collisions among the asteroids hagpsquently, and occasionally a piece is
chipped off and accidentally intercepts the Edgling to the ground as a meteorite. In the
exhibits, on the shelves of our museums are thggrfeats of distant worlds. The asteroid
belt is a great grinding mill, producing smalledamaller pieces down to motes of dust.
The bigger asteroidal pieces, along with the conatsmainly responsible for the recent
craters on planetary surfaces. The asteroid bejtbea place where a planet was once
prevented from forming because of the gravitatidio@s of the giant nearby planet Jupiter;
or it may be the shattered remains of a planetileat itself up. This seems improbable
because no scientist on Earth knows how a plangttrbiow itself up, which is probably
just as well.

The rings of Saturn bear some resemblance tostieecgd belt: trillions of tiny icy
moonlets orbiting the planet. They may represehtidgrevented by the gravity of Saturn
from accreting into a nearby moon, or they mayhgeremains of a moon that wandered
too close and was torn apart by the gravitatiodalkt Alternatively, they may be the steady
state equilibrium between material ejected fromammof Saturn, such as Titan, and
material falling into the atmosphere of the pladepiter and Uranus also have ring
systems, discovered only recently, and almostiiikgsrom the Earth. Whether Neptune
has a ring is a problem high on the agenda of pdaypscientists. Rings may be a typical
adornment of Jovian-type planets throughout thencss

Major recent collisions from Saturn to Venus walleged in a popular book,
Worlds in Collision published in 1950 by a psychiatrist named Immbxeékovsky. He
proposed that an object of planetary mass, whiotelled a comet, was somehow



generated in the Jupiter system. Some 3,500 ygatstaareered in toward the inner solar
system and made repeated encounters with the &adtMars, having as incidental
consequences the parting of the Red Sea, allowmgeMand the Israelites to escape from
Pharaoh, and the stopping of the Earth from rogadim Joshua’s command. It also caused,
he said, extensive vulcanism and floods.* Velikgvskagined the comet, after a
complicated game of interplanetary billiards, ttileedlown into a stable, nearly circular
orbit, becoming the planet Venus - which he claimeder existed before then.

* As far as | know, the first essentially nonmystiattempt to explain a historical event by cometar
intervention was Edmund Halley's proposal thatRhoechic flood was ‘the casual Choc [shock] of a @im

As | have discussed at some length elsewhere, itieas are almost certainly
wrong. Astronomers do not object to the idea ofanegllisions, only to majorecent
collisions. In any model of the solar system mipossible to show the sizes of the planets
on the same scale as their orbits, because thetplaould then be almost too small to see.
If the planets were really shown to scale, as grafrdust, we would easily note that the
chance of collision of a particular comet with tarth in a few thousand years is
extraordinarily low. Moreover, Venus is a rocky andtallic, hydrogen-poor planet,
whereas Jupiter - where Velikovsky supposed it cofram - is made almost entirely of
hydrogen. There are no energy sources for comgikapets to be ejected by Jupiter. If one
passed by the Earth, it could not ‘stop’ the Eartiotation, much less start it up again at
twenty-four hours a day. No geological evidencepsuis the idea of an unusual frequency
of vulcanism or floods 3,500 years ago. There aesdpotamian inscriptions referring to
Venus that predate the time when Velikovsky saysugechanged from a comet into a
planet.* It is very unlikely that an object in sualnighly elliptical orbit could be rapidly
moved into the nearly perfectly circular orbit aépent-day Venus. And so on.

* The Adda cylinder seal, dating from the middletloé third millennium B.C., prominently displays
Inanna, the goddess of Venus, the morning starpesxlrsor of the Babylonian Ishtar.

Many hypotheses proposed by scientists as wely amb-scientists turn out to be
wrong. But science is a self-correcting enterpfigebe accepted, all new ideas must
survive rigorous standards of evidence. The waseet of the Velikovsky affair is not that
his hypotheses were wrong or in contradiction malffy established facts, but that some
who called themselves scientists attempted to ggpvelikovsky’s work. Science is
generated by and devoted to free inquiry: the tdaaany hypothesis, no matter how
strange, deserves to be considered on its mehsstlippression of uncomfortable ideas
may be common in religion and politics, but it &t the path to knowledge; it has no place
in the endeavor of science. We do not know in adeavho will discover fundamental new
insights.

Venus has almost the same mass,* size, and dessihe Earth. As the nearest
planet, it has for centuries been thought of a€dmeh’s sister. What is our sister planet
really like? Might it be a balmy, summer planelitee warmer than the Earth because it is
a little closer to the Sun? Does it have impactecsa or have they all eroded away? Are



there volcanoes? Mountains? Oceans? Life?

* |t is, incidentally, some 30 million times moreassive than the most massive comet known.

The first person to look at Venus through the ®des was Galileo in 1609. He saw
an absolutely featureless disc. Galileo notedithaént through phases, like the Moon,
from a thin crescent to a full disc, and for thensaeason: we are sometimes looking
mostly at the night side of Venus and sometimestisnasthe day side, a finding that
incidentally reinforced the view that the Earth waround the Sun and not vice versa. As
optical telescopes became larger and their resaoltr ability to discriminate fine detail)
improved, they were systematically turned towardv& But they did no better than
Galileo’s. Venus was evidently covered by a deager of obscuring cloud. When we look
at the planet in the morning or evening skies, reesaeing sunlight reflected off the clouds
of Venus. But for centuries after their discovehg composition of those clouds remained
entirely unknown.

The absence of anything to see on Venus led sometists to the curious
conclusion that the surface was a swamp, like #réhEn the Carboniferous Period. The
argument - if we can dignify it by such a word -ntveomething like this:

‘| can’t see a thing on Venus.’

‘Why not?’

‘Because it's totally covered with clouds.’

‘What are clouds made of?’

‘Water, of course.’

‘Then why are the clouds of Venus thicker thandloeids on Earth?’

‘Because there’s more water there.’

‘But if there is more water in the clouds, therestioe more water on the surface.
What kind of surfaces are very wet?’

‘Swamps.’

And if there are swamps, why not cyacads and diftigerand perhaps even dinosaurs on
Venus? Observation: There was absolutely nothirsggéoon Venus. Conclusion: It must be
covered with life. The featureless clouds of Verefkected our own predispositions. We
are alive, and we resonate with the idea of lisewhere. But only careful accumulation
and assessment of the evidence can tell us whethigen world is inhabited. Venus turns
out not to oblige our predispositions.

The first real clue to the nature of Venus camenfivork with a prism made of
glass or a flat surface, called a diffraction grgticovered with fine, regularly spaced, ruled
lines. When an intense beam of ordinary white ljgdgses through a narrow slit and then
through a prism or grating, it is spread into alaw of colors called a spectrum. The
spectrum runs from high frequencies* of visibléntigp low ones - violet, blue, green,
yellow, orange and red. Since we see these cdalass;alled the spectrum of visible light.
But there is far more light than the small segnadrthe spectrum we can see. At higher



frequencies, beyond the violet, is a part of thecgpim called the ultraviolet: a perfectly
real kind of light, carrying death to the microbkss invisible to us, but readily detectable
by bumblebees and photoelectric cells. There ishnmiore to the world than we can see.
Beyond the ultraviolet is the X-ray part of the spem, and beyond the X-rays are the
gamma rays. At lower frequencies, on the other gfded, is the infrared part of the
spectrum. It was first discovered by placing a gmesthermometer in what to our eyes is
the dark beyond the red. The temperature rose eMas light falling on the thermometer
even though it was invisible to our eyes. Rattl&esaand doped semiconductors detect
infrared radiation perfectly well. Beyond the infed is the vast spectral region of the radio
waves. From gamma rays to radio waves, all arellggqespectable brands of light. All are
useful in astronomy. But because of the limitatioheur eyes, we have a prejudice, a bias,
toward that tiny rainbow band we call the spectafraisible light.

* Light is a wave motion; its frequency is the nuenlf wave crests, say, entering a detection
instrument, such as a retina, in a given unitroktisuch as a second. The higher the frequencydne
energetic the radiation.
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Schematic diagram of the electromagnetic spectranging from the shortest wavelengths
(gamma rays) to the longest (radio waves). The lgagth of light is measured in
Angstroms (A), micrometersin), centimeters (cm) and meters (m).

In 1844, the philosopher Auguste Comte was seagdbinan example of a sort of
knowledge that would be always hidden. He chosedneposition of distant stars and
planets. We would never physically visit them, heught, and with no sample in hand it
seemed we would forever be denied knowledge of tmenposition. But only three years
after Comte’s death, it was discovered that a spectan be used to determine the
chemistry of distant objects. Different moleculesl @hemical elements absorb different
frequencies or colors of light, sometimes in thghle and sometimes elsewhere in the
spectrum. In the spectrum of a planetary atmosplaesangle dark line represents an image
of the slit in which light is missing, the absogptiof sunlight during its brief passage



through the air of another world. Each such linm&le by a particular kind of molecule or
atom. Every substance has its characteristic sieignature. The gases on Venus can be
identified from the Earth, 60 million kilometers aw We can divine the composition of
the Sun (in which helium, named after the GreekgathHelios, was first found); of
magnetic A stars rich in europium; of distant gédaxanalyzed through the collective light
of a hundred billion constituent stars. Astronorhgg@ectroscopy is an almost magical
technique. It amazes me still. Auguste Comte pickedrticularly unfortunate example.

If Venus were soaking wet, it should be easy ®the water vapor lines in its
spectrum. But the first spectroscopic searchesmgtted at Mount Wilson Observatory
around 1920, found not a hint, not a trace, of waag@or above the clouds of Venus,
suggesting an arid, desert-like surface, surmouoyadouds of fine drifting silicate dust.
Further study revealed enormous quantities of cadiaxide in the atmosphere, implying
to some scientists that all the water on the plaadtcombined with hydrocarbons to form
carbon dioxide, and that therefore the surfaceaiug was a global oil field, a planet-wide
sea of petroleum. Others concluded that there wagater vapor above the clouds because
the clouds were very cold, that all the water hagdensed out into water droplets, which
do not have the same pattern of spectral linesaasrwapor. They suggested that the planet
was totally covered with water - except perhapsafooccasional limestone-encrusted
island, like the cliffs of Dover. But because of ast quantities of carbon dioxide in the
atmosphere, the sea could not be ordinary watgsigdél chemistry required carbonated
water. Venus, they proposed, had a vast ocearlteése

The first hint of the true situation came not frepectroscopic studies in the visible
or near-infrared parts of the spectrum, but ratieen the radio region. A radio telescope
works more like a light meter than a camera. Yoimfpbtoward some fairly broad region
of the sky, and it records how much energy, indi@dar radio frequency, is coming down
to Earth. We are used to radio signals transmiifesome varieties of intelligent life -
namely, those who run radio and television stati@&us there are many other reasons for
natural objects to give off radio waves. One ig thay are hot. And when, in 1956, an
early radio telescope was turned toward Venusas discovered to be emitting radio
waves as if it were at an extremely high tempeeatBut the real demonstration that the
surface of Venus is astonishingly hot came wherSihaet spacecraft of the Venera series
first penetrated the obscuring clouds and landethemysterious and inaccessible surface
of the nearest planet. Venus, it turns out, islimgpihot. There are no swamps, no oil fields,
no seltzer oceans. With insufficient data, it isyep go wrong.

When | greet a friend, | am seeing her in refléatisible light, generated by the
Sun, say, or by an incandescent lamp. The liglt bayince off my friend and into my eye.
But the ancients, including no less a figure thaolil, believed that we see by virtue of
rays somehow emitted by the eye and tangibly, elstisontacting the object observed.
This is a natural notion and can still be encowtgalthough it does not account for the
invisibility of objects in a darkened room. Todag wombine a laser and a photocell, or a
radar transmitter and a radio telescope, and avtay make active contact by light with
distant objects. In radar astronomy, radio wavegransmitted by a telescope on Earth,
strike, say, that hemisphere of Venus that happehs facing the Earth, and bounce back.
At many wavelengths the clouds and atmosphere nti¥are entirely transparent to radio



waves. Some places on the surface will absorb tiremhthey are very rough, will scatter
them sideways and so will appear dark to radio waBg following the surface features
moving with Venus as it rotates, it was possibletiie first time to determine reliably the
length of its day - how long it takes Venus to spite on its axis. It turns out that, with
respect to the stars, Venus turns once every 248 Bays, but backwards, in the opposite
direction from all other planets in the inner sadgstem. As a result, the Sun rises in the
west and sets in the east, taking 118 Earth days $unrise to sunrise. What is more, it
presents almost exactly the same face to the Badh time it is closest to our planet.
However the Earth’s gravity has managed to nudgaui¥'@to this Earth-locked rotation
rate, it cannot have happened rapidly. Venus coatde a mere few thousand years old
but, rather, it must be as old as all the otheeasjin the inner solar system.

Radar pictures of Venus have been obtained, soonedround-based radar
telescopes, some from the Pioneer Venus vehiaebih around the planet. They show
provocative evidence of impact craters. There asegs many craters that are not too big
or too small on Venus as there are in the lundnlaigls, so many that Venus is again
telling us that it is very old. But the cratersM#@nus are remarkably shallow, almost as if
the high surface temperatures have produced adfiratk that flows over long periods of
time, like taffy or putty, gradually softening thalief. There are great mesas here, twice as
high as the Tibetan plateau, an immense rift vappegsibly giant volcanoes and a
mountain as high as Everest. We now see beforeuwasld previously hidden entirely by
clouds - its features first explored by radar apdace vehicles.

The surface temperatures on Venus, as deduced&aimastronomy and
confirmed by direct spacecraft measurements atedrd80°C or 900°F, hotter than the
hottest household oven. The corresponding surfeesspre is 90 atmospheres, 90 times the
pressure we feel from the Earth’s atmosphere, goesalent of the weight of water 1
kilometer below the surface of the oceans. To serfor long on Venus, a space vehicle
would have to be refrigerated as well as built Bkeéeep submersible.

Something like a dozen space vehicles from theebdinion and United States
have entered the dense Venus atmosphere, andaieddtre clouds; a few of them have
actually survived for an hour or so on the surfadeo spacecraft in the Soviet Venera
series have taken pictures down there. Let usvaitothe footsteps of these pioneering
missions, and visit another world.

* Pioneer Venusvas a successful US mission in 1978-79, combiamgrbiter and four
atmospheric entry probes, two of which briefly sued the inclemencies of the Venus surface. Thexe a
many unexpected developments in mustering spatecratplore the planets. This is one of them: Amon
the instruments aboard one of the Pioneer Venurg pritbes was a net flux radiometer, designed tasue
simultaneously the amount of infrared energy flapipwards and downwards at each position in thau¥’en
atmosphere. The instrument required a sturdy winth@atvwas also transparent to infrared radiation. A
13.5-karat diamond was imported and milled intodhsired window. However, the contractor was rexglir
to pay a $12,000 import duty. Eventually, the USBms service decided that after the diamond was
launched to Venus it was unavailable for trade artfeand refunded the money to the manufacturer.

In ordinary visible light, the faintly yellowishalids of Venus can be made out, but
they show, as Galileo first noted, virtually notteas at all. If the cameras look in the



ultraviolet, however, we see a graceful, compleklsw weather system in the high
atmosphere, where the winds are around 100 metergepond, some 220 miles per hour.
The atmosphere of Venus is composed of 96 peregbbo dioxide. There are small traces
of nitrogen, water vapor, argon, carbon monoxide @her gases, but the only
hydrocarbons or carbohydrates present are théessrthan 0.1 parts per million. The
clouds of Venus turn out to be chiefly a concepttagolution of sulfuric acid. Small
guantities of hydrochloric acid and hydrofluorigchare also present. Even at its high, cool
clouds, Venus turns out to be a thoroughly nasagenl

High above the visible cloud deck, at about 70rkiéters altitude, there is a
continuous haze of small particles. At 60 kilomgteve plunge into the clouds, and find
ourselves surrounded by droplets of concentratidrsuacid. As we go deeper, the cloud
particles tend to get bigger. The pungent gasusdibxide, SQ, is present in trace
amounts in the lower atmosphere. It is circulate@bove the clouds, broken down by
ultraviolet light from the Sun and recombined withter there to form sulfuric acid - which
condenses into droplets, settles, and at loweuddés is broken down by heat into Sfhd
water again, completing the cycle. It is alwaysirag sulfuric acid on Venus, all over the
planet, and not a drop ever reaches the surface.

The sulfur-colored mist extends downwards to sdBkilometers above the
surface of Venus, where we emerge into a denseristial-clear atmosphere. The
atmospheric pressure is so high, however, thataneat see the surface. Sunlight is
bounced about by atmospheric molecules until we &isimages from the surface. There is
no dust here, no clouds, just an atmosphere ggitifgably denser. Plenty of sunlight is
transmitted by the overlying clouds, about as magbn an overcast day on the Earth.

With searing heat, crushing pressures, noxioussgasd everything suffused in an
eerie, reddish glow, Venus seems less the goddiémgenthan the incarnation of hell. As
nearly as we can make out, at least some plac#sesurface are strewn fields of jumbled,
softened irregular rocks, a hostile, barren langscalieved only here and there by the
eroded remnants of a derelict spacecraft fromtamtiplanet, utterly invisible through the
thick, cloudy, poisonous atmosphere.*

* |n this stifling landscape, there is not liketylbe anything alive, even creatures very diffefearn
us. Organic and other conceivable biological mdeswould simply fall to pieces. But, as an indulge, let
us imagine that intelligent life once evolved oglsa planet. Would it then invent science? The kbgveent
of science on Earth was spurred fundamentally lsepkations of the regularities of the stars andqtka But
Venus is completely cloud-covered. The night isaplegly long - about 59 Earth days long - but nagtof
the astronomical universe would be visible if yoaked up into the night sky of Venus. Even the ®ounld
be invisible in the daytime; its light would be Heaed and diffused over the whole sky - just adadivers
see only a uniform enveloping radiance beneatls¢lae If a radio telescope were built on Venusputiat
detect the Sun, the Earth and other distant objEastrophysics developed, the existence of startd
eventually be deduced from the principles of phgsiit they would be theoretical constructs only. |
sometimes wonder what their reaction would betélligent beings on Venus one day learned to éysdil
in the dense air, to penetrate the mysterious cleildi5 kilometers above them and eventually t@ege out
the top of the clouds, to look up and for the firste witness that glorious universe of Sun andi@ls and
stars.

Venus is a kind of planet-wide catastrophe. It 5@@ms reasonably clear that the



high surface temperature comes about through aiveag®enhouse effect. Sunlight passes
through the atmosphere and clouds of Venus, whiels@mi-transparent to visible light,

and reaches the surface. The surface being headedwrs to radiate back into space. But
because Venus is much cooler than the Sun, it eadtation chiefly in the infrared rather
than the visible region of the spectrum. Howeueg, ¢arbon dioxide and water vapor* in
the Venus atmosphere are almost perfectly opaqueréwed radiation, the heat of the Sun
is efficiently trapped, and the surface temperatises - until the little amount of infrared
radiation that trickles out of this massive atmasphjust balances the sunlight absorbed in
the lower atmosphere and surface.

* At the present time there is still a little untznty about the abundance of water vapor on Venus.
The gas chromatograph on the Pioneer Venus ergheprgave an abundance of water in the lower
atmosphere of a few tenths of a percent. On ther dtand, infrared measurements by the Soviet entry
vehicles, Veneras 11 and 12, gave an abundandmaf a hundredth of a percent. If the former valpplies,
then carbon dioxide and water vapor alone are adeda seal in almost all the heat radiation from t
surface and keep the Venus ground temperatureoat 4B0°C. If the latter number applies - and mgsguis
that it is the more reliable estimate - then carhiaxide and water vapor alone are adequate to tteep
surface temperature only at about 380°C, and sdhex atmospheric constituent is necessary to these
remaining infrared frequency windows in the atmasjhgreenhouse. However, the small quantities®f S
CO and HCI, all of which have been detected intbaus atmosphere, seem adequate for this purpbss. T
recent American and Soviet missions to Venus sedmate provided verification that the greenhous$ecef
is indeed the reason for the high surface tempexatu

Our neighboring world turns out to be a dismallpleasant place. But we will go back to
Venus. It is fascinating in its own right. Many rhigt heroes in Greek and Norse
mythology, after all, made celebrated efforts witwell. There is also much to be learned
about our planet, a comparative Heaven, by comgatrinith Hell.

The Sphinx, half human, half lion, was construatemte than 5,500 years ago. Its
face was once crisp and cleanly rendered. It is switened and blurred by thousands of
years of Egyptian desert sandblasting and by oagakrains. In New York City there is an
obelisk called Cleopatra’s Needle, which came figgpt. In only about a hundred years
in that city’s Central Park, its inscriptions haxeen almost totally obliterated, because of
smog and industrial pollution - chemical eroside lthat in the atmosphere of Venus.
Erosion on Earth slowly wipes out information, betause they are gradual - the patter of
a raindrop, the sting of a sand grain - those @m®&E® can be missed. Big structures, such as
mountain ranges, survive tens of millions of yearsaller impact craters, perhaps a
hundred thousand*; and large-scale human artifadissome thousands. In addition to
such slow and uniform erosion, destruction alsaicthrough catastrophes large and
small. The Sphinx is missing a nose. Someone sbftin a moment of idle desecration -
some say it was Mameluke Turks, others, Napolesuitiers.

* More precisely, an impact crater 10 kilometersliameter is produced on the Earth about once
every 500,000 years; it would survive erosion foowt 300 million years in areas that are geolotichble,
such as Europe and North America. Smaller craterpmduced more frequently and destroyed moralkgpi
especially in geologically active regions.



On Venus, on Earth and elsewhere in the solarsysteere is evidence for
catastrophic destruction, tempered or overwhelnyesidwer, more uniform processes: on
the Earth, for example, rainfall, coursing intoulets, streams and rivers of running water,
creating huge alluvial basins; on Mars, the remsmahtncient rivers, perhaps arising from
beneath the ground; on lo, a moon of Jupiter, whatm to be broad channels made by
flowing liquid sulfur. There are mighty weather ®m®s on the Earth - and in the high
atmosphere of Venus and on Jupiter. There are santson the Earth and on Mars;
lightning on Jupiter and Venus and Earth. Volcarnogst debris into the atmospheres of
the Earth and lo. Internal geological processeslgldeform the surfaces of Venus, Mars,
Ganymede and Europa, as well as Earth. Glaciessegrial for their slowness, produce
major reworkings of landscapes on the Earth antgiiy also on Mars. These processes
need not be constant in time. Most of Europe wae @overed with ice. A few million
years ago, the present site of the city of Chicagse buried under three kilometers of frost.
On Mars, and elsewhere in the solar system, wéesdgres that could not be produced
today, landscapes carved hundreds of millionslboihs of years ago when the planetary
climate was probably very different.

There is an additional factor that can alter grelscape and the climate of Earth:
intelligent life, able to make major environmenthbnges. Like Venus, the Earth also has a
greenhouse effect due to its carbon dioxide anémvetpor. The global temperature of the
Earth would be below the freezing point of watemot for the greenhouse effect. It keeps
the oceans liquid and life possible. A little greense is a good thing. Like Venus, the
Earth also has about 90 atmospheres of carbonddiplut it resides in the crust as
limestone and other carbonates, not in the atmosplighe Earth were moved only a little
closer to the Sun, the temperature would increlgietly. This would drive some of the
CO, out of the surface rocks, generating a strongsgrgrouse effect, which would in turn
incrementally heat the surface further. A hottefaste would vaporize still more
carbonates into CQand there would be the possibility of a runaweseghouse effect to
very high temperatures. This is just what we thhakpened in the early history of Venus,
because of Venus’s proximity to the Sun. The serfaevironment of Venus is a warning:
something disastrous can happen to a planet riiteesur own.

The principal energy sources of our present irrdlgtivilization are the so-called
fossil fuels. We burn wood and oil, coal and ndtgess, and, in the process, release waste
gases, principally C§into the air. Consequently, the carbon dioxidetent of the Earth’s
atmosphere is increasing dramatically. The possilaf a runaway greenhouse effect
suggests that we have to be careful: Even a ongrmdegree rise in the global
temperature can have catastrophic consequenc burning of coal and oil and gasoline,
we are also putting sulfuric acid into the atmosphkike Venus, our stratosphere even
now has a substantial mist of tiny sulfuric acidglets. Our major cities are polluted with
noxious molecules. We do not understand the long-&dfects of our course of action.

But we have also been perturbing the climate enappposite sense. For hundreds of
thousands of years human beings have been bumnthguting down forests and
encouraging domestic animals to graze on and degtesslands. Slash-and-burn
agriculture, industrial tropical deforestation anakrgrazing are rampant today. But forests
are darker than grasslands, and grasslands arerdagk deserts. As a consequence, the



amount of sunlight that is absorbed by the groussildeen declining, and by changes in the
land use we are lowering the surface temperatuogiioplanet. Might this cooling increase
the size of the polar ice cap, which, becauseltight, will reflect still more sunlight from
the Earth, further cooling the planet, driving aaway albedo* effect?

* The albedo is the fraction of the sunlight stniggia planet that is reflected back to space. The
albedo of the Earth is some 30 to 35 percent. €seaf the sunlight is absorbed by the ground and i
responsible for the average surface temperature.

Our lovely blue planet, the Earth, is the only homeeknow. Venus is too hot. Mars
is too cold. But the Earth is just right, a heaf@mhumans. After all, we evolved here. But
our congenial climate may be unstable. We are g®rg our poor planet in serious and
contradictory ways. Is there any danger of driviimg environment of the Earth toward the
planetary Hell of Venus or the global ice age ofr$?aThe simple answer is that nobody
knows. The study of the global climate, the congmariof the Earth with other worlds, are
subjects in their earliest stages of developmedmyTare fields that are poorly and
grudgingly funded. In our ignorance, we continu@ash and pull, to pollute the
atmosphere and brighten the land, oblivious ofdicethat the long-term consequences are
largely unknown.

A few million years ago, when human beings firgbleed on Earth, it was already
a middle-aged world, 4.6 billion years along frdme tatastrophes and impetuosities of its
youth. But we humans now represent a new and peihegsive factor. Our intelligence
and our technology have given us the power to affexclimate. How will we use this
power? Are we willing to tolerate ignorance and ptanency in matters that affect the
entire human family? Do we value short-term advgegaabove the welfare of the Earth?
Or will we think on longer time scales, with contéor our children and our grandchildren,
to understand and protect the complex life-suppgstems of our planet? The Earth is a
tiny and fragile world. It needs to be cherished.



CHAPTER V
Blues for a Red Planet

In the orchards of the gods, he watches the canals
- Enuma ElishSumer, c. 2500 B.C.

A man that is of Copernicus’ Opinion, that this tGaof ours is a Planet, carry’d
round and enlightn’d by the Sun, like the resth&fm, cannot but sometimes have a
fancy . . . that the rest of the Planets have be#ss and Furniture, nay and their
Inhabitants too as well as this Earth of oursBut we were always apt to conclude,
that 'twas in vain to enquire after what Nature baén pleased to do there, seeing
there was no likelihood of ever coming to an enthefEnquiry . . . but a while ago,
thinking somewhat seriously on this matter (not th@unt my self quicker sighted
than those great Men [of the past], but that | thedhappiness to live after most of
them) me thoughts the Enquiry was not so impralkicaor the way so stopt up
with Difficulties, but that there was very good mdeft for probable Conjectures.

- Christian Huygend\ew Conjectures Concerning the Planetary World&ifTh

Inhabitants and Productiong. 1690

A time would come when Men should be able to stretat their Eyes . . . they
should see the Planets like our Earth.
- Christopher Wren, Inauguration Speech, Greshalte@x 1657

Many years ago, so the story goes, a celebratedpaper publisher sent a telegram to a
noted astronomer: WIRE COLLECT IMMEDIATELY FIVE HUDRED WORDS ON
WHETHER THERE IS LIFE ON MARS. The astronomer duitif replied: NOBODY
KNOWS, NOBODY KNOWS, NOBODY KNOWS . . . 250 timeBut despite this
confession of ignorance, asserted with dogged giersie by an expert, no one paid any
heed, and from that time to this, we hear authorégpronouncements by those who think
they have deduced life on Mars, and by those wimk tlhey have excluded it. Some
people very much want there to be life on Marseatlvery much want there to be no life
on Mars. There have been excesses in both campse Btrong passions have somewhat
frayed the tolerance for ambiguity that is esséntiacience. There seem to be many
people who simply wish to be told an answer, arsinam, and thereby avoid the burden of
keeping two mutually exclusive possibilities inith@eads at the same time. Some
scientists have believed that Mars is inhabiteavbat has later proved to be the flimsiest
evidence. Others have concluded the planet iefifebecause a preliminary search for a
particular manifestation of life has been unsudcéss ambiguous. The blues have been
played more than once for the red planet.

Why Martians? Why so many eager speculations ateh&fantasies about
Martians, rather than, say, Saturnians or Plut@¥ddecause Mars seems, at first glance,
very Earthlike. It is the nearest planet whoseasigfwe can see. There are polar ice caps,



drifting white clouds, raging dust storms, seaslgraianging patterns on its red surface,
even a twenty-four-hour day. It is tempting to thof it as an inhabited world. Mars has
become a kind of mythic arena onto which we hawgepted our earthly hopes and fears.
But our psychological predispositions pro or corstmot mislead us. All that matters is
the evidence, and the evidence is not yet in. €aéMars is a world of wonders. Its future
prospects are far more intriguing than our pastegnsions about it. In our time we have
sifted the sands of Mars, we have establishedsepoe there, we have fulfilled a century
of dreams!

No one would have believed in the last years ofiheteenth century that this
world was being watched keenly and closely by ligighces greater than man’s
and yet as mortal as his own; that as men buserdgblves about their various
concerns, they were scrutinized and studied, psrhbpost as narrowly as a man
with a microscope might scrutinize the transieettures that swarm and multiply
in a drop of water. With infinite complacency, meent to and fro over this globe
about their little affairs, serene in their asseemof their empire over matter. It is
possible that the infusoria under the microscopthdsame. No one gave a thought
to the older worlds of space as sources of humagetaor thought of them only to
dismiss the idea of life upon them as impossiblenprobable. It is curious to

recall some of the mental habits of those depatégd. At most, terrestrial men
fancied there might be other men upon Mars, perlmdpsor to themselves and
ready to welcome a missionary enterprise. Yet acttos gulf of space, minds that
are to our minds as ours are to those of the bdestperish, intellects vast and cool
and unsympathetic, regarded this Earth with enveyes, and slowly and surely
drew their plans against us.

These opening lines of H. G. Wells’ 1897 sciencédn classicThe War of the Worlds
maintain their haunting power to this day.* Fordlour history, there has been the fear, or
hope, that there might be life beyond the Earthh&nlast hundred years, that premonition
has focused on a bright red point of light in tighbsky. Three years befolide War of

the Worldswas published, a Bostonian named Percival Loweihfiled a major
observatory where the most elaborate claims in@umb life on Mars were developed.
Lowell dabbled in astronomy as a young man, weiktdovard, secured a semi-official
diplomatic appointment to Korea, and otherwise gedan the usual pursuits of the
wealthy. Before he died in 1916, he had made nejotributions to our knowledge of the
nature and evolution of the planets, to the dednatf the expanding universe and, in a
decisive way, to the discovery of the planet Plutbich is named after him. The first two
letters of the name Pluto are the initials of RexicLowell. Its symbol isll, a planetary
monogram.

* In 1938, a radio version, produced by Orson Wglteansposed the Martian invasion from England
to the eastern United States, and frightened malio war-jittery America into believing that theaMians
were in fact attacking.



But Lowell's lifelong love was the planet Mars. Mas electrified by the
announcement in 1877 by an Italian astronomer, &iovSchiaparelli, ofanalion Mars.
Schiaparelli had reported during a close approddhans to Earth an intricate network of
single and double straight lines crisscrossingotinght areas of the plandanaliin Italian
means channels or grooves, but was promptly trestslato English asanals a word that
implies intelligent design. A Mars mania courseatigh Europe and America, and Lowell
found himself swept up with it.

In 1892, his eyesight failing, Schiaparelli annceeh he was giving up observing
Mars. Lowell resolved to continue the work. He veathé& first-rate observing site,
undisturbed by clouds or city lights and markedybgd ‘seeing,’ the astronomer’s term for
a steady atmosphere through which the shimmerimg @istronomical image in the
telescope is minimized. Bad seeing is producedtmlisscale turbulence in the atmosphere
above the telescope and is the reason the starsléwlowell built his observatory far
away from home, on Mars Hill in Flagstaff, Arizoh&le sketched the surface features of
Mars, particularly the canals, which mesmerized. i@iservations of this sort are not easy.
You put in long hours at the telescope in the dfithe early morning. Often the seeing is
poor and the image of Mars blurs and distorts. Tysnmust ignore what you have seen.
Occasionally the image steadies and the featurtgegdlanet flash out momentarily,
marvelously. You must then remember what has beanhsafed to you and accurately
commit it to paper. You must put your preconcepiaside and with an open mind set
down the wonders of Mars.

* |[saac Newton had written ‘If the Theory of makifiglescopes could at length be fully brought into
practice, yet there would be certain Bounds beyehith Telescopes could not perform. For the Aiotigh
which we look upon the Stars, is in perpetual trema The only remedy is the most serene and durie
such as may perhaps be found on the tops of thes$ignountains above the grosser Clouds.’

Percival Lowell’'s notebooks are full of what he tight he saw: bright and dark
areas, a hint of polar cap, and canals, a plaseidaed with canals. Lowell believed he
was seeing a globe girdling network of great itigaditches, carrying water from the
melting polar caps to the thirsty inhabitants & dguatorial cities. He believed the planet
to be inhabited by an older and wiser race, perkiapsdifferent from us. He believed that
the seasonal changes in the dark areas were dioe gwowth and decay of vegetation. He
believed that Mars was, very closely, Earth-likd.idall, he believed too much.

Lowell conjured up a Mars that was ancient, asihered, a desert world. Still, it
was an Earth-like desert. Lowell’'s Mars had maratdees in common with the American
Southwest, where the Lowell Observatory was locdtedimagined the Martian
temperatures a little on the chilly side but stflcomfortable as ‘the South of England.’
The air was thin, but there was enough oxygen torbathable. Water was rare, but the
elegant network of canals carried the life-givihgd all over the planet.

What was in retrospect the most serious contempatellenge to Lowell’s ideas
came from an unlikely source. In 1907, Alfred RuiS8allace, co-discoverer of evolution
by natural selection, was asked to review one o¥élbs books. He had been an engineer
in his youth and, while somewhat credulous on ssghes as extrasensory perception, was



admirably skeptical on the habitability of Mars. Ndee showed that Lowell had erred in
his calculation of the average temperatures on Miastead of being as temperate as the
South of England, they were, with few exceptiongrgwhere below the freezing point of
water. There should be permafrost, a perpetuadizein subsurface. The air was much
thinner than Lowell had calculated. Craters shdanadlés abundant as on the Moon. And as
for the water in the canals:

Any attempt to make that scanty surplus [of watey]means of overflowing canals,
travel across the equator into the opposite heraigplthrough such terrible desert
regions and exposed to such a cloudless sky asoMell describes, would be the
work of a body of madmen rather than of intelligbaings. It may be safely
asserted that not one drop of water would escappeogation or insoak at even a
hundred miles from its source.

This devastating and largely correct physical asialwas written in Wallace’s
eighty-fourth year. His conclusion was that lifeMars - by this he meant civil engineers
with an interest in hydraulics - was impossible.dffered no opinion on microorganisms.

Despite Wallace’s critique, despite the fact ththier astronomers with telescopes
and observing sites as good as Lowell’s could fincsign of the fabled canals, Lowell’s
vision of Mars gained popular acceptance. It had/thic quality as old as Genesis. Part of
its appeal was the fact that the nineteenth centiais/an age of engineering marvels,
including the construction of enormous canals:3bez Canal, completed in 1869; the
Corinth Canal, in 1893; the Panama Canal, in 18hd; closer to home, the Great Lake
locks, the barge canals of upper New York Statd,tha irrigation canals of the American
Southwest. If Europeans and Americans could perfrah feats, why not Martians?
Might there not be an even more elaborate effodrbglder and wiser species,
courageously battling the advance of desiccatiotherred planet?

We have now sent reconnaissance satellites intbadund Mars. The entire
planet has been mapped. We have landed two autdtadseratories on its surface. The
mysteries of Mars have, if anything, deepened siroweell’'s day. However, with pictures
far more detailed than any view of Mars that Loveellld have glimpsed, we have found
not a tributary of the vaunted canal network, nue tock. Lowell and Schiaparelli and
others, doing visual observations under difficekisg conditions, were misled - in part
perhaps because of a predisposition to believigeioh Mars.

The observing notebooks of Percival Lowell refledustained effort at the
telescope over many years. They show Lowell to e well aware of the skepticism
expressed by other astronomers about the realityeatanals. They reveal a man
convinced that he has made an important discovetydatressed that others have not yet
understood its significance. In his notebook fod3,9or example, there is an entry on
January 21: ‘Double canals came out by flashesyinomg of reality.’ In reading Lowell’s
notebooks | have the distinct but uncomfortabldifgethat he was really seeing something.
But what?

When Paul Fox of Cornell and | compared Lowell'aps of Mars with the Mariner



9 orbital imagery sometimes with a resolution augand times superior to that of Lowell's
Earthbound twenty-four-inch refracting telescopee-found virtually no correlation at all.

It was not that Lowell’'s eye had strung up discanee fine detail on the Martian surface
into illusory straight lines. There was no dark tiog or crater chains in the position of
most of his canals. There were no features thes#. &then how could he have drawn the
same canals year after year? How could other astters some of whom said they had not
examined Lowell’s maps closely until after theirroabservations - have drawn the same
canals? One of the great findings of the Marineri€sion to Mars was that there are
time-variable streaks and splotches on the Magtaface - many connected with the
ramparts of impact craters - which change withsisgsons. They are due to windblown
dust, the patterns varying with the seasonal wiBds the streaks do not have the character
of the canals, they are not in the position ofdéeals, and none of them is large enough
individually to be seen from the Earth in the fiptice. It is unlikely that there were real
features on Mars even slightly resembling LowetBsals in the first few decades of this
century that have disappeared without a trace @s & close-up spacecraft investigations
became possible.

The canals of Mars seem to be some malfunctiotedifficult seeing conditions,
of the human hand/eye/brain combination (or attlEassome humans; many other
astronomers, observing with equally good instrusmént.owell’s time and after, claimed
there were no canals whatever). But this is haadtpmprehensive explanation, and | have
the nagging suspicion that some essential feafutedviartian canal problem still remains
undiscovered. Lowell always said that the regujasftthe canals was an unmistakable sign
that they were of intelligent origin. This is centg true. The only unresolved question was
which side of the telescope the intelligence was on

Lowell’'s Martians were benign and hopeful, evdittle god-like, very different
from the malevolent menace posed by Wells and Walléhe War of the World8oth
sets of ideas passed into the public imaginatiocouih Sunday supplements and science
fiction. | can remember as a child reading withadbindess fascination the Mars novels of
Edgar Rice Burroughs. | journeyed with John Cadentleman adventurer from Virginia,
to ‘Barsoom,” as Mars was known to its inhabitahtsllowed herds of eight-legged beasts
of burden, the thoats. | won the hand of the lo@dyah Thoris, Princess of Helium. |
befriended a four-meter-high green fighting man edrhars Tarkas. | wandered within the
spired cities and domed pumping stations of Bars@md along the verdant banks of the
Nilosyrtis and Nepenthes canals.

Might it really be possible - in fact and not fgndo venture with John Carter to
the Kingdom of Helium on the planet Mars? Couldweature out on a summer evening,
our way illuminated by the two hurtling moons ofrBaom, for a journey of high scientific
adventure? Even if all Lowell's conclusions abourl) including the existence of the
fabled canals, turned out to be bankrupt, his depiof the planet had at least this virtue:
it aroused generations of eight-year-olds, mysalbrag them, to consider the exploration
of the planets as a real possibility, to wondevefourselves might one day voyage to Mars.
John Carter got there by standing in an open feddgading his hands and wishing. | can
remember spending many an hour in my boyhood, eesdutely outstretched in an empty
field, imploring what | believed to be Mars to tsgort me there. It never worked. There



had to be some other way.

Like organisms, machines also have their evolstidime rocket began, like the
gunpowder that first powered it, in China whereds used for ceremonial and aesthetic
purposes. Imported to Europe around the fourteestkury, it was applied to warfare,
discussed in the late nineteenth century as a nefdremsportation to the planets by the
Russian schoolteacher Konstantin Tsiolkovsky, aistldeveloped seriously for high
altitude flight by the American scientist Robertdéard. The German V-2 military rocket
of World War 1l employed virtually all of Goddardisnovations and culminated in 1948 in
the two-stage launching of the V-2/WAC Corporal comation to the then-unprecedented
altitude of 400 kilometers. In the 1959s, enginegadvances organized by Sergei Korolov
in the Soviet Union and Wernher von Braun in thetéthStates, funded as delivery
systems for weapons of mass destruction, led téirteartificial satellites. The pace of
progress has continued to be brisk: manned offfigat; humans orbiting, then landing on
the moon; and unmanned spacecraft outward boundghout the solar system. Many
other nations have now launched spacecraft, inctpBritain, France, Canada, Japan and
China, the society that invented the rocket infifst place.

Among the early applications of the space rock®f[siolkovsky and Goddard
(who as a young man had read Wells and had bewanlated by the lectures of Percival
Lowell) delighted in imagining, were an orbitingesttific station to monitor the Earth
from a great height and a probe to search foolifé/ars. Both these dreams have now
been fulfilled.

Imagine yourself a visitor from some other andejalien planet, approaching
Earth with no preconceptions. Your view of the jgaimproves as you come closer and
more and more fine detail stands out. Is the plaretbited? At what point can you
decide? If there are intelligent beings, perhapy thave created engineering structures that
have high-contrast components on a scale of a fiemé&ters, structures detectable when
our optical systems and distance from the Eartkigeokilometer resolution. Yet at this
level of detail, the earth seems utterly barrerer&hs no sign of life, intelligent or
otherwise, in places we call Washington, New Y@&#ston, Moscow, London, Paris,
Berlin, Tokyo and Peking. If there are intelligétings on Earth, they have not much
modified the landscape into regular geometricaigoas at kilometer resolution.

But when we improve the resolution tenfold, whemhegin to see detail as small
as a hundred meters across, the situation chaMges. places on Earth seem suddenly to
crystallize out, revealing an intricate patterrsqfiares and rectangles, straight lines and
circles. These are, in fact, the engineering atsfaf intelligent beings: roads, highways,
canals, farmland, city streets - a pattern disopgihe twin human passions for Euclidean
geometry and territoriality. On this scale, intgdint life can be discerned in Boston and
Washington and New York. And at ten-meter resofyttbe degree to which the landscape
has been reworked first really becomes evident. &hsave been very busy. These
photos have been taken in daylight. But at twilightluring the night, other things are
visible: oil-well fires in Libya and the Persian iGuleepwater illumination by the Japanese
squid fishing fleet; the bright lights of largeieg. And if, in daylight, we improve our
resolution so we can make out things that are @maetross, then we begin to detect for the
first time individual organisms - whales, cowsnfiagos, people.



Intelligent life on Earth first reveals itself tugh the geometric regularity of its
constructions. If Lowell’s canal network really stad, the conclusion that intelligent
beings inhabit Mars might be similarly compellifpr life to be detected on Mars
photographically, even from Mars orbit, it musteiise have accomplished a major
reworking of the surface. Technical civilizatioegnal builders, might be easy to detect.
But except for one or two enigmatic features, nuglof the sort is apparent in the exquisite
profusion of Martian surface detail uncovered bynanned spacecraft. However, there are
many other possibilities, ranging from large plastsl animals to microorganisms, to
extinct forms, to a planet that is now and was gndeless. Because Mars is farther from
the Sun than is the Earth, its temperatures arsiderably lower. Its air is thin, containing
mostly carbon dioxide but also some molecular ggroand argon and very small
guantities of water vapor, oxygen and ozone. Opethes of liquid water are impossible
today because the atmospheric pressure on Mars lsw to keep even cold water from
rapidly boiling. There may be minute quantitiedigfiid water in pores and capillaries in
the soil. The amount of oxygen is far too little &dhuman being to breathe. The ozone
abundance is so small that germicidal ultraviceliation from the Sun strikes the Martian
surface unimpeded. Could any organism survive @l sun environment?

To test this question, many years ago my collesgne | prepared chambers that
simulated the Martian environment as it was theswkm inoculated them with terrestrial
microorganisms and waited to see if anybody sudii®ich chambers are called, of course,
Mars Jars. The Mars Jars cycled the temperatutégwva typical Martian range from a
little above the freezing point around noon to ab80°C just before dawn, in an anoxic
atmosphere composed chiefly of £&hd N. Ultraviolet lamps reproduced the fierce solar
flux. No liquid water was present except for verntfilms wetting individual sand grains.
Some microbes froze to death after the first nagitt were never heard from again. Others
gasped and perished from lack of oxygen. Somedfigrst, and some were fried by the
ultraviolet light. But there were always a fair noen of varieties of terrestrial microbes that
did not need oxygen; that temporarily closed ugpsiben the temperatures dropped too
low; that hid from the ultraviolet light under pdéb or thin layers of sand. In other
experiments, when small quantities of liquid watere present, the microbes actually
grew. If terrestrial microbes can survive the Martenvironment, how much better Martian
microbes, if they exist, must do on Mars. But fikg must get there.

The Soviet Union maintains an active program ghanned planetary exploration.
Every year or two the relative positions of thenglts and the physics of Kepler and
Newton permit the launch of a spacecraft to Margemus with a minimum expenditure of
energy. Since the early 1960’s the U.S.S.R. hasadifew such opportunities. Soviet
persistence and engineering skills have eventpalig off handsomely. Five Soviet
spacecraft - Venera 8 through 12 - have landedemu¥ and successfully returned data
from the surface, no insignificant feat in so ld#nse and corrosive a planetary atmosphere.
Yet despite many attempts, the Soviet Union hagmikewmded successfully on Mars - a
place that, at least at first sight, seems moreitaise, with chilly temperatures, a much
thinner atmosphere and more benign gases; with paaaps, clear pink skies, great sand
dunes, ancient river beds, a vast rift valley,léngest volcanic construct, so far as we know,
in the solar system, and balmy equatorial sumnterradons. It is a far more Earth-like



world than Venus.

In 1971, the Soviet Mars 3 spacecraft enteredviagian atmosphere. According to
the information automatically radioed back, it sgsfully deployed its landing systems
during entry, correctly oriented its ablation stidbwnward, properly unfurled its great
parachute and fired its retro-rockets near theddnid descent path. According to the data
returned by Mars 3, it should have landed succ#gsfn the red planet. But after landing,
the spacecraft returned a twenty-second fragmeatfedtureless television picture to Earth
and then mysteriously failed. In 1973, a quite Emsequence of events occurred with the
Mars 6 lander, in that case the failure occurrintipvww one second of touchdown. What
went wrong?

The first illustration | ever saw of Mars 3 was@soviet postage stamp
(denomination, 16 kopecks), which depicted the spadft descending through a kind of
purple muck. The artist was trying, | think, tagtrate dust and high winds: Mars 3 had
entered the Martian atmosphere during an enormiobsigdust storm. We have evidence
from the U.S. Mariner 9 mission that near-surfageds of more than 140 meters per
second - faster than half the speed of sound ors Marose in that storm. Both our Soviet
colleagues and we think it likely that these highds caught the Mars 3 spacecraft with
parachute unfurled, so that it landed gently inéeical direction but with breakneck
speed in the horizontal direction. A spacecraftdeding on the shrouds of a large
parachute is particularly vulnerable to horizontaids. After landing, Mars 3 may have
made a few bounces, hit a boulder or other exaoifgléartian relief, tipped over, lost the
radio link with its carrier ‘bus’ and failed.

But why did Mars 3 enter in the midst of a greastdstorm? The Mars 3 mission
was rigidly organized before launch. Every stepat to perform was loaded into the
on-board computer before it left earth. There wagpportunity to change the computer
program, even as the extent of the great 1971ddoish became clear. In the jargon of
space exploration, the Mars 3 mission was preprograd, not adaptive. The failure of
Mars 6 is more mysterious. There was no planet-sidem when this spacecraft entered
the Martian atmosphere, and no reason to suspecalstorm, as sometimes happens, at
the landing site. Perhaps there was an enginefilouge just at the moment of touchdown.
Or perhaps there is something particularly dangeatout the Martian surface.

The combination of Soviet successes in landingemus and Soviet failures in
landing on Mars naturally caused us some concevatdahe U.S. Viking mission, which
had been informally scheduled to set one of itsdescent craft gently down on the
Martian surface on the Bicentennial of the Unitéalt&s, July 4, 1976. Like its Soviet
predecessors, the Viking landing maneuver involedblation shield, a parachute and
retro-rockets. Because the Martian atmospherelyslopercent as dense as the Earth’s, a
very large parachute, eighteen meters in diametes,deployed to slow the spacecraft as it
entered the thin air of Mars. The atmosphere thisothat if Viking had landed at a high
elevation there would not have been enough atmospbdrake the descent adequately: it
would have crashed. One requirement, therefore fovaslanding site in a low-lying
region. From Mariner 9 results and ground-basedrratlidies, we knew many such areas.

To avoid the probable fate of Mars 3, we wanteking to land in a place and time
at which the winds were low. Winds that would méke lander crash were probably



strong enough to lift dust off the surface. If valel check that the candidate landing site
was not covered with shifting, drifting dust, wewla have at least a fair chance of
guaranteeing that the winds were not intolerabiyrhThis was one reason that each
Viking lander was carried into Mars orbit with @gbiter, and descent delayed until the
orbiter surveyed the landing site. We had discavevigh Mariner 9 that characteristic
changes in the bright and dark patterns on theidasturface occur during times of high
winds. We certainly would not have certified a Vigilanding site as safe if orbital
photographs had shown such shifting patterns. Bugoarantees could not be 100 percent
reliable. For example, we could imagine a landiibgy &t which the winds were so strong
that all mobile dust had already been blown awag.Wguld then have had no indication
of the high winds that might have been there. Deddaveather predictions for Mars were,
of course, much less reliable than for Earth. (&ttlene of the many objectives of the
Viking mission was to improve our understandinghef weather on both planets.)

Because of communication and temperature congdrafiking could not land at
high Martian latitudes. Farther poleward than al#tuor 50 degrees in both hemispheres,
either the time of useful communication of the gmaaft with the Earth or the period
during which the spacecraft would avoid dangerolshytemperatures would have been
awkwardly short.

We did not wish to land in too rough a place. Shacecraft might have tipped over
and crashed, or at the least its mechanical atended to acquire Martian soil samples,
might have become wedged or been left waving hedptea meter too high above the
surface. Likewise, we did not want to land in plt®at were too soft. If the spacecraft’s
three landing pods had sunk deeply into a loosatked soil, various undesirable
consequences would have followed, including immadilon of the sample arm. But we
did not want to land in a place that was too héttiee - had we landed in a vitreous lava
field, for example, with no powdery surface matetize mechanical arm would have been
unable to acquire the sample vital to the projectesmistry and biology experiments.

The best photographs then available of Mars - fileenMariner 9 orbiter - showed
features no smaller than 90 meters (100 yardskacihde Viking orbiter pictures
improved this figure only slightly. Boulders one tere(three feet) in size were entirely
invisible in such photographs, and could have hsastious consequences for the Viking
lander. Likewise, a deep, soft powder might havenliadetectable photographically.
Fortunately, there was a technique that enabléd dstermine the roughness or softness of
a candidate landing site: radar. A very rough plsoald scatter radar from Earth off to the
sides of the beam and therefore appear poorlyctefée or radar-dark. A very soft place
would also appear poorly reflective because oitla@y interstices between individual
sand grains. While we were unable to distinguigiwéen rough places and soft places, we
did not need to make such distinctions for landsitg-selection. Both, we knew, were
dangerous. Preliminary radar surveys suggesteashaiuch as a quarter to a third of the
surface area of Mars might be radar-dark, and therelangerous for Viking. But not all of
Mars can be viewed by Earth-based radar - onlyadtstsetween about 25° N and about
25° S. The Viking orbiter carried no radar systdrisoown to map the surface.

There were many constraints - perhaps, we fe&wednany. Our landing sites had
to be not too high, too windy, too hard, too stufg rough or too close to the pole. It was



remarkable that there were any places at all ors Mt simultaneously satisfied all our
safety criteria. But it was also clear that ourskdor safe harbors had led us to landing
sites that were, by and large, dull.

When each of the two Viking orbiter-lander comlioias was inserted into Martian
orbit, it was unalterably committed to landing ateatainlatitude on Mars. If the low point
in the orbit was at 21° Martian north latitude, theder would touch down at 21° N,
although, by waiting for the planet to turn bendgth could land at anjongitude
whatever. Thus the Viking science teams selectadidate latitudes for which there was
more than one promising site. Viking 1 was targéte®1° N. The prime site was in a
region called Chryse (Greek for ‘the land of goldig¢ar the confluence of four sinuous
channels thought to have been carved in previoashepof Martian history by running
water. The Chryse site seemed to satisfy all s&igtigria. But the radar observations had
been made nearby, not in the Chryse landing siédf.itRadar observations of Chryse were
made for the first time - because of the geomeftiyasth and Mars - only a few weeks
before the nominal landing date.

The candidate landing latitude for Viking 2 was #4 the prime site, a locale
called Cydonia, chosen because, according to seewedtical arguments, there was a
significant chance of small quantities of liquidterathere, at least at some time during the
Martian year. Since the Viking biology experimewesre strongly oriented toward
organisms that are comfortable in liquid water, e@tientists held that the chance of
Viking finding life would be substantially improved Cydonia. On the other hand, it was
argued that, on so windy a planet as Mars, miciatsgns should be everywhere if they
are anywhere. There seemed to be merit to bothigasi and it was difficult to decide
between them. What was quite clear, however, watsAd® N was completely inaccessible
to radar site-certification; we had to accept aidicant risk of failure with Viking 2 if it
was committed to high northern latitudes. It wasistbimes argued that if Viking 1 was
down and working well we could afford to acceptreager risk with Viking 2. | found
myself making very conservative recommendationtherfate of a billion-dollar mission. |
could imagine, for example, a key instrument falur Chryse just after an unfortunate
crash landing in Cydonia. To improve the Vikingiops, additional landing sites,
geologically very different from Chryse and Cydqmeere selected in the radar-certified
region near 4° S latitude. A decision on whethddng 2 would set down at high or at low
latitude was not made until virtually the last mimuwhen a place with the hopeful name of
Utopia, at the same latitude as Cydonia, was chosen

For Viking 1, the original landing site seemedeafve examined orbiter
photographs and late-breaking Earth-based radar dia&cceptably risky. For a while |
worried that Viking 1 had been condemned, likelégeendary Flying Dutchman, to wander
the skies of Mars forever, never to find safe ha#mentually we found a suitable spot,
still in Chryse but far from the confluence of floeir ancient channels. The delay prevented
us from setting down on July 4, 1976, but it wasegally agreed that a crash landing on
that date would have been an unsatisfactory twaltaath birthday present for the United
States. We deboosted from orbit and entered thédviaatmosphere sixteen days later.

After an interplanetary voyage of a year and & lealvering a hundred million
kilometers the long way round the Sun, each orateder combination was inserted into



its proper orbit about Mars; the orbiters survegaddidate landing sites; the landers
entered the Martian atmosphere on radio command@mectly oriented ablation shields,
deployed parachutes, divested coverings, and feed-rockets. In Chryse and Utopia, for
the first time in human history, spacecraft hactctmd down, gently and safely, on the red
planet. These triumphant landings were due in cdemable part to the great skill invested
in their design, fabrication and testing, and ® abilities of the spacecraft controllers. But
for so dangerous and mysterious a planet as M@ tvas also at least an element of
luck.

Immediately after landing, the first pictures wewée returned. We knew we had
chosen dull places. But we could hope. The firstypse taken by the Viking 1 lander was
of one of its own footpads - in case it were tksimo Martian quicksand, we wanted to
know about it before the spacecraft disappeared.pitture built up, line by line, until
with enormous relief we saw the footpad sittingthasnd dry above the Martian surface.
Soon other pictures came into being, each picti@rment radioed individually back to
Earth.

| remember being transfixed by the first landeag®a to show the horizon of Mars.
This was not an alien world, | thought. | knew @adike it in Colorado and Arizona and
Nevada. There were rocks and sand drifts and ardieminence, as natural and
unselfconscious as any landscape on Earth. Maraplase | would, of course, have been
surprised to see a grizzled prospector emerge li@mnd a dune leading his mule, but at
the same time the idea seemed appropriate. Notaingtely like it ever entered my mind
in all the hours | spent examining the Venera 9 Hhidmages of the Venus surface. One
way or another, | knew, this was a world to whiahwould return.

The landscape is stark and red and lovely: boslteown out in the creation of a
crater somewhere over the horizon, small sand duoeks that have been repeatedly
covered and uncovered by drifting dust, plumesra-frained material blown about by the
winds. Where did the rocks come from? How much $awlbeen blown by wind? What
must the previous history of the planet have beamdate sheared rocks, buried boulders,
polygonal gouges in the ground? What are the rotkde of? The same materials as the
sand? Is the sand merely pulverized rock or somgthlise? Why is the sky pink? What is
the air made of? How fast does the wind blow? Aesrd marsquakes? How does the
atmospheric pressure and the appearance of theckapel change with the seasons?

For every one of these questions Viking has preidefinitive or at least plausible
answers. The Mars revealed by the Viking missiaof snormous interest - particularly
when we remember that the landing sites were chimseheir dullness. But the cameras
revealed no sign of canal builders, no Barsoomiamaues or short swords, no princesses or
fighting men, no thoats, no footprints, not evesaeatus or a kangaroo rat. For as far as we
could see, there was not a sign of life.*

* There was a brief flurry when the uppercase teBtea putative Martian graffito, seemed to be
visible on a small boulder in Chryse. But laterlgsia showed it to be a trick of light and shadowd ¢he
human talent for pattern recognition. It also semeenarkable that the Martians should have tumbled
independently to the Latin alphabet. But there juasa moment when resounding in my head was ttari
echo of a word from my boyhood - Barsoom.



Perhaps there are large lifeforms on Mars, butmotr two landing sites. Perhaps
there are smaller forms in every rock and sanchgfor most of its history, those regions
of the Earth not covered by water looked rathex Nkars today - with an atmosphere rich
in carbon dioxide, with ultraviolet light shiningefcely down on the surface through an
atmosphere devoid of ozone. Large plants and asididInot colonize the land until the
last 10 percent of Earth history. And yet for thbdéon years there were microorganisms
everywhere on Earth. To look for life on Mars, wastlook for microbes.

The Viking lander extends human capabilities teeotand alien landscapes. By
some standards, it is about as smart as a grasshdyypothers, only as intelligent as a
bacterium. There is nothing demeaning in these emisgns. It took nature hundreds of
millions of years to evolve a bacterium, and bilsdo make a grasshopper. With only a
little experience in this sort of business, welaeoming fairly skillful at it. Viking has
two eyes as we do, but they also work in the iefilaas ours do not; a sample arm that can
push rocks, dig and acquire soil samples; a kinthger that it puts up to measure wind
speed and direction; a nose and taste buds, of,ansthh which it senses, to a much higher
precision than we can, the presence of trace mielgcan interior ear with which it can
detect the rumbling of marsquakes and the geniled-@driven jiggling of the spacecraft;
and a means of detecting microbes. The spaceasithown self-contained radioactive
power source. It radios all the scientific informatit acquires back to Earth. It receives
instructions from Earth, so human beings can potiaesignificance of the Viking results
and tell the spacecraft to do something new.

But what is the optimum way, given severe constsaon size, cost and power
requirements, to search for microbes on Mars? Waata at least as yet - send
microbiologists there. | once had a friend, anaxttlinary microbiologist named Wolf
Vishniac, of the University of Rochester, in Newrkoln the late 1950’s, when we were
just beginning to think seriously about looking fiée on Mars, he found himself at a
scientific meeting where an astronomer expressearament that the biologists had no
simple, reliable, automated instrument capabl®aking for microorganisms. Vishniac
decided he would do something about the matter.

He developed a small device to be sent to theepdahlis friends called it the Wolf
Trap. It would carry a little vial of nutrient orgie matter to Mars, arrange for a sample of
Martian soil to be mixed in with it, and observe tthanging turbidity or cloudiness of
liquid as the Martian bugs (if there were any) gf{éwhey would). The Wolf Trap was
selected along with three other microbiology expents to go aboard the Viking landers.
Two of the other three experiments also chosend &eod to the Martians. The success of
the Wolf Trap required that Martian bugs like liqwvater. There were those who thought
that Vishniac would only drown the little MartiarBBut the advantage of the Wolf Trap was
that it laid no requirements on what the Martiacnoibes must do with their food. They
had only to grow. All the other experiments madecHjr assumptions about gases that
would be given off or taken in by the microbesuaggtions that were little more than
guesses.

The National Aeronautics and Space Administratwamich runs the United States



planetary space program, is subject to frequenuapdedictable budget cuts. Only rarely
are there unanticipated budget increases. NASAsfteactivities have very little
effective support in the government, and so scienosost often the target when money
needs to be taken away from NASA. In 1971 it wasdesl that one of the four
microbiology experiments must be removed, and tlo# Wfap was offloaded. It was a
crushing disappointment for Vishniac, who had ineddwelve years in its development.

Many others in his place might have stalked off tiking Biology Team. But
Vishniac was a gentle and dedicated man. He deaid¢eiad that he could best serve the
search for life on Mars by voyaging to the most 84kkke environment on Earth - the dry
valleys of Antarctica. Some previous investigatoed examined Antarctic soil and decided
that the few microbes they were able to find weseraally natives of the dry valleys, but
had been blown there from other, more clement enuients. Recalling the Mars Jars
experiments, Vishniac believed that life was teoasiand that Antarctica was perfectly
consistent with microbiology. If terrestrial bugsutd live on Mars, he thought, why not in
Antarctica - which was by and large warmer, wetted had more oxygen and much less
ultraviolet light. Conversely, finding life in Antetic dry valleys would correspondingly
improve, he thought, the chances of life on Matishwiac believed that the experimental
techniques previously used to deduce no indigenaaobes in Antarctica were flawed.
The nutrients, while suitable for the comfortabhieonment of a university microbiology
laboratory, were not designed for the arid polasteiand.

So on November 8, 1973, Vishniac, his new micriagip equipment and a
geologist companion were transported by helicofpben McMurdo Station to an area near
Mount Balder, a dry valley in the Asgard range. ptiactice was to implant the little
microbiology stations in the Antarctic soil andut about a month later to retrieve them.
On December 10, 1973, he left to gather samplédamt Balder; his departure was
photographed from about three kilometers awayaklt the last time anyone saw him alive.
Eighteen hours later, his body was discoveredeab#tse of a cliff of ice. He had wandered
into an area not previously explored, had apparetippped on the ice and tumbled and
bounced for a distance of 150 meters. Perhaps karmgdiad caught his eye, a likely
habitat for microbes, say, or a patch of green @in@ne should be. We will never know.
In the small brown notebook he was carrying thgt tize last entry reads; ‘Station 202
retrieved. 10 December, 1973. 2230 hours. Soil &xatpre, -10°. Air temperature -16°." It
had been a typical summer temperature for Mars.

Many of Vishniac’s microbiology stations are ssitting in Antarctica. But the
samples thawverereturned were examined, using his methods, bprofessional
colleagues and friends. A wide variety of microbelsich would have been indetectable
with conventional scoring techniques, was founddssentially every site examined. A new
species of yeast, apparently unique to Antarctiee discovered in his samples by his
widow, Helen Simpson Vishniac. Large rocks returfrech Antarctica in that expedition,
examined by Imre Friedmann, turn out to have airfiasiong microbiology - one or two
millimeters inside the rock, algae have colonizethyaworld in which small quantities of
water are trapped and made liquid. On Mars sudaaepvould be even more interesting,
because while the visible light necessary for psyrtthesis would penetrate to that depth,
the germicidal ultraviolet light would be at legstrtially attenuated.



Because the design of space missions is finahzaaly years before launch, and
because of Vishniac’s death, the results of hisafatic experiments did not influence the
Viking design for seeking Martian life. In genertde microbiology experiments were not
carried out at the low ambient Martian temperatuaesl most did not provide long
incubation times. They all made fairly strong asptions about what Martian metabolism
had to be like. There was no way to look for liiside the rocks.

Each Viking lander was equipped with a sample taracquire material from the
surface and then slowly withdraw it into the inrecd the spacecraft, transporting the
particles on little hoppers like an electric trearfive different experiments: one on the
inorganic chemistry of the soil, another to look doganic molecules in the sand and dust,
and three to look for microbial life. When we lofak life on a planet, we are making
certain assumptions. We try, as well as we cantassume that life elsewhere will be
just like life here. But there are limits to what¢ wan do. We know in detail only about life
here. While the Viking biology experiments are angering first effort, they hardly
represent a definitive search for life on Mars. Tégults have been tantalizing, annoying,
provocative, stimulating, and, at least until retgrsubstantially inconclusive.

Each of the three microbiology experiments askddfarent kind of question, but
in all cases a question about Martian metaboli$there are microorganisms in the
Martian soil, they must take in food and give oHiste gases; or they must take in gases
from the atmosphere and, perhaps with the aid mfgut, convert them into useful
materials. So we bring food to Mars and hope tmat\artians, if there are any, will find it
tasty. Then we see if any interesting new gasesamnrhof the soil. Or we provide our own
radioactively labeled gases and see if they argexted into organic matter, in which case
small Martians are inferred.

By criteria established before launch, two oftiivee Viking microbiology
experiments seem to have yielded positive reshiltst, when Martian soil was mixed with
a sterile organic soup from Earth, something insthiechemically broke down the soup -
almost as if there were respiring microbes metabwjia food package from Earth. Second,
when gases from Earth were introduced into the islagoil sample, the gases became
chemically combined with the soil - almost as g were photosynthesizing microbes,
generating organic matter from atmospheric gasesiti¥e results in Martian microbiology
were achieved in seven different samplings- in lvoales on Mars separated by 5,000
kilometers.

But the situation is complex, and the criteri@pperimental success may have been
inadequate. Enormous efforts were made to build/tkiemg microbiology experiments and
test them with a variety of microbes. Very littliéoet was made to calibrate the
experiments with plausible inorganic Martian suefagaterials. Mars is not the Earth. As
the legacy of Percival Lowell reminds us, we caridmded. Perhaps there is an exotic
inorganic chemistry in the Martian soil that isebly itself, in the absence of Martian
microbes, to oxidize foodstuffs. Perhaps ther@messpecial inorganic, nonliving catalyst
in the soil that is able to fix atmospheric gased eonvert them into organic molecules.

Recent experiments suggest that this may inded¢debease. In the great Martian
dust storm of 1971, spectral features of the desewbtained by the Mariner 9 infrared
spectrometer. In analyzing these spectra, O. Bn,TédB. Pollack and | found that certain



features seem best accounted for by montmorill@mteother kinds of clay. Subsequent
observations by the Viking lander support the ideattion of windblown clays on Mars.
Now, A. Banin and J. Rishpon have found that they eproduce some of the key features
- those resembling photosynthesis as well as ttessmbling respiration of the

‘successful’ Viking microbiology experiments if laboratory experiments they substitute
such clays for the Martian soil. The clays havempglex active surface, given to absorbing
and releasing gases and to catalyzing chemicaiioeaclt is too soon to say that all the
Viking microbiology results can be explained byrig@nic chemistry, but such a result
would no longer be surprising. The clay hypothésigily excludes life on Mars, but it
certainly carries us far enough to say that thereicompelling evidence for microbiology
on Mars.

Even so, the results of Banin and Rishpon areedtgiological importance
because they show that in the absence of life tteameoe a kind of soil chemistry that does
some of the same things life does. On the Eartbrbdife, there may already have been
chemical processes resembling respiration and piaetioesis cycling in the soil, perhaps
to be incorporated by life once it arose. In additiwe know that montmorillonite clays are
a potent catalyst for combining amino acids intoager chain molecules resembling
proteins. The clays of the primitive Earth may heen the forge of life, and the
chemistry of contemporary Mars may provide esskdiigs to the origin and early history
of life on our planet.

The Martian surface exhibits many impact crateash named after a person,
usually a scientist. Crater Vishniac lies apprdpfhiain the Antarctic region of Mars.
Vishniac did not claim that there had to be lifeMars, merely that it was possible, and
that it was extraordinarily important to know ifwas there. If life on Mars exists, we will
have a unique opportunity to test the generalitgwofform of fife. And if there is no life on
Mars, a planet rather like the Earth, we must wstded why - because in that case, as
Vishniac stressed, we have the classic scientifidrontation of the experiment and the
control.

The finding that the Viking microbiology resultarcbe explained by clays, that
they need not imply life, helps to resolve anotigstery: the Viking organic chemistry
experiment showed not a hint of organic matteheaMartian soil. If there is life on Mars,
where are the dead bodies? No organic moleculdd beuound - no building blocks of
proteins and nucleic acids, no simple hydrocarboo#ing of the stuff of life on Earth.
This is not necessarily a contradiction, because/iking microbiology experiments are a
thousand times more sensitive (per equivalent cagbom) than the Viking chemistry
experiments, and seem to detect organic mattehagized in the Martian soil. But this
does not leave much margin. Terrestrial soil isiémhwith the organic remains of
once-living organisms; Martian soil has less organatter than the surface of the Moon. If
we held to the life hypothesis, we might supposg tihe dead bodies have been destroyed
by the chemically reactive, oxidizing surface ofrislalike a germ in a bottle of hydrogen
peroxide; or that there is life, but of a kind ihigh organic chemistry plays a less central
role than it does in life on Earth.

But this last alternative seems to me to be sppt@ading: | am, reluctantly, a
self-confessed carbon chauvinist. Carbon is abunddahe Cosmos. It makes marvelously



complex molecules, good for life. | am also a wateuvinist. Water makes an ideal
solvent system for organic chemistry to work in atelys liquid over a wide range of
temperatures. But sometimes | wonder. Could myriesd for these materials have
something to do with the fact that | am made ciiieflthem? Are we carbon- and
water-based because those materials were abunu#me &arth at the time of the origin of
life? Could life elsewhere - on Mars, say - be toaoiildifferent stuff?

| am a collection of water, calcium and organidewales called Carl Sagan. You
are a collection of almost identical molecules vétdifferent collective label. But is that
all? Is there nothing in here but molecules? Soewp|e find this idea somehow
demeaning to human dignity. For myself, | findlg\ating that our universe permits the
evolution of molecular machines as intricate arutlslas we.

But the essence of life is not so much the atamissemple molecules that make us
up as the way in which they are put together. Emery and then we read that the
chemicals which constitute the human body costtpiseven cents or ten dollars or some
such figure; it is a little depressing to find duadies valued so little. However, these
estimates are for human beings reduced to our eghpbssible components. We are made
mostly of water, which costs almost nothing; theboa is costed in the form of coal; the
calcium in our bones as chalk; the nitrogen inmoteins as air (cheap also); the iron in
our blood as rusty nails. If we did not know bettee might be tempted to take all the
atoms that make us up, mix them together in a digainer and stir. We can do this as
much as we want. But in the end all we have igletes mixture of atoms. How could we
have expected anything else?

Harold Morowitz has calculated what it would ctzsput together the correct
molecularconstituents that make up a human being by buyiegnolecules from chemical
supply houses. The answer turns out to be aboumiigon dollars, which should make us
all feel a little better. But even then we could nox those chemicals together and have a
human being emerge from the jar. That is far beymurdcapability and will probably be so
for a very long period of time. Fortunately, thare other less expensive but still highly
reliable methods of making human beings.

| think the lifeforms on many worlds will consigty and large, of the same atoms
we have here, perhaps even many of the same batcutes, such as proteins and nucleic
acids - but put together in unfamiliar ways. Peghamganisms that float in dense planetary
atmospheres will be very much like us in their atbaomposition, except they might not
have bones and therefore not need much calciurhapgelsewhere some solvent other
than water is used. Hydrofluoric acid might serater well, although there is not a great
deal of fluorine in the Cosmos; hydrofluoric aciowid do a great deal of damage to the
kind of molecules that make us up, but other orgamlecules, paraffin waxes, for
example, are perfectly stable in its presence.idigmmmonia would make an even better
solvent system, because ammonia is very abundain¢ i@osmos. But it is liquid only on
worlds much colder than the Earth or Mars. Ammasiardinarily a gas on Earth, as water
is on Venus. Or perhaps there are living things dleanot have a solvent system at all -
solid-state life, where there are electrical sigmabpagating rather than molecules floating
about.

But these ideas do not rescue the notion tha¥itkiag lander experiments indicate



life on Mars. On that rather Earth-like world, wabundant carbon and water, life, if it
exists, should be based on organic chemistry. Tha&nic chemistry results, like the
imaging and microbiology results, are all consisteith no life in the fine particles of
Chryse and Utopia in the late 1970’s. Perhaps suittieneters beneath the rocks (as in the
Antarctic dry valleys), or elsewhere on the planein some earlier, more clement time.
But not where and when we looked.

The Viking exploration of Mars is a mission of mahistorical importance, the first
serious search for what other kinds of life maythe,first survival of a functioning
spacecraft for more than an hour or so on any gilaeet (Viking 1 has survived for years),
the source of a rich harvest of data on the geolsgigmology, mineralogy, meteorology
and half a dozen other sciences of another wordav Bhould we follow up on these
spectacular advances? Some scientists want tceseadtomatic device that would land,
acquire soil samples, and return them to Earthyevtieey could be examined in great
detail in the large sophisticated laboratories aftk rather than in the limited
microminiaturized laboratories that we are ablsdnd to Mars. In this way most of the
ambiguities of the Viking microbiology experimemisuld be resolved. The chemistry and
mineralogy of the soil could be determined; roossld be broken open to search for
subsurface life; hundreds of tests for organic deggnand life could be performed,
including direct microscopic examination, underidemange of conditions. We could even
use Vishniac’s scoring techniques. Although it vabloé fairly expensive, such a mission is
probably within our technological capability.

However, it carries with it a novel danger: backi#amination. If we wish on Earth
to examine samples of Martian soil for microbes,mest, of course, not sterilize the
samples beforehand. The point of the expeditida kxing them back alive. But what then?
Might Martian microorganisms returned to Earth pasriblic health hazard? The Martians
of H. G. Wells and Orson Welles, preoccupied whih suppression of Bournemouth and
Jersey City, never noticed until too late thatitiramunological defenses were unavailing
against the microbes of Earth. Is the converseilple@sThis is a serious and difficult issue.
There may be no micromartians. If they exist, ppshae can eat a kilogram of them with
no ill effects. But we are not sure, and the stakeshigh. If we wish to return unsterilized
Martian samples to Earth, we must have a contaihpr@cedure that is stupefyingly
reliable. There are nations that develop and sitekpacteriological weapons. They seem
to have an occasional accident, but they have etosp far as | know, produced global
pandemics. Perhaps Martian sammlasbe safely returned to Earth. But | would want to
be very sure before considering a returned-samjssion.

There is another way to investigate Mars and eliegdnge of delights and
discoveries this heterogeneous planet holds fokMyanost persistent emotion in working
with the Viking lander pictures was frustratioroatr immobility. | found myself
unconsciously urging the spacecraft at least todsten its tiptoes, as if this laboratory,
designed for immobility, were perversely refusingrtanage even a little hop. How we
longed to poke that dune with the sample arm, fookfe beneath that rock, see if that
distant ridge was a crater rampart. And not so f@&ryo the southeast, | knew, were the
four sinuous channels of Chryse. For all the tanteg and provocative character of the
Viking results, | know a hundred places on Marschhare far more interesting than our



landing sites. The ideal tool is a roving vehicerging on advanced experiments,
particularly in imaging, chemistry and biology. Ritypes of such rovers are under
development by NASA. They know on their own howgtoover rocks, how not to fall
down ravines, how to get out of tight spots. Mvighin our capability to land a rover on
Mars that could scan its surroundings, see the mteesting place in its field of view and,
by the same time tomorrow, be there. Every daywaplace, a complex, winding traverse
over the varied topography of this appealing planet

Such a mission would reap enormous scientific fiesneven if there is no life on
Mars. We could wander down the ancient river valjeyp the slopes of one of the great
volcanic mountains, along the strange steppeditenfahe icy polar terraces, or muster a
close approach to the beckoning pyramids of Mdsililic interest in such a mission
would be sizable. Every day a new set of vistaslevatrive on our home television
screens. We could trace the route, ponder thenfgsdisuggest new destinations. The
journey would be long, the rover obedient to ramboxmands from Earth. There would be
plenty of time for good new ideas to be incorpattateo the mission plan. A billion people
could participate in the exploration of another Mor

* The largest are 3 kilometers across at the kas# 1 kilometer high - much larger than the
pyramids of Sumer, Egypt or Mexico on Earth. Thegra eroded and ancient, and are, perhaps, only smal
mountains, sandblasted for ages. But they wartdhik, a careful look.

The surface area of Mars is exactly as large aktitearea of the Earth. A
thorough reconnaissance will clearly occupy usctarturies. But there will be a time when
Mars is all explored; a time after robot aircradtve mapped it from aloft, a time after
rovers have combed the surface, a time after sanalee been returned safely to Earth, a
time after human beings have walked the sands o Mghat then? What shall we do with
Mars?

There are so many examples of human misuse d&ahté that even phrasing this
guestion chills me. If there is life on Mars, |ieeke we should do nothing with Mars. Mars
then belongs to the Martians, even if the Martiaresonly microbes. The existence of an
independent biology on a nearby planet is a tregseyond assessing, and the preservation
of that life must, | think, supersede any othergtlals use of Mars. However, suppose Mars
is lifeless. It is not a plausible source of rawtenials: the freightage from Mars to Earth
would be too expensive for many centuries to cdduge.might we be able to live on Mars?
Could we in some sense make Mars habitable?

A lovely world, surely, but there is - from ourrpahial point of view - much wrong
with Mars, chiefly the low oxygen abundance, theesze of liquid water, and the high
ultraviolet flux. (The low temperatures do not paseinsuperable obstacle, as the
year-round scientific stations in Antarctica denteate.) All of these problems could be
solved if we could make more air. With higher atptweric pressures, liquid water would
be possible. With more oxygen we might breatheath@sphere, and ozone would form to
shield the surface from solar ultraviolet radiatidhe sinuous channels, stacked polar
plates and other evidence suggest that Mars orttsuth a denser atmosphere. Those
gases are unlikely to have escaped from Mars. @heytherefore, on the planet



somewhere. Some are chemically combined with tHaseirocks. Some are in subsurface
ice. But most may be in the present polar ice caps.

To vaporize the caps, we must heat them; perhapsowld dust them with a dark
powder, heating them by absorbing more sunliglet ojpposite of what we do to the Earth
when we destroy forests and grasslands. But tHacguarea of the caps is very large. The
necessary dust would require 1,200 Saturn 5 rdukesters to be transported from Earth to
Mars; even then, the winds might blow the dustlodf polar caps. A better way would be
to devise some dark material able to make copiésaedf, a little dusky machine which we
deliver to Mars and which then goes about reprodyitself from indigenous materials all
over the polar caps. There is a category of suathmas. We call them plants. Some are
very hardy and resilient. We know that at leastesoenrestrial microbes can survive on.
Mars. What is necessary is a program of artifisedection and genetic engineering of dark
plants - perhaps lichens - that could survive thielmmore severe Martian environment. If
such plants could be bred, we might imagine theimgogeeded on the vast expanse of the
Martian polar ice caps, taking root, spreadingckdming the ice caps, absorbing sunlight,
heating the ice, and releasing the ancient Magtarosphere from its long captivity. We
might even imagine a kind of Martian Johnny Appégseobot or human, roaming the
frozen polar wastes in an endeavor that benefiistbe generations of humans to come.

The general concept is called terraforming: thenging of an alien landscape into
one more suitable for human beings. In thousangeafs humans have managed to
perturb the global temperature of the Earth by atlgut one degree through greenhouse
and albedo changes, although at the present rétgroiing fossil fuels and destroying
forests and grasslands we can now change the dgkrbpkerature by another degree in only
a century or two. These and other consideratioggest that a time scale for a significant
terraforming of Mars is probably hundreds to thawsaof years. In a future time of greatly
advanced technology we might wish not only to iaseethe total atmospheric pressure and
make liquid water possible but also to carry liqwiater from the melting polar caps to the
warmer equatorial regions. There is, of courseag w do it. We would build canals.

The melting surface and subsurface ice would desported by a great canal
network. But this is precisely what Percival Lowelbt a hundred years ago, mistakenly
proposed was in fact happening on Mars. Lowell\fadlace both understood that the
comparative inhospitability of Mars was due to siearcity of water. If only a network of
canals existed, the lack would be remedied, théddality of Mars would become
plausible. Lowell’'s observations were made undéreexely difficult seeing conditions.
Others, like Schiaparelli, had already observedetbing like the canals; they were called
canali before Lowell began his lifelong love affair withars. Human beings have a
demonstrated talent for self-deception when theioteons are stirred, and there are few
notions more stirring than the idea of a neighlpplanet inhabited by intelligent beings.

The power of Lowell’s idea may, just possibly, raaka kind of premonition. His
canal network was built by Martians. Even this rbayan accurate prophecy: If the planet
ever is terraformed, it will be done by human bsindnose permanent residence and
planetary affiliation is Mars. The Martians will lis.



CHAPTER VI

Travelers’ Tales

Do there exist many worlds, or is there but a gnvgbrld? This is one of the most
noble and exalted questions in the study of Nature.
- Albertus Magnus, thirteenth century

In the first ages of the world, the islanders eitheught themselves to be the only
dwellers upon the earth, or else if there wereahgr, yet they could not possibly
conceive how they might have any commerce with tHe¥mg severed by the deep
and broad sea, but the aftertimes found out thention of ships . . . So, perhaps,
there may be some other means invented for a caneeyto the Moone . . . We
have not now any Drake or Columbus to undertalevtyage, or any Daedalus to
invent a conveyance through the aire. However btlaot but that time who is still
the father of new truths, and hath revealed untmarsy things which our ancestors
were ignorant of, will also manifest to our podtethat which we now desire but
cannot know.

- John Wilkins,The Discovery of a World in the Moqri&38

We may mount from this dull Earth; and viewingrirh on high, consider whether
Nature has laid out all her cost and finery upas $imall speck of Dirt. So, like
Travellers into other distant countries, we shalbletter able to judge of what's
done at home, know how to make a true estimatenof set its own value upon
every thing. We shall be less apt to admire whiat\World calls great, shall nobly
despise those Trifles the generality of Men set thiections on, when we know
that there are a multitude of such Earths inhalatetladorn’d as well as our own.
- Christiaan Huygeng,he Celestial Worlds Discovered 1690

This is the time when humans have begun to sag¢heof space. The modern ships that
ply the Keplerian trajectories to the planets armanned. They are beautifully constructed,
semi-intelligent robots exploring unknown worldoyéges to the outer solar system are
controlled from a single place on the planet Edtth,Jet Propulsion Laboratory (JPL) of
the National Aeronautics and Space AdministratroRasadena, California.

On July 9, 1979, a spacecraft called Voyager demiered the Jupiter system. It
had been almost two years sailing through integtkmny space. The ship is made of
millions of separate parts assembled redundardlthat if some component fails, others
will take over its responsibilities. The spacecredighs 0.9 tons and would fill a large
living room. Its mission takes it so far from ther&hat it cannot be powered by solar
energy, as other spacecraft are. Instead, Voyaties on a small nuclear power plant,
drawing hundreds of watts from the radioactive glerfaa pellet of plutonium. Its three
integrated computers and most of its housekeepingtibns - for example, its
temperature-control system - are localized in iddhe. It receives commands from Earth



and radios its findings back to Earth through gdasntenna, 3.7 meters in diameter. Most
of its scientific instruments are on a scan platfowhich tracks Jupiter or one of its moons
as the spacecraft hurtles past. There are mamytificienstruments - ultraviolet and

infrared spectrometers, devices to measure cha@eidles and magnetic fields and the
radio emission from Jupiter - but the most prodigchave been the two television cameras,
designed to take tens of thousands of pictureseoptanetary islands in the outer solar
system.

Jupiter is surrounded by a shell of invisible bxtremely dangerous high-energy
charged particles. The spacecraft must pass thriwegbuter edge of this radiation belt to
examine Jupiter and its moons close up, and taraenits mission to Saturn and beyond.
But the charged particles can damage the delinateuments and fry the electronics.
Jupiter is also surrounded by a ring of solid dgltiscovered four months earlier by
Voyager 1, which Voyager 2 had to traverse. A sah with a small boulder could have
sent the spacecraft tumbling wildly out of contitd,antenna unable to lock on the Earth,
its data lost forever. Just before Encounter, tigsion controllers were restive. There were
some alarms and emergencies, but the combinedigetete of the humans on Earth and
the robot in space circumvented disaster.

Launched on August 20, 1977, it moved on an argeggctory past the orbit of
Mars, through the asteroid belt, to approach tipgdusystem and thread its way past the
planet and among its fourteen or so moons. Voyagerssage by Jupiter accelerated it
towards a close encounter with Saturn. Saturn’gityravill propel it on to Uranus. After
Uranus it will plunge on past Neptune, leaving sbkar system, becoming an interstellar
spacecraft, fated to roam forever the great oceamden the stars.

These voyages of exploration and discovery ardatiest in a long series that have
characterized and distinguished human historyhérfifteenth and sixteenth centuries you
could travel from Spain to the Azores in a few ddlye same time it takes us now to cross
the channel from the Earth to the Moon. It tooknthgew months to traverse the Atlantic
Ocean and reach what was called the New WorldAthericas. Today it takes a few
months to cross the ocean of the inner solar syatetrmake planet-fall on Mars or Venus,
which are truly and literally now worlds awaiting.un the seventeenth and eighteenth
centuries you could travel from Holland to Chinaigear or two, the time it has taken
Voyager to travel from Earth to Jupiter.* The anmasts were, relatively, more then than
now, but in both cases less than 1 percent ofgpeoariate Gross National Product. Our
present spaceships, with their robot crews, aréahieingers, the vanguards of future
human expeditions to the planets. We have trawblisdvay before.

* Or, to make a different comparison, a fertilizsgh takes as long to wander from the Fallopian
tubes and implant itself in the uterus as Apolladdk to journey to the Moon; and as long to depeéido a
full-term infant as Viking took on its trip to Mar$he normal human lifetime is longer than Voyagét
take to venture beyond the orbit of Pluto.

The fifteenth through seventeenth centuries reptesenajor turning point in our
history. It then became clear that we could ventaral parts of our planet. Plucky sailing
vessels from half a dozen European nations dispéosevery ocean. There were many



motivations for these journeys: ambition, greediomal pride, religious fanaticism, prison
pardons, scientific curiosity, the thirst for aduae and the unavailability of suitable
employment in Estremadura. These voyages workedh mutas well as much good. But
the net result has been to bind the Earth togethelecrease provincialism, to unify the
human species and to advance powerfully our knaydexd our planet and ourselves.

Emblematic of the epoch of sailing-ship explomatamd discovery is the
revolutionary Dutch Republic of the seventeenthtwen Having recently declared its
independence from the powerful Spanish Empiranitaced more fully than any other
nation of its time the European Enlightenment.dsva rational, orderly, creative society.
But because Spanish ports and vessels were clogaut¢h shipping, the economic
survival of the tiny republic depended on its dapito construct, man and deploy a great
fleet of commercial sailing vessels.

The Dutch East India Company, a joint governmesua private enterprise, sent
ships to the far corners of the world to acquire @mmaodities and resell them at a profit
in Europe. Such voyages were the life blood ofRkpublic. Navigational charts and maps
were classified as state secrets. Ships often émthavith sealed orders. Suddenly the
Dutch were present all over the planet. The Bar8etsin the Arctic Ocean and Tasmania
in Australia are named after Dutch sea captaines@&expeditions were not merely
commercial exploitations, although there was plerftthat. There were powerful elements
of scientific adventure and the zest for discovadrgew lands, new plants and animals,
new people; the pursuit of knowledge for its owkesa

The Amsterdam Town Hall reflects the confident aadular self-image of
seventeenth-century Holland. It took shiploads aflste to build. Constantijn Huygens, a
poet and diplomat of the time, remarked that the &lall dispelled ‘the Gothic squint
and squalor.’ In the Town Hall to this day, thesaistatue of Atlas supporting the heavens,
festooned with constellations. Beneath is Jushicandishing a golden sword and scales,
standing between Death and Punishment, and treadihgrfoot Avarice and Envy, the
gods of the merchants. The Dutch, whose economybased on private profit,
nevertheless understood that the unrestrained ipofgurofit posed a threat to the nation’s
soul.

A less allegorical symbol may be found under Adad Justice, on the floor of the
Town Hall. It is a great inlaid map, dating fronetlate seventeenth or early eighteenth
centuries, reaching from West Africa to the Paddimean. The whole world was Holland’s
arena. And on this map, with disarming modestyDb&h omitted themselves, using only
the old Latin name Belgium for their part of Europe

In a typical year many ships set sail halfway acbthe world. Down the west coast
of Africa, through what they called the Ethiopia@aSaround the south coast of Africa,
within the Straits of Madagascar, and on past thhern tip of India they sailed, to one
major focus of their interests, the Spice Islapissent-day Indonesia. Some expeditions
journeyed from there to a land named New Holland, taday called Australia. A few
ventured through the Straits of Malacca, past thiggpines, to China. We know from a
mid-seventeenth-century account of an ‘Embassy tlmrEast India Company of the
United Provinces of the Netherlands, to the GraadaF, Cham, Emperor of China.” The
Dutch burgers, ambassadors and sea captains stdeeyed in amazement, face to face



with another civilization in the Imperial City oeRing.*

* We even know what gifts they brought the CouhteTEmpress was presented with ‘six little chests
of divers pictures.” And the Emperor received ‘ti@odels of cinnamon.’

Never before or since has Holland been the wonldgodt was then. A small
country, forced to live by its wits, its foreignlmy contained a strong pacifist element.
Because of its tolerance for unorthodox opiniongias a haven for intellectuals who were
refugees from censorship and through control elsesvim Europe - much as the United
States benefited enormously in the 1930’s by tlueles of intellectuals from
Nazi-dominated Europe. So seventeenth-century HdNeas the home of the great Jewish
philosopher Spinoza, whom Einstein admired; of @ess, a pivotal figure in the history
of mathematics and philosophy; and of John Lockmldical scientist who influenced a
group of philosophically inclined revolutionarieamed Paine, Hamilton, Adams, Franklin
and Jefferson. Never before or since has Hollaed lgeaced by such a galaxy of artists
and scientists, philosophers and mathematicians.Wés the time of the master painters
Rembrandt and Vermeer and Frans Hals; of Leeuwéniioe inventor of the microscope;
of Grotius, the founder of international law; of Mbrord Snellius, who discovered the law
of the refraction of light.

In the Dutch tradition of encouraging freedomtadught, the University of Leiden
offered a professorship to an Italian scientist edi@alileo, who had been forced by the
Catholic Church under threat of torture to recastheretical view that the Earth moved
about the Sun and not vice versa.* Galileo hadecties with Holland, and his first
astronomical telescope was an improvement of alapy®f Dutch design. With it he
discovered sunspots, the phases of Venus, thesdtthe Moon, and the four large
moons of Jupiter now called, after him, the Gahlsatellites. Galileo’s own description of
his ecclesiastical travails is contained in a tdtewrote in the year 1615 to the Grand
Duchess Christina:

Some years ago as Your Serene Highness well kras;overed in the heavens
many things that had not been seen before our g@nTde novelty of these things,
as well as some consequences which followed freamtim contradiction to the
physical notions commonly held among academic pbpbers, stirred up against
me no small number of professors [many of themestastics] - as if | had placed
these things in the sky with my own hands in otdarpset Nature and overturn the
sciences. They seemed to forget that the incrddssown truths stimulates the
investigation, establishment, and growth of the.&irt

* In 1979 Pope John Paul Il cautiously propose@rgng the condemnation of Galileo done 346
years earlier by the ‘Holy Inquisition.’

** The courage of Galileo (and Kepler) in promotitinge heliocentric hypothesis was not evident in
the actions of others, even those residing inflesatically doctrinal parts of Europe. For examjrea letter
dated April 1634, René Descartes, then living iflddal, wrote:



Doubtless you know that Galileo was recently ceaduny the Inquisitors of the Faith, and that his
views about the movement of the Earth were conddrmaséneretical. | must tell you that all the
things | explained in my treatise, which included toctrine of the movement of the Earth, were so
interdependent that it is enough to discover thataf them is false to know that all the arguménts
was using are unsound. Though | thought they wased on very certain and evident proofs, |
would not wish, for anything in the world, to maiim them against the authority of the Churchl. . .
desire to live in peace and to continue the lif@ye begun under the mottwlive well you must live
unseen

The connection between Holland as an exploratowep@nd Holland as an intellectual
and cultural center was very strong. The improveroésailing ships encouraged
technology of all kinds. People enjoyed workinghntheir hands. Inventions were prized.
Technological advance required the freest posgiltsuit of knowledge, so Holland
became the leading publisher and bookseller in [i@jrvanslating works written in other
languages and permitting the publication of wonkasspribed elsewhere. Adventures into
exotic lands and encounters with strange socistiesk complacency, challenged thinkers
to reconsider the prevailing wisdom and showedittess that had been accepted for
thousands of years - for example, on geographyre wwendamentally in error. In a time
when kings and emperors ruled much of the worlel Rhtch Republic was governed, more
than any other nation, by the people. The openpiede society and its encouragement of
the life of the mind, its material well-being angl commitment to the exploration and
utilization of new worlds generated a joyful corditte in the human enterprise.*

* This exploratory tradition may account for thetféhat Holland has, to this day, produced far more
than its per capita share of distinguished astr@epamong them Gerard Peter Kuiper, who in th®594
and 1950’s was the world’s only full-time planetastrophysicist. The subject was then consideretdist
professional astronomers to be at least sligh8yegiutable, tainted with Lowellian excesses. | aatajul to
have been Kuiper's student.

In Italy, Galileo had announced other worlds, andr@ano Bruno had speculated
on other lifeforms. For this they had been madeutter brutally. But in Holland, the
astronomer Christiaan Huygens, who believed in bhe#s showered with honors. His
father was Constantijn Huygens, a master diplorhdtepage, a litterateur, poet, composer,
musician, close friend and translator of the Ergliset John Donne, and the head of an
archetypical great family. Constantijn admired planter Rubens, and ‘discovered’ a
young artist named Rembrandt van Rijn, in sevdrallmse works he subsequently
appears. After their first meeting, Descartes wajteim: ‘I could not believe that a single
mind could occupy itself with so many things, aaqdip itself so well in all of them.” The
Huygens home was filled with goods from all oves World. Distinguished thinkers from
other nations were frequent guests. Growing upigenvironment, the young Christiaan
Huygens became simultaneously adept in languagasjrdy, law, science, engineering,
mathematics and music. His interests and alleggawege broad. ‘The world is my
country,” he said, ‘science my religion.’

Light was a motif of the age: the symbolic enlgyimhent of freedom of thought and
religion, of geographical discovery; the light tipgrmeated the paintings of the time,



particularly the exquisite work of Vermeer; anchligis an object of scientific inquiry, as in
Snell’s study of refraction, Leeuwenhoek’s inventaf the microscope and Huygens’ own
wave theory of light.* These were all connectedvaats, and their practitioners mingled
freely. Vermeer’s interiors are characteristicdilled with nautical artifacts and wall maps.
Microscopes were drawing-room curiosities. Leeuveehkhwas the executor of Vermeer’'s
estate and a frequent visitor at the Huygens honktofwijck.

* |[saac Newton admired Christiaan Huygens and thobhgn ‘the most elegant mathematician’ of
their time, and the truest follower of the matheapwttradition of the ancient Greeks - then, as hagreat
compliment. Newton believed, in part because shadwd sharp edges, that light behaved as if it were
stream of tiny particles. He thought that red ligleis composed of the largest particles and vibkesmallest.
Huygens argued that instead light behaved asiéie a wave propagating in a vacuum, as an ocea@ wa
does in the sea - which is why we talk about theelength and frequency of light. Many propertiedigtft,
including diffraction, are naturally explained thetwave theory, and in subsequent years Huygeew vi
carried the day. But in 1905, Einstein showed thatparticle theory of light could explain the pbelectric
effect, the ejection of electrons from a metal upgposure to a beam of light. Modern quantum meckan
combines both ideas, and it is customary todajitiktof light as behaving in some circumstancea heam
of particles and in others as a wave. This wavégdardualism may not correspond readily to our
common-sense notions, but it is in excellent aceatld what experiments have shown light really does
There is something mysterious and stirring in thaariage of opposites, and it is fitting that Nemvand
Huygens, bachelors both, were the parents of oatlenmounderstanding of the nature of light.

Leeuwenhoek’s microscope evolved from the magnifyglasses employed by
drapers to examine the quality of cloth. With itdiecovered a universe in a drop of water:
the microbes, which he described as ‘animalculed’taought ‘cute’. Huygens had
contributed to the design of the first microscoaed himself made many discoveries with
them. Leeuwenhoek and Huygens were among thepBrgtle ever to see human sperm
cells, a prerequisite for understanding human iyetion. To explain how
microorganisms slowly develop in water previougbrisized by boiling, Huygens
proposed that they were small enough to float thinadihe air and reproduced on alighting
in water. Thus he established an alternative totsp@ous generation - the notion that life
could arise, in fermenting grape juice or rottingat entirely independent of preexisting
life. It was not until the time of Louis Pastewvot centuries later, that Huygens’
speculation was proved correct. The Viking seaotHife on Mars can be traced in more
ways than one back to Leeuwenhoek and Huygens. diteegiso the grandfathers of the
germ theory of disease, and therefore of much afemomedicine. But they had no
practical motives in mind. They were merely tinkerin a technological society.

The microscope and telescope, both developedrin &aventeenth-century Holland,
represent an extension of human vision to the realnthe very small and the very large.
Our observations of atoms and galaxies were lauhchthis time and place. Christiaan
Huygens loved to grind and polish lenses for astnaioal telescopes and constructed one
five meters long. His discoveries with the telescould by themselves have ensured his
place in the history of human accomplishment. inftotsteps of Eratosthenes, he was the
first person to measure the size of another plaetvas also the first to speculate that
Venus is completely covered with clouds; the ficstiraw a surface feature on the planet
Mars (a vast dark windswept slope called Syrtisdvlajand by observing the appearance



and disappearance of such features as the plaagtdpthe first to determine that the
Martian day was, like ours, roughly twenty-four h®ilong. He was the first to recognize
that Saturn was surrounded by a system of ringsiwiowhere touches the planet.* And
he was the discoverer of Titan, the largest mooBatfirn and, as we now know, the largest
moon in the solar system - a world of extraordinatgrest and promise. Most of these
discoveries he made in his twenties. He also thobasfinology was nonsense.

* Galileo discovered the rings, but had no ideatwbanake of them. Through his early
astronomical telescope, they seemed to be twogiops symmetrically attached to Saturn, resemblireg
said in some bafflement, ears.

Huygens did much more. A key problem for marineigaton in this age was the
determination of longitude. Latitude could easiéydetermined by the stars - the farther
south you were, the more southern constellationscpald see. But longitude required
precise timekeeping. An accurate shipboard cloculgvtell the time in your home port;
the rising and setting of the Sun and stars wopdti$y the local shipboard time; and the
difference between the two would yield your londgéuHuygens invented the pendulum
clock (its principle had been discovered earlie@alileo), which was then employed,
although not fully successfully, to calculate piasitin the midst of the great ocean. His
efforts introduced an unprecedented accuracy neramical and other scientific
observations and stimulated further advances iticawlocks. He invented the spiral
balance spring still used in some watches todagienfiandamental contributions to
mechanics - e.g., the calculation of centrifugatéo- and, from a study of the game of dice,
to the theory of probability. He improved the aimgp, which was later to revolutionize the
mining industry, and the ‘magic lantern,’ the arioesf the slide projector. He also
invented something called the ‘gunpowder enginéjctv influenced the development of
another machine, the steam engine.

Huygens was delighted that the Copernican vieth@Earth as a planet in motion
around the Sun was widely accepted even by th@arylpeople in Holland. Indeed, he
said, Copernicus was acknowledged by all astronemerept those who ‘were a bit
slow-witted or under the superstitions imposed leyety human authority.” In the Middle
Ages, Christian philosophers were fond of arguhmgg,tsince the heavens circle the Earth
once every day, they can hardly be infinite in aktand therefore an infinite number of
worlds, or even a large number of them (or evenather of them), is impossible. The
discovery that the Earth is turning rather thanske moving had important implications
for the uniqueness of the Earth and the possilofitife elsewhere. Copernicus held that
not just the solar system but the entire univeras eliocentric, and Kepler denied that the
stars have planetary systems. The first persorateraxplicit the idea of a large - indeed,
an infinite - number of other worlds in orbit abather suns seems to have been Giordano
Bruno. But others thought that the plurality of Vdsrfollowed immediately from the ideas
of Copernicus and Kepler and found themselves aglmathe early seventeenth century,
Robert Merton contended that the heliocentric hiypsis implied a multitude of other
planetary systems, and that this was an argumehedfort called reductio ad absurdum
(Appendix 1), demonstrating the error of the iniiasumption. He wrote, in an argument



which may once have seemed withering,

For if the firmament be of such an incomparablenbgs, as these Copernical giants
will have it . . ., so vast and full of innumeralsitars, as being infinite in extent . . .
why may we not suppose . . . those infinite staésible in the firmament to be so
many suns, with particular fixed centers; to hakewise their subordinate planets,
as the sun hath his dancing still around him?And so, in consequence, there are
infinite habitable worlds; what hinders? . . . thesd suchlike insolent and bold
attempts, prodigious paradoxes, inferences mustsifeiow, if it once be granted
which . . . Kepler . .. and others maintain of Beth’s motion.

But the Earth does move. Merton, if he lived todaguld be obliged to deduce ‘infinite,
habitable worlds.” Huygens did not shrink from thanclusion; he embraced it gladly:
Across the sea of space the stars are other syradogy with our solar system, Huygens
reasoned that those stars should have their omrefaley systems and that many of these
planets might be inhabited: ‘Should we allow thaengits nothing but vast deserts . . . and
deprive them of all those creatures that more [yldiaspeak their divine architect, we
should sink them below the Earth in beauty anditdiga thing very unreasonable.™

* A few others had held similar opinions. In lHsrmonice MundKepler remarked ‘it was Tycho
Brahe’s opinion concerning that bare wildernesglobes that it does not exist fruitlessly but i@l with
inhabitants.’

These ideas were set forth in an extraordinary li@aking the triumphant titfehe
Celestial Worlds Discover’d: Conjectures Concernthg Inhabitants, Plants and
Productions of the Worlds in the Plane@omposed shortly before Huygens died in 1690,
the work was admired by many, including Czar P#terGreat, who made it the first
product of Western science to be published in Rudgie book is in large part about the
nature or environments of the planets. Among therés in the finely rendered first edition
is one in which we see, to scale, the Sun anditrg glanets Jupiter and Saturn. They are,
comparatively, rather small. There is also an eglof Saturn next to the Earth: Our planet
is a tiny circle.

By and large Huygens imagined the environmentsr@mabitants of other planets
to be rather like those of seventeenth-centuryrE&te conceived of ‘planetarians’ whose
‘whole Bodies, and every part of them, may be gdis¢éinct and different from ours . . . ‘tis
a very ridiculous opinion . . . that it is impodsila rational Soul should dwell in any other
shape than ours.” You could be smart, he was sagiren if you looked peculiar. But he
then went on to argue that they would not look y@rguliar - that they must have hands
and feet and walk upright, that they would haveingiand geometry, and that Jupiter has
its four Galilean satellites to provide a naviga#ibaid for the sailors in the Jovian oceans.
Huygens was, of course, a citizen of his time. Whos is not? He claimed science as his
religion and then argued that the planets mushbahited because otherwise God had
made worlds for nothing. Because he lived beforendg his speculations about
extraterrestrial life are innocent of the evoluaonperspective. But he was able to develop



on observational grounds something akin to the modesmic perspective:

What a wonderful and Amazing scheme have we hetfeeainagnificent vastness
of the universe . . . So many Suns, so many Earthand every one of them
stock’d with so many Herbs, Trees, and Animalsradowith so many Seas and
Mountains! . . . And how must our Wonder and Admra be increased when we
consider the prodigious Distance and Multitudehef $tars.

The Voyager spacecraft are the lineal descendath®®ge sailing-ship voyages of
exploration, and of the scientific and speculatraglition of Christiaan Huygens. The
Voyagers are caravels bound for the stars, ande@way exploring those worlds that
Huygens knew and loved so well.

One of the main commodities returned on those geyaf centuries ago were
travelers’ tales,* stories of alien lands and exoteatures that evoked our sense of wonder
and stimulated future exploration. There had beeoants of mountains that reached the
sky; of dragons and sea monsters; of everydaygatansils made of gold; of a beast with
an arm for a nose; of people who thought the duatdisputes among Protestants,
Catholics, Jews and Muslims to be silly; of a blattne that burned; of headless humans
with mouths in their chests; of sheep that grewwreaes. Some of these stories were true;
some were lies. Others had a kernel of truth, niiststood or exaggerated by the explorers
or their informants. In the hands of Voltaire, sayJonathan Swift, these accounts
stimulated a new perspective on European societginig a reconsideration of that insular
world.

* Such tales are an ancient human tradition; mdrnlem have had, from the beginning of
exploration, a cosmic motif. For example, the &fieh-century explorations of Indonesia, Sri Larkdja,
Arabia and Africa by the Ming Dynasty Chinese weescribed by Fei Hsin, one of the participants in
picture book prepared for the Emperor, as ‘Thempbant Visions of the Starry Raft.” Unfortunatetlye
pictures - although not the text - have been lost.

Modern Voyagers also return travelers’ tales, tafes world shattered like a crystal
sphere; a globe where the ground is covered, pgbele, with what looks like a network of
cobwebs; tiny moons shaped like potatoes; a wottld @ underground ocean; a land that
smells of rotten eggs and looks like a pizza pieh Vakes of molten sulfur and volcanic
eruptions ejecting smoke directly into space; a@iaalled Jupiter that dwarfs our own -
so large that 1,000 Earths would fit within it.

The Galilean satellites of Jupiter are each alraediig as the planet Mercury. We
can measure their sizes and masses and so calthdatdensity, which tells us something
about the composition of their interiors. We fil@t the inner two, lo and Europa, have a
density as high as rock. The outer two, GanymedeCatlisto, have a much lower density,
halfway between rock and ice. But the mixture efand rocks within these outer moons
must contain, as do rocks on Earth, traces of emtive minerals, which heat their
surroundings. There is no effective way for thiathaccumulated over billions of years, to
reach the surface and be lost to space, and tleacidity inside Ganymede and Callisto



must therefore melt their icy interiors. We antatg underground oceans of slush and
water in these moons, a hint, before we have eagr the surfaces of the Galilean satellites
close up, that they may be very different one feomather. When we do look closely,
through the eyes of Voyager, this prediction isfitared. They do not resemble each other.
They are different from any worlds we have evendazfore.

The Voyager 2 spacecraft will never return to EalBut its scientific findings, its
epic discoveries, its travelers’ tales, do retdieke July 9, 1979, for instance. At 8:04
Pacific Standard Time on this morning, the firsttpies of a new world, called Europa
after an old one, were received on Earth.

How does a picture from the outer solar systentayas? Sunlight shines on Europa
in its orbit around Jupiter and is reflected backpace, where some of it strikes the
phosphors of the Voyager television cameras, géingran image. The image is read by
the Voyager computers, radioed back across the meenmtervening distance of half a
billion kilometers to a radio telescope, a groutadisn on the Earth. There is one in Spain,
one in the Mojave Desert of Southern California and in Australia. (On that July
morning in 1979 it was the one in Australia thasyainted toward Jupiter and Europa.) It
then passes the information via a communicatiotedli$a in Earth orbit to Southern
California, where it is transmitted by a set of migave relay towers to a computer at the
Jet Propulsion Laboratory, where it is processée. dicture is fundamentally like a
newspaper wirephoto, made of perhaps a millionviddal dots, each a different shade of
gray, so fine and close together that at a distdmeeonstituent dots are invisible. We see
only their cumulative effect. The information fraire spacecraft specifies how bright or
dark each dot is to be. After processing, the dotghen stored on a magnetic disc,
something like a phonograph record. There are saghgeen thousand photographs taken
in the Jupiter system by Voyager 1 that are storeduch magnetic discs, and an
equivalent number for Voyager 2. Finally, the emodoict of this remarkable set of links
and relays is a thin piece of glossy paper, in¢hise showing the wonders of Europa,
recorded, processed and examined for the first tineiman history on July 9, 1979.

What we saw on such pictures was absolutely astorg. Voyager 1 obtained
excellent imagery of the other three Galilean fitgelof Jupiter. But not Europa. It was left
for Voyager 2 to acquire the first close-up pictuoé Europa, where we see things that are
only a few kilometers across. At first glance, fit@ce looks like nothing so much as the
canal network that Percival Lowell imagined to adbfars, and that, we now know from
space vehicle exploration, does not exist at af. 38 on Europa an amazing, intricate
network of intersecting straight and curved link they ridges - that is, raised? Are they
troughs - that is, depressed? How are they made®hay part of a global tectonic system,
produced perhaps by fracturing of an expandingatracting planet? Are they connected
with plate tectonics on the Earth? What light deytehed on the other satellites of the
Jovian system? At the moment of discovery, the teditechnology has produced
something astonishing. But it remains for anotheick, the human brain, to figure it out.
Europa turns out to be as smooth as a billiarddespite the network of lineations. The
absence of impact craters may be due to the heatihdlow of surface ice upon impact.
The lines are grooves or cracks, their origin beling debated long after the mission.

If the Voyager missions were manned, the captainldvkeep a ship’s log, and the



log, a combination of the events of Voyagers 1 2naight read something like this:

Day 1 After much concern about provisions and umgnts, which seemed to be
malfunctioning, we successfully lifted off from Gaganaveral on our long journey
to the planets and the stars.

Day 2 A problem in the deployment of the boom thgiports the science scan
platform. If the problem is not solved, we will Baost of our pictures and other
scientific data.

Day 13 We have looked back and taken the firstquraph ever obtained of the
Earth and Moon as worlds together in space. Ay pir.

Day 150 Engines fired nominally for a mid-coursagectory correction.
Day 170 Routine housekeeping functions. An uneuéfgfv months.
Day 185 Successful calibration images taken oft@upi

Day 207 Boom problem solved, but failure of maidioaransmitter. We have
moved to back-up transmitter. If it fails, no onearth will ever hear from us
again.

Day 215 We cross the orbit of Mars. The planetfiiseon the other side of the Sun.

Day 295 We enter the asteroid belt. There are rfagg, tumbling boulders here,
the shoals and reefs of space. Most of them areautexl. Lookouts posted. We
hope to avoid a collision.

Day 475 We safely emerge from the main asteroig bappy to have survived.

Day 570 Jupiter is becoming prominent in the sk &n now make out finer
detail on it than the largest telescopes on Eatie lever obtained.

Day 615 The colossal weather systems and chanpngdsof Jupiter, spinning in
space before us, have us hypnotized. The plaimamense. It is more than twice as
massive as all the other planets put together.eTéex no mountains, valleys,
volcanoes, rivers; no boundaries between land anplist a vast ocean of dense gas
and floating clouds - a world without a surfaceeBahing we can see on Jupiter is
floating in its sky.

Day 630 The weather on Jupiter continues to betapelar. This ponderous world
spins on its axis in less than ten hours. Its apinesc motions are driven by the
rapid rotation, by sunlight and by the heat buldplmd welling up from its interior.



Day 640 The cloud patterns are distinctive and goug. They remind us a little of
Van Gogh’sStarry Night or works by William Blake or Edvard Munch. Butlp@a
little. No artist ever painted like this becausa@of them ever left our planet. No
painter trapped on Earth ever imagined a worldismge and lovely.

We observe the multicolored belts and bands ot&uglose up. The white
bands are thought to be high clouds, probably anmmystals; the
brownish-colored belts, deeper and hotter place=evthe atmosphere is sinking.
The blue places are apparently deep holes in tedyavg clouds through which we
see clear sky.

We do not know the reason for the reddish-browaraaf Jupiter. Perhaps it
is due to the chemistry of phosphorus or sulfurh&gs it is due to complex
brightly colored organic molecules produced wheraulolet light from the Sun
breaks down the methane, ammonia, and water idavian atmosphere and the
molecular fragments recombine. In that case, th@sof Jupiter speak to us of
chemical events that four billion years ago backearth led to the origin of life.

Day 647 The Great Red Spot. A great column of gashing high above the
adjacent clouds, so large that it could hold halbaen Earths. Perhaps it is red
because it is carrying up to view the complex males produced or concentrated at
greater depth. It may be a great storm systemleomilears old.

Day 650 Encounter. A day of wonders. We succegshdbotiate the treacherous
radiation belts of Jupiter with only one instrumehe photopolarimeter, damaged.
We accomplish the ring plane crossing and suffecallisions with the particles
and boulders of the newly discovered rings of &upAnd wonderful images of
Amalthea, a tiny, red, oblong world that lives lre theart of the radiation belt; of
multicolored lo; of the linear markings on Eurofi@e cobwebby features of
Ganymede; the great multi-ringed basin on Callig¢fe.round Callisto and pass the
orbit of Jupiter 13, the outermost of the plan&tiswn moons. We are outward
bound.

Day 662 Our particle and field detectors indicai® tve have left the Jovian
radiation belts. The planet’s gravity has boostedspeed. We are free of Jupiter at
last and sail again the sea of space.

Day 874 A loss of the ship’s lock on the star Carsopin the lore of constellations
the rudder of a sailing vessel. It is our rudder, ssential for the ship’s orientation
in the dark of space, to find our way through timgxplored part of the cosmic
ocean. Canopus lock reacquired. The optical sessams to have mistaken Alpha
and Beta Centauri for Canopus. Next port of cady years hence: the Saturn
system.



Of all the travelers’ tales returned by Voyager, fanyorites concern the discoveries
made on the innermost Galilean satellite, l10.* Befdoyager, we were aware of
something strange about lo. We could resolve fatufes on its surface, but we knew it
was red - extremely red, redder than Mars, perttapseddest object in the solar system.
Over a period of years something seemed to be aimgog it, in infrared light and perhaps
in its radar reflection properties. We also knoattpartially surrounding Jupiter in the
orbital position of lo was a great doughnut-shafode of atoms, sulfur and sodium and
potassium, material somehow lost from lo.

* Frequently pronounceayeoh’ by Americans, because this is the preferracheiation in the
Oxford English Dictionary. But the British have special wisdom here. The word is of Eastern
Mediterranean origin and is pronounced throughloairést of Europe, correctly, as ‘ee-oh.’

When Voyager approached this giant moon we foustdaange multicolored surface
unlike any other in the solar system. lo is neardkteroid belt. It must have been
thoroughly pummeled throughout its history by fadliboulders. Impact craters must have
been made. Yet there were none to be seen. Acglydihere had to be some process on
lo that was extremely efficient in rubbing cratetg or filling them in. The process could
not be atmospheric, since lo’s atmosphere has ynestlaped to space because of its low
gravity. It could not be running water; lo’s surdais far too cold. There were a few places
that resembled the summits of volcanoes. But it maad to be sure.

Linda Morabito, a member of the Voyager Navigafi@am responsible for
keeping Voyager precisely on its trajectory, wadirely ordering a computer to enhance
an image of the edge of lo, to bring out the dvatsind it. To her astonishment, she saw a
bright plume standing off in the darkness fromgheellite’s surface and soon determined
that the plume was in exactly the position of ohthe suspected volcanoes. Voyager had
discovered the first active volcano beyond thelEaie know now of nine large volcanoes,
spewing out gas and debris, and hundreds - pethapsands - of extinct volcanoes on lo.
The debris, rolling and flowing down the sidestwé t/olcanic mountains, arching in great
jets over the polychrome landscape, is more thangimto cover the impact craters. We
are looking at a fresh planetary landscape, aseiri@awly hatched. How Galileo and
Huygens would have marveled.

The volcanoes of lo were predicted, before thesevdscovered, by Stanton Peale
and his co-workers, who calculated the tides thaild/be raised in the solid interior of lo
by the combined pulls of the nearby moon Europathedjiant planet Jupiter. They found
that the rocks inside lo should have been meltetlby radioactivity but by tides; that
much of the interior of lo should be liquid. It n@gems likely that the volcanoes of lo are
tapping an underground ocean of liquid sulfur, eeelind concentrated near the surface.
When solid sulfur is heated a little past the ndrbwdling point of water, to about 115°C, it
melts and changes color. The higher the temperahealeeper the color. If the molten
sulfur is quickly cooled, it retains its color. Thattern of colors that we see on lo
resembles closely what we would expect if riverd tomrents and sheets of molten sulfur
were pouring out of the mouths of the volcanoeackkulfur, the hottest, near the top of
the volcano; red and orange, including the riveesrby; and great plains covered by



yellow sulfur at a greater remove. The surfacenaglchanging on a time scale of months.
Maps will have to be issued regularly, like weatlegrorts on Earth. Those future explorers
on lo will have to keep their wits about them.

The very thin and tenuous atmosphere of lo wasdday Voyager to be composed
mainly of sulfur dioxide. But this thin atmosphe@n serve a useful purpose, because it
may be just thick enough to protect the surfaceftioe intense charged particles in the
Jupiter radiation belt in which lo is embedded night the temperature drops so low that
the sulfur dioxide should condense out as a kindlofe frost; the charged particles would
then immolate the surface, and it would probablyise to spend the nights just slightly
underground.

The great volcanic plumes of lo reach so high they are close to injecting their
atoms directly into the space around Jupiter. Tdleanoes are the probable source of the
great doughnut-shaped ring of atoms that surrodagger in the position of 10’s orbit.
These atoms, gradually spiraling in toward Jupgbould coat the inner moon Amalthea
and may be responsible for its reddish coloratibis. even possible that the material
outgassed from lo contributes, after many collisiand condensations, to the ring system
of Jupiter.

A substantial human presence on Jupiter itseifush more difficult to imagine -
although | suppose great balloon cities permandiaifting in its atmosphere are a
technological possibility for the remote future. #een from the near sides of lo or Europa,
that immense and variable world fills much of thg, s1anging aloft, never to rise or set,
because almost every satellite in the solar sykesms a constant face to its planet, as the
Moon does to the Earth. Jupiter will be a sourceasitinuing provocation and excitement
for the future human explorers of the Jovian moons.

As the solar system condensed out of interstgiarand dust, Jupiter acquired most
of the matter that was not ejected into interstalfmce and did not fall inward to form the
Sun. Had Jupiter been several dozen times morevaatise matter in its interior would
have undergone thermonuclear reactions, and Jupield have begun to shine by its own
light. The largest planet is a star that failedelEgo, its interior temperatures are
sufficiently high that it gives off about twice amich energy as it receives from the Sun. In
the infrared part of the spectrum, it might evercbeect to consider Jupiter a star. Had it
become a star in visible light, we would today ipiha binary or double-star system, with
two suns in our sky, and the nights would come marely - a commonplace, | believe, in
countless solar systems throughout the Milky Walas8a We would doubtless think the
circumstances natural and lovely.

Deep below the clouds of Jupiter the weight ofdlierlying layers of atmosphere
produces pressures much higher than any found dh,paessures so great that electrons
are squeezed off hydrogen atoms, producing a raabirisubstance, liquid metallic
hydrogen - a physical state that has never beesredas in terrestrial laboratories, because
the requisite pressures have never been achievEdrtim (There is some hope that
metallic hydrogen is a superconductor at modesatgératures. If it could be
manufactured on Earth, it would work a revolutiarelectronics.) In the interior of Jupiter,
where the pressures are about three million titmestmospheric pressure at the surface of
the Earth, there is almost nothing but a great dexghing ocean of metallic hydrogen. But



at the very core of Jupiter there may be a lummok and iron, an Earth-like world in a
pressure vise, hidden forever at the center ofattgeest planet.

The electrical currents in the liquid metal inberof Jupiter may be the source of the
planet’s enormous magnetic field, the largest endblar system, and of its associated belt
of trapped electrons and protons. These chargeitiparare ejected from the Sun in the
solar wind and captured and accelerated by Jupiteaignetic field. Vast numbers of them
are trapped far above the clouds and are condetori®mlince from pole to pole until by
chance they encounter some high-altitude atmosphweiecule and are removed from the
radiation belt. lo moves in an orbit so close tpitér that it plows through the midst of this
intense radiation, creating cascades of chargdtieasr which in turn generate violent
bursts of radio energy. (They may also influenagtve processes on the surface of 10.) It
is possible to predict radio bursts from Jupitethviietter reliability than weather forecasts
on Earth, by computing the position of lo.

That Jupiter is a source of radio emission wasodisred accidentally in the 1950's,
the early days of radio astronomy. Two young Aneers; Bernard Burke and Kenneth
Franklin, were examining the sky with a newly consted and for that time very sensitive
radio telescope. They were searching the cosmio tatkground - that is, radio sources
far beyond our solar system. To their surprisey tbend an intense and previously
unreported source that seemed to correspond toamaipent star, nebula or galaxy. What
is more, it gradually moved, with respect to th&tatt stars, much faster than any remote
object could.* After finding no likely explanatiaof all this in their charts of the distant
Cosmaos, they one day stepped outside the obseyvatdriooked up at the sky with the
naked eye to see if anything interesting happeode there. Bemusedly they noted an
exceptionally bright object in the right place, ainithey soon identified as the planet
Jupiter. This accidental discovery is, incidentadigtirely typical of the history of science.

* Because the speed of light is finite (see Chajer

Every evening before Voyager 1's encounter withtdupl could see that giant
planet twinkling in the sky, a sight our ancestoase enjoyed and wondered at for a
million years. And on the evening of Encounter nayway to study the Voyager data
arriving at JPL, | thought that Jupiter would nekerthe same, never again just a point of
light in the night sky, but would forever after &placeto be explored and known. Jupiter
and its moons are a kind of miniature solar systédiverse and exquisite worlds with
much to teach us.

In composition and in many other respects Satuginnilar to Jupiter, although
smaller. Rotating once every ten hours, it exhibaerful equatorial banding, which is,
however, not so prominent as Jupiter’s. It has akeemagnetic field and radiation belt
than Jupiter and a more spectacular set of circamgpéry rings. And it also is surrounded
by a dozen or more satellites.

The most interesting of the moons of Saturn sderbe Titan, the largest moon in
the solar system and the only one with a substatti@osphere. Prior to the encounter of
Voyager 1 with Titan in November 1980, our inforroatabout Titan was scanty and
tantalizing. The only gas known unambiguously t@kesent was methane, ¢H



discovered by G. P. Kuiper. Ultraviolet light frahee sun converts methane to more
complex hydrocarbon molecules and hydrogen gashytiecarbons should remain on
Titan, covering the surface with a brownish tamgamic sludge, something like that
produced in experiments on the origin of life omt&aThe lightweight hydrogen gas
should, because of Titan’s low gravity, rapidlyase to space by a violent process known
as ‘blowoff,” which should carry the methane ankestatmospheric constituents with it.
But Titan has an atmospheric pressure at leasteas gs that of the planet Mars. Blowoff
does not seem to be happening. Perhaps there esmeajor and as yet undiscovered
atmospheric constituent - nitrogen, for exampléiclv keeps the average molecular
weight of the atmosphere high and prevents blovwifperhaps blowoff is happening, but
the gases lost to space are being replenishechkysateleased from the satellite’s interior.
The bulk density of Titan is so low that there mosta vast supply of water and other ices,
probably including methane, which are at unknowas#®eing released to the surface by
internal heating.

When we examine Titan through the telescope wea $eeely perceptible reddish
disc. Some observers have reported variable wiatels above that disc - most likely,
clouds of methane crystals. But what is respongdsléhe reddish coloration? Most
students of Titan agree that complex organic mdéscare the most likely explanation. The
surface temperature and atmospheric thicknesditinensler debate. There have been some
hints of an enhanced surface temperature due anamspheric greenhouse effect. With
abundant organic molecules on its surface andiatihosphere, Titan is a remarkable and
unique denizen of the solar system. The historyuofpast voyages of discovery suggests
that Voyager and other spacecraft reconnaissansgans will revolutionize our
knowledge of this place.

Through a break in the clouds of Titan, you miglithpse Saturn and its rings, their
pale yellow color diffused by the intervening atmlosre. Because the Saturn system is ten
times farther from the Sun than is the Earth, threskine on Titan is only 1 percent as
intense as we are accustomed to, and the tempesatioould be far below the freezing
point of water even with a sizable atmospheric igheese effect. But with abundant
organic matter, sunlight and perhaps volcanic potss the possibility of life on Titan*
cannot be readily dismissed. In that very differam¢ironment, it would, of course, have to
be very different from life on Earth. There is rimag evidence either for or against life on
Titan. It is merely possible. We are unlikely tdetenine the answer to this question
without landing instrumented space vehicles onfitenian surface.

* The view of Huygens, who discovered Titan in 16&88s: ‘Now can any one look upon, and
compare these Systems [of Jupiter and Saturn]iegewithout being amazed at the vast Magnitude and
noble Attendants of these two Planets, in respletttilittle pitiful Earth of ours? Or can theyrfe
themselves to think, that the wise Creator hasodisg of all his Animals and Plants here, has faedsand
adorn’d this Spot only, and has left all those Wethare and destitute of Inhabitants, who mightedad
worship Him; or that all those prodigious Bodiesgvmade only to twinkle to, and be studied by séeme
perhaps of us poor Fellows?’ Since Saturn movasmarthe Sun once every thirty years, the lengtihef
seasons on Saturn and its moons is much longeoth&arth. Of the presumed inhabitants of the madns
Saturn, Huygens therefore wrote: ‘It is impossiulg that their way of living must be very differdrmm
ours, having such tedious Winters.’



To examine the individual particles composing tihgs of Saturn, we must
approach them closely, for the particles are sasllbwballs and ice chips and tiny
tumbling bonsai glaciers, a meter or so acrosskidsv they are composed of water ice,
because the spectral properties of sunlight refteoff the rings match those of ice in the
laboratory measurements. To approach the pariiclespace vehicle, we must slow down,
so that we move along with them as they circle i®aditisome 45,000 miles per hour; that
is, we must be in orbit around Saturn ourselvesjingoat the same speed as the particles.
Only then will we be able to see them individuahd not as smears or streaks.

Why is there not a single large satellite instefd ring system around Saturn? The
closer a ring particle is to Saturn, the fasteortsital speed (the faster it is ‘falling’ around
the planet - Kepler’s third law); the inner parglare streaming past the outer ones (the
‘passing lane’ as we see it is always to the léfithough the whole assemblage is tearing
around the planet itself at some 20 kilometersspeond, theelative speed of two adjacent
particles is very low, only some few centimetersipéute. Because of this relative
motion, the particles can never stick togethermgyrtmutual gravity. As soon as they try,
their slightly different orbital speeds pull themmaat. If the rings were not so close to Saturn,
this effect would not be so strong, and the pasidould accrete, making small snowballs
and eventually growing into satellites. So it islpably no coincidence that outside the
rings of Saturn there is a system of satelliteginarin size from a few hundred kilometers
across to Titan, a giant moon nearly as largeagpldmet Mars. The matter in all the
satellites and the planets themselves may havedregnally distributed in the form of
rings, which condensed and accumulated to fornptesent moons and planets.

For Saturn as for Jupiter, the magnetic field ceg and accelerates the charged
particles of the solar wind. When a charged particdunces from one magnetic pole to the
other, it must cross the equatorial plane of Satdithere is a ring particle in the way, the
proton or electron is absorbed by this small sndiwBa a result, for both planets, the rings
clear out the radiation belts, which exist onlyenmr and exterior to the particle rings. A
close moon of Jupiter or Saturn will likewise gabhbp radiation belt particles, and in fact
one of the new moons of Saturn was discoveredsintljus way: Pioneer 11 found an
unexpected gap in the radiation belts, caused dgweeping up of charged particles by a
previously unknown moon.

The solar wind trickles into the outer solar sgsfar beyond the orbit of Saturn.
When Voyager reaches Uranus and the orbits of Mepdnd Pluto, if the instruments are
still functioning, they will almost certainly senge presence, the wind between the worlds,
the top of the Sun’s atmosphere blown outward tdwiae realm of the stars. Some two or
three times farther from the Sun than Pluto is pitessure of the interstellar protons and
electrons becomes greater than the minuscule peegsre exerted by the solar wind. That
place, called the heliopause, is one definitiothefouter boundary of the Empire of the
Sun. But the Voyager spacecraft will plunge on,gteating the heliopause sometime in the
middle of the twenty-first century, skimming thrdutihe ocean of space, never to enter
another solar system, destined to wander throughigt far from the stellar islands and to
complete its first circumnavigation of the massreater of the Milky Way a few hundred



million years from now. We have embarked on epigages.



CHAPTER VII
The Backbone of Night

They came to a round hole in the sky . . . glowikeg fire. This, the Raven said,
was a star.
- Eskimo creation myth

| would rather understand one cause than be KirRpddia.
- Democritus of Abdera

Bur Aristarchus of Samos brought out a book comgjsif some hypotheses, in
which the premises lead to the result that thearse is many times greater than
that now so called. His hypotheses are that trelfstars and the Sun remain
unmoved, that the Earth revolves about the Suhdrcircumference of a circle, the
Sun lying in the middle of the orbit, and that #phere of the fixed stars, situated
about the same center as the Sun, is so gredhthaircle in which he supposes the
Earth to revolve bears such a proportion to theadce of the fixed stars as the
center of the sphere bears to its surface.

- ArchimedesThe Sand Reckoner

If a faithful account was rendered of Man'’s idepsm Divinity, he would be
obliged to acknowledge, that for the most partwioed ‘gods’ has been used to
express the concealed, remote, unknown causes efftcts he witnessed; that he
applies this term when the spring of the natule,dource of known causes, ceases
to be visible: as soon as he loses the threadestthauses, or as soon as his mind
can no longer follow the chain, he solves the dlifitly, terminates his research, by
ascribing it to his gods . . . When, thereforeaberibes to his gods the production
of some phenomenon . . . does he, in fact, dofang tmore than substitute for the
darkness of his own mind, a sound to which he leas laccustomed to listen with
reverential awe?

- Paul Heinrich Dietrich, Baron von Holba@®ystéme de la Natureondon, 1770

When | was little, | lived in the Bensonhurst sestof Brooklyn in the City of New York. |
knew my immediate neighborhood intimately, evergrapent building, pigeon coop,
backyard, front stoop, empty lot, elm tree, ornatalerailing, coal chute and wall for
playing Chinese handball, among which the briclkeeat of a theater called the Loew’s
Stillwell was of superior quality. | knew where nygoeople lived: Bruno and Dino, Ronald
and Harvey, Sandy, Bernie, Danny, Jackie and Muamore than a few blocks away,
north of the raucous automobile traffic and elegdatlway on 86th Street, was a strange
unknown territory, off-limits to my wanderings.dould have been Mars for all | knew.
Even with an early bedtime, in winter you couldngtimes see the stars. | would
look at them, twinkling and remote, and wonder what were. | would ask older children



and adults, who would only reply, ‘They're lightsthe sky, kid.” | could see they were
lights in the sky. But whawerethey? Just small hovering lamps? Whatever foeh kf
kind of sorrow for them: a commonplace whose steaegs remained somehow hidden
from my incurious fellows. There had to be somepdeanswer.

As soon as | was old enough, my parents gave mirsh{ibrary card. | think the
library was on 85th Street, an alien land. Immedyatl asked the librarian for something
on stars. She returned with a picture book dispgypiortraits of men and women with
names like Clark Gable and Jean Harlow. | compthiaed for some reason then obscure
to me, she smiled and found another book - the Kigid of book. | opened it breathlessly
and read until | found it. The book said somethastpnishing, a very big thought. It said
that the stars were suns, only very far away. Turev#as a star, but close up.

Imagine that you took the Sun and moved it s@veaty that it was just a tiny
twinkling point of light. How far away would you i@ to move it? | was innocent of the
notion of angular size. | was ignorant of the irseesquare law for light propagation. | had
not a ghost of a chance of calculating the distandbe stars. But | could tell that if the
stars were suns, they had to be very far awayhdaaway than 85th Street, farther away
than Manhattan, farther away, probably, than Newele The Cosmos was much bigger
than | had guessed.

Later | read another astonishing fact. The Eavthich includes Brooklyn, is a
planet, and it goes around the Sun. There are ptapets. They also go around the Sun;
some are closer to it and some are farther awaythBiplanets do not shine by their own
light, as the Sun does. They merely reflect lightrf the Sun. If you were a great distance
away, you would not see the Earth and the othergdaat all; they would be only faint
luminous points, lost in the glare of the Sun. \Wlén, | thought, it stood to reason that
the other stars must have planets too, ones wert@wet detected, and some of those
other planets should have life (why not?), a kihtife probably different from life as we
know it, life in Brooklyn. So | decided | would Iz astronomer, learn about the stars and
planets and, if | could, go and visit them.

It has been my immense good fortune to have paed some teachers who
encouraged this odd ambition and to live in thseti the first moment in human history
when we are, in fact, visiting other worlds andagigg in a deep reconnaissance of the
Cosmos. If | had been born in a much earlier agematter how great my dedication, |
would not have understood what the stars and @aaret | would not have known that
there were other suns and other worlds. This isobtiee great secrets, wrested from
Nature through a million years of patient obseratnd courageous thinking by our
ancestors.

What are the stars? Such questions are as natugaal infant’s smile. We have
always asked them. What is different about our tisrteat at last we know some of the
answers. Books and libraries provide a ready mearfgding out what those answers are.
In biology there is a principle of powerful if imgect applicability called recapitulation: in
our individual embryonic development we retracedtelutionary history of the species.
There is, | think, a kind of recapitulation thatacs in our individual intellectual
developments as well. We unconsciously retracéhbxeghts of our remote ancestors.
Imagine a time before science, a time before libsaimagine a time hundreds of



thousands of years ago. We were then just abarasd, just as curious, just as involved
in things social and sexual. But the experimentsii@ yet been done, the inventions had
not yet been made. It was the childhood of gdhouisia Imagine the time when fire was
first discovered. What were human lives like thevi?at did out ancestors believe the stars
were? Sometimes, in my fantasies, | imagine thexe semeone who thought like this:

We eat berries and roots. Nuts and leaves. And daadals. Some animals we find.
Some we kill. We know which foods are good andhndrie dangerous. If we taste some
foods we are struck down, in punishment for edtiegn. We did not mean to do something
bad. But foxglove or hemlock can kill you. We louechildren and our friends. We warn
them of such foods.

When we hunt animals, then also can we be kiéslcan be gored. Or trampled.
Or eaten. What animals do means life and deatlusohow they behave, what tracks they
leave, their times for mating and giving birth, itttemes for wandering. We must know
these things. We tell our children. They will tagir children.

We depend on animals. We follow them - espedrallynter when there are few
plants to eat. We are wandering hunters and gatisei&'e call ourselves the hunterfolk.

Most of us fall asleep under the sky or underea or in its branches. We use
animal skins for clothing: to keep us warm, to cam&r nakedness and sometimes as a
hammock. When we wear the animal skins we fealrtineal’s power. We leap with the
gazelle. We hunt with the bear. There is a bond/éet us and the animals. We hunt and
eat the animals. They hunt and eat us. We areqjanmhe another.

We make tools and stay alive. Some of us are exg@eesplitting, flaking,
sharpening and polishing, as well as finding, roc&sme rocks we tie with animal sinew to
a wooden handle and make an ax. With the ax wieegptants and animals. Other rocks
are tied to long sticks. If we are quiet and watithive can sometimes come close to an
animal and stick it with the spear.

Meat spoils. Sometimes we are hungry and tryaabtice. Sometimes we mix
herbs with the bad meat to hide the taste. Weféalds that will not spoil into pieces of
animal skin. Or big leaves. Or the shell of a largé. It is wise to put food aside and carry
it. If we eat this food too early, some of us sfilrve later. So we must help one another.
For this and many other reasons we have rules. yorexr must obey the rules. We have
always had rules. Rules are sacred.

One day there was a storm, with much lightning #mohder and rain. The little
ones are afraid of storms. And sometimes so ainel s€cret of the storm is hidden. The
thunder is deep and loud; the lightning is brieidright. Maybe someone very powerful is
very angry. It must be someone in the sky, I think.

After the storm there was a flickering and craaglin the forest nearby. We went to
see. There was a bright, hot, leaping thing, yelkowl red. We had never seen such a thing
before. We now call it ‘flame’. It has a specialedinin a way it is alive: It eats food. It eats
plants and tree limbs and even whole trees, iflgbil. It is strong. But it is not very smart.
If all the food is gone, it dies. It will not wadkspear’s throw from one tree to another if
there a no food along the way. It cannot walk witheating. But where there is much food,
it grows and makes many flame children.

One of us had a brave and fearful thought: to aepthe flame, feed it a little, and



make it our friend. We found some long branchdsgad wood. The flame was eating them,
but slowly. We could pick them up by the end thdtro flame. If you run fast with a small
flame, it dies. Their children are weak. We did mot. We walked, shouting good wishes.
‘Do not die,” we said to the flame. The other huiui& looked with wide eyes.

Ever after, we have carried it with us. We hayame mother to feed the flame
slowly so it does not die of hunger.* Flame is ander, and useful too; surely a gift from
powerful beings. Are they the same as the angngisan the storm?

* This sense of fire as a living thing, to be patesl and cared for, should not be dismissed as a
‘primitive’ notion. It is to be found near the root many modern civilizations. Every home in anti@neece
and Rome and among the Brahmans of ancient India mearth and a set of prescribed rules for cddng
the flame. At night the coals were covered withegsfor insulation; in the morning twigs were adtied
revive the flame. The death of the flame in thertheaas considered synonymous with the death of the
family. In all three cultures, the hearth ritualsa@nnected with the worship of ancestors. Thikdésorigin
of the eternal flame, a symbol still widely empldyia religious, memorial, political and athleticcemonials
throughout the world.

The flame keeps us warm on cold nights. It givdghs It makes holes in the
darkness when the Moon is new. We can fix speanglat for tomorrow’s hunt. And if we
are not tired, even in the darkness we can see etldr and talk. Also - a good thing! -
fire keeps animals away. We can be hurt at nighta&imes we have been eaten, even by
small animals, hyenas and wolves. Now it is differRow the flame keeps the animals
back. We see them baying softly in the dark, pragyyvliheir eyes glowing in the light of the
flame. They are frightened of the flame. But weraxtefrightened. The flame is ours. We
take care of the flame. The flame takes care of us.

The sky is important. It covers us. It speaksstaBefore the time we found the
flame, we would lie back in the dark and look uplathe points of light. Some points
would come together to make a picture in the skye & us could see the pictures better
than the rest. She taught us the star picturesveimat names to call them. We would sit
around late at night and make up stories aboutgilctures in the sky: lions, dogs, bears,
hunterfolk. Other, stranger things. Could they e pictures of the powerful beings in the
sky, the ones who make the storms when angry?

Mostly, the sky does not change. The same staregcare there year after year.
The Moon grows from nothing to a thin sliver tooamd ball, and then back again to
nothing. When the Moon changes, the women bleede 8des have rules against sex at
certain times in the growing and shrinking of thed. Some tribes scratch the days of the
Moon or the days that the women bleed on antleeboihey can plan ahead and obey
their rules. Rules are sacred.

The stars are very far away. When we climb adnit tree they are no closer. And
clouds come between us and the stars: the starsbreusehind the clouds. The Moon, as it
slowly moves, passes in front of stars. Later yausee that the stars are not harmed. The
Moon does not eat stars. The stars must be behaatbon. They flicker. A strange, cold,
white, faraway light. Many of them. All over thg sBut only at night. | wonder what they
are.

After we found the flame, | was sitting near tampfire wondering about the stars.



Slowly a thought came: The stars are flame, | thwughen | had another thought: The
stars are campfires that other hunterfolk lighn&ht. The stars give a smaller light than
campfires. So the stars must be campfires versgvary. ‘But,” they ask me, ‘how can there
be campfires in the sky? Why do the campfires laadhtinter people around those flames
not fall down at our feet? Why don’t strange trilakeep from the sky?’

Those are good questions. They trouble me. Soeeetithink the sky is half of a
big eggshell or a big nutshell. | think the peogteund those faraway campfires look down
at us - except for them it seems up - and sayibadre in their sky, and wonder why we do
not fall up to them, if you see what | mean. Buttérfolk say, ‘Down is down and up is
up.’ That is a good answer, too.

There is another thought that one of us had. ksigjht is that night is a great
black animal skin, thrown up over the sky. Therlaoles in the skin. We look through the
holes. And we see flame. His thought is not jutttiere is flame in a few places where we
see stars. He thinks there is flame everywherahh&s flame covers the whole sky. But
the skin hides the flame. Except where there alesho

Some stars wander. Like the animals we hunt. wskéf you watch with care over
many months, you find they move. There are ordyofithem, like the fingers on a hand.
They wander slowly among the stars. If the campifioeight is true, those stars must be
tribes of wandering hunterfolk, carrying big fird8ut | don’t see how wandering stars can
be holes in a skin. When you make a hole, these At hole is a hole. Holes do not wander.
Also, | don’t want to be surrounded by a sky afriéa If the skin fell, the night sky would be
bright - too bright - like seeing flame everywhdrthink a sky of flame would eat us all.
Maybe there are two kinds of powerful beings ingkye Bad ones, who wish the flame to
eat us. And good ones who put up the skin to keefiame away. We must find some way
to thank the good ones.

| don’t know if the stars are campfires in the.9Ry holes in a skin through which
the flame of power looks down on us. SometimasK tine way. Sometimes 1 think a
different way. Once | thought there are no campgfaad no holes but something else, too
hard for me to understand.

Rest your neck on a log. Your head goes back. ytneican see only the sky. No
hills, no trees, no hunterfolk, no campfire. Jugt. Sometimes | feel | may fall up into the
sky. If the stars are campfires, | would like tsitvihose other hunterfolk - the ones who
wander. Then | feel good about falling up. Buh# stars are holes in a skin, | become
afraid. 1 don’t want to fall up through a hole amdo the flame of power.

| wish | knew which was true. | don’t like not knog:

| do not imagine that many members of a hunterAgathgroup had thoughts like
these about the stars. Perhaps, over the ages,didebut never all these thoughts in the
same person. Yet, sophisticated ideas are commsurcincommunities. For example,
the 'Kung* Bushmen of the Kalahari Desert in Botav&ave an explanation for the Milky
Way, which at their latitude is often overhead. yrbell it ‘the backbone of night,” as if the
sky were some great beast inside which we liveiridwlanation makes the Milky Way
useful as well as understandable. The !Kung beliegaVilky Way holds up the night; that
if it were not for the Milky Way, fragments of darss would come crashing down at our
feet. It is an elegant idea.



* The exclamation point is a click, made by toughthe tongue against the inside of the incisors,
and simultaneously pronouncing the K.

Metaphors like those about celestial campfiresatagic backbones were
eventually replaced in most human cultures by ardtltea: The powerful beings in the sky
were promoted to gods. They were given names datives, and special responsibilities
for the cosmic services they were expected to pecfdhere was a god or goddess for
every human concern. Gods ran Nature. Nothing coafgben without their direct
intervention. If they were happy, there was plesftjood, and humans were happy. But if
something displeased the gods - and sometimegkitery little - the consequences were
awesome: droughts, storms, wars, earthquakes,nadsaepidemics. The gods had to be
propitiated, and a vast industry of priests analesaarose to make the gods less angry. But
because the gods were capricious, you could nstileewhat they would do. Nature was a
mystery. It was hard to understand the world.

Little remains of the Heraion on the Aegean isI8amos, one of the wonders of
the ancient world, a great temple dedicated to Heha began her career as goddess of the
sky. She was the patron deity of Samos, playing#mee role there as Athena did in
Athens. Much later she married Zeus, the chiehef®@lympian gods. They honeymooned
on Samos, the old stories tell us. The Greek ligixplained that diffuse band of light in
the night sky as the milk of Hera, squirted fronn beeast across the heavens, a legend that
is the origin of the phrase Westerners still ugee-Milky Way. Perhaps it originally
represented the important insight that the skyurastthe Earth; if so, that meaning seems
to have been forgotten millennia ago.

We are, almost all of us, descended from people iebponded to the dangers of
existence by inventing stories about unpredictabldisgruntled deities. For a long time
the human instinct to understand was thwarted byefaeligious explanations, as in
ancient Greece in the time of Homer, where theneweds of the sky and the Earth, the
thunderstorm, the oceans and the underworld, ficetieme and love and war; where every
tree and meadow had its dryad and maenad.

For thousands of years humans were oppressesbonas of us still are - by the
notion that the universe is a marionette whosagdrare pulled by a god or gods, unseen
and inscrutable. Then, 2,500 years ago, there whziaus awakening in lonia: on Samos
and the other nearby Greek colonies that grew umarthe islands and inlets of the busy
eastern Aegean Sea.* Suddenly there were peopldelieved that everything was made
of atoms; that human beings and other animals paohg from simpler forms; that
diseases were not caused by demons or the gotishéhBarth was only a planet going
around the Sun. And that the stars were very fayaw

* As an aid to confusion, lonia is not in the lami&ea; it was named by colonists from the coast of
the lonian Sea.

This revolution made Cosmos and Chaos. The eadgkadrhad believed that the
first being was Chaos, corresponding to the phrag&eenesis in the same context, ‘without



form’. Chaos created and then mated with a godcit=d Night, and their offspring
eventually produced all the gods and men. A unezersated from Chaos was in perfect
keeping with the Greek belief in an unpredictab&uxe run by capricious gods. But in the
sixth century B.C., in lonia, a new concept devethmpne of the great ideas of the human
species. The universe is knowable, the ancienateanargued, because it exhibits an
internal order: there are regularities in Natu fhermit its secrets to be uncovered. Nature
is not entirely unpredictable; there are rules estemmust obey. This ordered and
admirable character of the universe was called ©@gsm

But why lonia, why in these unassuming and paktanalscapes, these remote
islands and inlets of the Eastern Mediterranean$ W in the great cities of India or
Egypt, Babylonia, China or Mesoamerica? China ladsdronomical tradition millennia
old; it invented paper and printing, rockets, ckckilk, porcelain, and ocean-going navies.
Some historians argue it was nevertheless todiwadlist a society, too unwilling to adopt
innovations. Why not India, an extremely rich, neattatically gifted culture? Because,
some historians maintain, of a rigid fascinatiothvthe idea of an infinitely old universe
condemned to an endless cycle of deaths and rebatisouls and universes, in which
nothing fundamentally new could ever happen. Whyltayan and Aztec societies, which
were accomplished in astronomy and captivatecha#dians were, by large numbers?
Because, some historians declare, they lackedptitede or impetus for mechanical
invention. The Mayans and the Aztecs did not evexcept for children’s toys - invent the
wheel.

The lonians had several advantages. lonia islamdsealm. Isolation, even if
incomplete, breeds diversity. With many differesiands, there was a variety of political
systems. No single concentration of power couldef social and intellectual conformity
in all the islands. Free inquiry became possible promotion of superstition was not
considered a political necessity. Unlike many othdtures, the lonians were at the
crossroads of civilizations, not at one of the eesntin lonia, the Phoenician alphabet was
first adapted to Greek usage and widespread ligdyacame possible. Writing was no
longer a monopoly of the priests and scribes. Tbaghts of many were available for
consideration and debate. Political power was énhiénds of the merchants, who actively
promoted the technology on which their prosperépehded. It was in the Eastern
Mediterranean that African, Asian, and Europeairlizations, including the great cultures
of Egypt and Mesopotamia, met and cross-fertilirea vigorous and heady confrontation
of prejudices, languages, ideas and gods. Whabdalg when you are faced with several
different gods each claiming the same territory@ Babylonian Marduk and the Greek
Zeus was each considered master of the sky andokitig gods. You might decide that
Marduk and Zeus were really the same. You migltt décide, since they had quite
different attributes, that one of them was merelyented by the priests. But if one, why not
both?

And so it was that the great idea arose, theza#n that there might be a way to
know the world without the god hypothesis; thatr¢hmight be principles, forces, laws of
nature, through which the world could be understwabout attributing the fall of every
sparrow to the direct intervention of Zeus.

China and India and Mesoamerica would, | thinkehtmbled to science too, if



only they had been given a little more time. Cudtudo not develop with identical rhythms
or evolve in lockstep. They arise at different ttnaad progress at different rates. The
scientific world view works so well, explains so chuand resonates so harmoniously with
the most advanced parts of our brains that in tirtienk, virtually every culture on the
Earth, left to its own devices, would have discedescience. Some culture had to be first.
As it turned out, lonia was the place where sciemas born.

Between 600 and 400 B.C., this great revolutionuman thought began. The key
to the revolution was the hand. Some of the bntlianian thinkers were the sons of sailors
and farmers and weavers. They were accustomedkingpand fixing, unlike the priests
and scribes of other nations, who, raised in luxusre reluctant to dirty their hands. They
rejected superstition, and they worked wondersndmy cases we have only fragmentary
or secondhand accounts of what happened. The noetapsed then may be obscure to us
now. There was almost certainly a conscious ef{detw centuries later to suppress the new
insights. The leading figures in this revolutionresenen with Greek names, largely
unfamiliar to us today, but the truest pioneerthandevelopment of our civilization and our
humanity.

The first lonian scientist was Thales of Miletas;ity in Asia across a narrow
channel of water from the island of Samos. He havketed in Egypt and was conversant
with the knowledge of Babylon. It is said that edicted a solar eclipse. He learned how
to measure the height of a pyramid from the lemgtits shadow and the angle of the Sun
above the horizon, a method employed today to chéterthe heights of the mountains of
the Moon. He was the first to prove geometric teews of the sort codified by Euclid three
centuries later - for example, the proposition thatangles at the base of an isosceles
triangle are equal. There is a clear continuitintéllectual effort from Thales to Euclid to
Isaac Newton’s purchase of tReements of Geometgt Stourbridge Fair in 1663 (Chapter
3), the event that precipitated modern sciencetectthology.

Thales attempted to understand the world withoubking the intervention of the
gods. Like the Babylonians, he believed the warltidve once been water. To explain the
dry land, the Babylonians added that Marduk hadgalaa mat on the face of the waters and
piled dirt upon it.* Thales held a similar view,tbas Benjamin Farrington said, ‘left
Marduk out.” Yes, everything was once water, betBHarth formed out of the oceans by a
natural process - similar, he thought, to thergjlthe had observed at the delta of the Nile.
Indeed, he thought that water was a common pri@cipterlying all of matter, just as
today we might say the same of electrons, protadshautrons, or of quarks. Whether
Thales’ conclusion was correct is not as imporganis approach: The world was not
made by the gods, but instead was the work of mahferces interacting in Nature. Thales
brought back from Babylon and Egypt the seedsehtw sciences of astronomy and
geometry, sciences that would sprout and growaerfertile soil of lonia.

* There is some evidence that the antecedeny, 8amerian creation myths were largely naturalisti
explanations, later codified around 1000 B.C. mEhuma elisi"When on high,’ the first words of the
poem); but by then the gods had replaced Natucettenmyth offers a theogony, not a cosmogony. The
Enuma elishis reminiscent of the Japanese and Ainu mythshiichvan originally muddy cosmos is beaten by
the wings of a bird, separating the land from tlen A Fijian creation myth says: ‘Rokomautu ceeahe
land. He scooped it up out of the bottom of theaode great handfuls and accumulated it in piles laad



there. These are the Fiji Islands.’ The distillataf land from water is a natural enough idea $tarid and
seafaring peoples.

Very little is known about the personal life of Tés, but one revealing anecdote is
told by Aristotle in higPolitics:

[Thales] was reproached for his poverty, which sasposed to show that
philosophy is of no use. According to the storykhew by his skill [in interpreting
the heavens] while it was yet winter that there \tdoe a great harvest of olives in
the coming year; so, having a little money, he géeosits for the use of all the
olive-presses in Chios and Miletus, which he haed low price because no one
bid against him. When the harvest time came, antymere wanted all at once, he
let them out at any rate which he pleased and rmap&ntity of money. Thus he
showed the world philosophers can easily be richay like, but that their ambition
is of another sort.

He was also famous as a political sage, succegsitging the Milesians to resist
assimilation by Croesus, King of Lydia, and unsgsbaly urging a federation of all the
island states of lonia to oppose the Lydians.

Anaximander of Miletus was a friend and colleagti®hales, one of the first
people we know of to do an experiment. By examitirgmoving shadow cast by a
vertical stick he determined accurately the lergftthe year and the seasons. For ages men
had used sticks to club and spear one another.idiaaxer used one to measure time. He
was the first person in Greece to make a sundia@of the known world and a celestial
globe that showed the patterns of the constellatible believed the Sun, the Moon and the
stars to be made of fire seen through moving haléise dome of the sky, probably a much
older idea. He held the remarkable view that thehEa not suspended or supported from
the heavens, but that it remains by itself at #m®er of the universe; since it was
equidistant from all places on the ‘celestial spkighere was no force that could move it.

He argued that we are so helpless at birth theteifirst human infants had been
put into the world on their own, they would immedig have died. From this
Anaximander concluded that human beings arose @tbier animals with more self-reliant
newborns: He proposed the spontaneous originefriilnud, the first animals being fish
covered with spines. Some descendants of thessfeslentually abandoned the water and
moved to dry land, where they evolved into othemats by the transmutation of one form
into another. He believed in an infinite numbenairlds, all inhabited, and all subject to
cycles of dissolution and regeneration. ‘Nor’, asnSAugustine ruefully complained, ‘did
he, any more than Thales, attribute the causd tfialceaseless activity to a divine mind.’

In the year 540 B.C. or thereabouts, on the istdrishmos, there came to power a
tyrant named Polycrates. He seems to have stestactaterer and then gone on to
international piracy. Polycrates was a generoumpaif the arts, sciences and engineering.
But he oppressed his own people; he made war amelgbbors; he quite rightly feared
invasion. So he surrounded his capital city withassive wall, about six kilometers long,
whose remains stand to this day. To carry waten faadistant spring through the



fortifications, he ordered a great tunnel builtkifometer long, it pierces a mountain. Two
cuttings were dug from either end which met alnpestectly in the middle. The project
took about fifteen years to complete, a testaneettid civil engineering of the day and an
indication of the extraordinary practical capalpilif the lonians. But there is another and
more ominous side to the enterprise: it was buifiart by slaves in chains, many captured
by the pirate ships of Polycrates.

This was the time of Theodorus, the master engioieihe age, credited among the
Greeks with the invention of the key, the ruleg darpenter’s square, the level, the lathe,
bronze casting and central heating. Why are themonuments to this man? Those who
dreamed and speculated about the laws of Natledtalith the technologists and the
engineers. They were often the same people. Thedtieal and the practical were one.

About the same time, on the nearby island of Eggpocrates was establishing his
famous medical tradition, now barely rememberedbse of the Hippocratic oath. It was a
practical and effective school of medicine, whidpgpbcrates insisted had to be based on
the contemporary equivalent of physics and cheyntsBut it also had its theoretical side.
In his bookOn Ancient MedicineHippocrates wrote: ‘Men think epilepsy divine, nelg
because they do not understand it. But if theyedadiverything divine which they do not
understand, why, there would be no end of divimegth’

* And astrology, which was then widely regardedaasience. In a typical passage, Hippocrates
writes: ‘One must also guard against the risingthefstars, especially of the Dog Star [Siriusgtiof
Arcturus, and also of the setting of the Pleiades.’

In time, the lonian influence and the experimentathod spread to the mainland of
Greece, to Italy, to Sicily. There was once a timmen hardly anyone believed in air. They
knew about breathing, of course, and they thoughttind was the breath of the gods. But
the idea of air as a static, material but invisdgéstance was unimagined. The first
recorded experiment on air was performed by a playsi named Empedocles, who
flourished around 450 B.C. Some accounts claindbastified himself as a god. But
perhaps it was only that he was so clever thatrsti®ught him a god. He believed that
light travels very fast, but not infinitely fasteHaught that there was once a much greater
variety of living things on the Earth, but that gaaces of beings ‘must have been unable
to beget and continue their kind. For in the cdsevery species that exists, either craft or
courage or speed has from the beginning of itdexte protected and preserved it.’ In this
attempt to explain the lovely adaptation of orgarggo their environments, Empedocles,
like Anaximander and Democritus (see below), cleariticipated some aspects of
Darwin’s great idea of evolution by natural selewcti

* The experiment was performed in support of allperroneous theory of the circulation of the
blood, but the idea of performing any experimenprtmbe Nature is the important innovation.

Empedocles performed his experiment with a houskingblement people had used
for centuries, the so-calledepsydraor ‘water thief’, which was used as a kitchen éad\
brazen sphere with an open neck and small holggeibottom, it is filled by immersing it



in water. If you pull it out with the neck uncovdreghe water pours out of the holes,
making a little shower. But if you pull it out pregy, with your thumb covering the neck,
the water is retained within the sphere until yiftuybur thumb. If you try to fill it with the
neck covered, nothing happens. Some material sufestaust be in the way of the water.
We cannoseesuch a substance. What could it be? Empedoclegaittyat it could only be
air. A thing we cannot see can exert pressurefraatrate my wish to fill a vessel with
water if | were dumb enough to leave my finger loe heck. Empedocles had discovered
the invisible. Air, he thought, must be matter ifoam so finely divided that it could not be
seen.

Empedocles is said to have died in an apotheibtiy leaping into the hot lava at
the summit caldera of the great volcano of Aetna.IBometimes imagine that he merely
slipped during a courageous and pioneering ventuobservational geophysics.

This hint, this whiff, of the existence of atomascarried much further by a man
named Democritus, who came from the lonian coldmdmera in northern Greece.
Abdera was a kind of joke town. If in 430 B.C. ytold a story about someone from
Abdera, you were guaranteed a laugh. It was inyathv@Brooklyn of its time. For
Democritus all of life was to be enjoyed and untierd; understanding and enjoyment
were the same thing. He said that ‘a life withadtivity is a long road without an inn.’
Democritus may have come from Abdera, but he wadumomy. He believed that a large
number of worlds had formed spontaneously out fifist matter in space, evolved and
then decayed. At a time when no one knew aboutdimpaters, Democritus thought that
worlds on occasion collide; he believed that soroddg wandered alone through the
darkness of space, while others were accompanisé\®sral suns and moons; that some
worlds were inhabited, while others had no plamtaromals or even water; that the
simplest forms of life arose from a kind of primewaze. He taught that perception - the
reason, say, | think there is a pen in my hands avpurely physical and mechanistic
process; that thinking and feeling were attributesiatter put together in a sufficiently fine
and complex way and not due to some spirit infusematter by the gods.

Democritus invented the woedom Greek for ‘unable to be cut.” Atoms were the
ultimate particles, forever frustrating our attesa break them into smaller pieces.
Everything, he said, is a collection of atoms,igattely assembled. Even we. ‘Nothing
exists,” he said, ‘but atoms and the void.’

When we cut an apple, the knife must pass thremgpty spaces between the atoms,
Democritus argued. If there were no such emptyespaw void, the knife would encounter
the impenetrable atoms, and the apple could notibéHaving cut a slice from a cone, say,
let us compare the cross sections of the two piéaesthe exposed areas equal? No, said
Democritus. The slope of the cone forces one didieecslice to have a slightly smaller
cross section than the other. If the two areas eeaetly equal, we would have a cylinder,
not a cone. No matter how sharp the knife, thegigoes have unequal cross sections.
Why? Because, on the scale of the very small, mexteibits some irreducible roughness.
This fine scale of roughness Democritus identifagth the world of the atoms. His
arguments were not those we use today, but they sudtle and elegant, derived from
everyday life. And his conclusions were fundaméwntdrrect.

In related exercise. Democritus imagined calcntathe volume of a cone or a



pyramid by a very large number of extremely smialtked plates tapering in size from the
base to the apex. He had stated the problem thatathematics, is called the theory of
limits. He was knocking at the door of the diffeiehand integral calculus, that
fundamental tool for understanding the world thaswot, so far as we know from written
records, in fact discovered until the time of Ishiwton. Perhaps if Democritus’ work had
not been almost completely destroyed, there woale lbeen calculus by the time of
Christ.*

* The frontiers of the calculus were also laterdmteed by Eudoxus and Archimedes.

Thomas Wright marveled in 1750 that Democritus belteved the Milky Way to
be composed mainly of unresolved stars: ‘long e&stronomy reaped any benefit from
the improved sciences of optics; [he] saw, as wg sag, through the eye of reason, full as
far into infinity as the most able astronomers iorenadvantageous times have done since.’
Beyond the Milk of Hera, past the Backbone of Nighé mind of Democritus soared.

As a person, Democritus seems to have been somewhstial. Women, children
and sex discomfited him, in part because they too& away from thinking. But he valued
friendship, held cheerfulness to be the goal efdid devoted a major philosophical
inquiry to the origin and nature of enthusiasm.jéleneyed to Athens to visit Socrates and
then found himself too shy to introduce himself.wes a close friend of Hippocrates. He
was awed by the beauty and elegance of the physaré&d. He felt that poverty in a
democracy was preferable to wealth in a tyrannybéleved that the prevailing religions
of his time were evil and that neither immortal lsawor immortal gods exist: ‘Nothing
exists, but atoms and the void.’

There is no record of Democritus having been peitee for his opinions - but then,
he came from Abdera. However, in his time the briedition of tolerance for
unconventional views began to erode and then tttesh®eople came to be punished for
having unusual ideas. A portrait of Democritusasvron the Greek hundred-drachma bill.
But his insights were suppressed, his influenclistory made minor. The mystics were
beginning to win.

Anaxagoras was an lonian experimentalist who féhed around 450 B.C. and
lived in Athens. He was a rich man, indifferentis wealth but passionate about science.
Asked what was the purpose of life, he repliecs ftivestigation of the Sun, the Moon, and
the heavens,’ the reply of a true astronomer. HBpaed a clever experiment in which a
single drop of white liquid, like cream, was shomot to lighten perceptibly the contents of
a great pitcher of dark liquid, like wine. Therestilhe concluded, be changes deducible by
experiment that are too subtle to be perceivedttiyrby the senses.

Anaxagoras was not nearly so radical as Demociath were thoroughgoing
materialists, not in prizing possessions but irdimg that matter alone provided the
underpinnings of the world. Anaxagoras believed s8pecial mind substance and
disbelieved in the existence of atoms. He thoughtdns were more intelligent than other
animals because of our hands, a very lonian idea.

He was the first person to state clearly thatMio®n shines by reflected light, and
he accordingly devised a theory of the phaseseoMbon. This doctrine was so dangerous



that the manuscript describing it had to be cifadan secret, an AtheniaamizdatIt was

not in keeping with the prejudices of the time xplain the phases or eclipses of the Moon
by the relative geometry of the Earth, the Moon #redself-luminous Sun. Aristotle, two
generations later, was content to argue that ttlosgs happened because it was the nature
of the Moon to have phases and eclipses - merahgigling, an explanation that

explains nothing.

The prevailing belief was that the Sun and Moonewgods. Anaxagoras held that
the Sun and stars are fiery stones. We do nottiedieat of the stars because they are too
far away. He also thought that the Moon has mounstg@ight) and inhabitants (wrong). He
held that the Sun was so huge that it was prodabder than the Peloponnesus, roughly
the southern third of Greece. His critics thoudjig £stimate excessive and absurd.

Anaxagoras was brought to Athens by Periclese@der in its time of greatest
glory, but also the man whose actions led to tHegémnesian War, which destroyed
Athenian democracy. Pericles delighted in philogogid science, and Anaxagoras was
one of his principal confidants. There are those wink that in this role Anaxagoras
contributed significantly to the greatness of AtheBut Pericles had political problems. He
was too powerful to be attacked directly, so hismies attacked those close to him.
Anaxagoras was convicted and imprisoned for thgioels crime of impiety - because he
had taught that the Moon was made of ordinary mdttat it was a place, and that the Sun
was a red-hot stone in the sky. Bishop John Wilkm®mented in 1638 on these
Athenians: ‘Those zealous idolators [counted]dgt@at blasphemy to make their God a
stone, whereas notwithstanding they were so sessseleheir adoration of idols as to make
a stone their God.’ Pericles seems to have engide®maxagoras’ release from prison, but
it was too late. In Greece the tide was turningpalgh the lonian tradition continued in
Alexandrian Egypt two hundred years later.

The great scientists from Thales to Democritus/Aanmakagoras have usually been
described in history or philosophy books as ‘Prestics’, as if their main function was to
hold the philosophical fort until the advent of &tes, Plato, and Aristotle and perhaps
influence them a little. Instead, the old loniaepresent a different and largely
contradictory tradition, one in much better accoerth modern science. That their influence
was felt powerfully for only two or three centurigsan irreparable loss for all those human
beings who lived between the lonian Awakening d®litalian Renaissance.

Perhaps the most influential person ever assatigitth Samos was Pythagoras,* a
contemporary of Polycrates in the sixth century.BA€cording to local tradition, he lived
for a time in a cave on the Samian Mount Kerkisl was the first person in the history of
the world to deduce that the Earth is a spherdndpsrhe argued by analogy with the Moon
and the Sun, or noticed the curved shadow of ththEBa the Moon during a lunar eclipse,
or recognized that when ships leave Samos andeenaat the horizon, their masts
disappear last.

* The sixth century B.C. was a time of remarkabitelilectual and spiritual ferment across the planet
Not only was it the time of Thales, Anaximandertiagoras and others in lonia, but also the timthef
Egyptian Pharaoh Necho who caused Africa to beigiravigated, of Zoroaster in Persia, Confucius and
Lao-tse in China, the Jewish prophets in IsraeypEgnd Babylon, and Gautama Buddha in India. tigisd



to think these activities altogether unrelated.

He or his disciples discovered the Pythagorearnrémenthe sum of the squares of
the shorter sides of a right triangle equals th&sgof the longer side. Pythagoras did not
simply enumerate examples of this theorem; he deeel a method of mathematical
deduction to prove the thing generally. The modsadition of mathematical argument,
essential to all of science, owes much to Pythagdtavas he who first used the word
Cosmodo denote a well-ordered and harmonious universerld amenable to human
understanding.

Many lonians believed the underlying harmony @& timiverse to be accessible
through observation and experiment, the methoddbiatinates science today. However,
Pythagoras employed a very different method. Hgltathat the laws of Nature could be
deduced by pure thoughts. He and his followers wetdundamentally experimentalists.*
They were mathematicians. And they were thorougigyoiystics. According to Bertrand
Russell, in a perhaps uncharitable passage, Pytmgounded a religion, of which the
main tenets were the transmigration of souls aadcihfulness of eating beans. His religion
was embodied in a religious order, which, herethede, acquired control of the State and
established a rule of the saints. But the unregeadrankered after beans, and sooner or
later rebelled.’

* Although there were a few welcome exceptions. Plgthagorean fascination with whole-number
ratios in musical harmonies seems clearly to bedbas observation, or even experiment on the sounds
issued from plucked strings. Empedocles was, at lagart, a Pythagorean. One of Pythagoras’ stisge
Alcmaeon, is the first person known to have disstet human body; he distinguished between artaniés
veins, was the first to discover the optic nerve tire eustachian tubes, and identified the bratheseat of
the intellect (a contention later denied by Ariptvho placed intelligence in the heart, and thexived by
Herophilus of Chalcedon). He also founded the sa@f embryology. But Alcmaeon’s zest for the ingur
was not shared by most of his Pythagorean colleaigulater times.

The Pythagoreans delighted in the certainty of eratitical demonstration, the
sense of a pure and unsullied world accessibleedtiman intellect, a Cosmos in which
the sides of right triangles perfectly obey simplathematical relationships. It was in
striking contrast to the messy reality of the waldaworld. They believed that in their
mathematics they had glimpsed a perfect realitgaém of the gods, of which our familiar
world is but an imperfect reflection. In Plato’sifaus parable of the cave, prisoners were
imagined tied in such a way that they saw onlystiedows of passersby and believed the
shadows to be real - never guessing the compldixyrdmat was accessible if they would
but turn their heads. The Pythagoreans would paieihfluence Plato and, later,
Christianity.

They did not advocate the free confrontation afflicting points of view. Instead,
like all orthodox religions, they practiced a rigydthat prevented them from correcting
their errors. Cicero wrote:

In discussion it is not so much weight of authoasyforce of argument that should
be demanded. Indeed, the authority of those whfegsdo teach is often a positive



hindrance to those who desire to learn; they ceaseploy their own judgment,
and take what they perceive to be the verdict ®f tthosen master as settling the
guestion. In fact | am not disposed to approveptiaetice traditionally ascribed to
the Pythagoreans, who, when questioned as to tdunds of any assertion that they
advanced in debate, are said to have been accustomeply ‘The Master said so,’
‘the Master’ being Pythagoras. So potent was aniopialready decided, making
authority prevail unsupported by reason.

The Pythagoreans were fascinated by the regulalssslymmetrical three-dimensional
objects all of whose sides are the same regulggpal The cube is the simplest example,
having six squares as sides. There are an infiniteber of regular polygons, but only five
regular solids. (The proof of this statement, adamexample of mathematical reasoning,
is given in Appendix 2.) For some reason, knowlealige solid called the dodecahedron
having twelve pentagons as sides seemed to thegedars. It was mystically associated
with the Cosmos. The other four regular solids weeatified, somehow, with the four
‘elements’ then imagined to constitute the worlaktle, fire, air and water. The fifth regular
solid must then, they thought, correspond to sdftfedlement that could only be the
substance of the heavenly bodies. (This notionfdfraessence is the origin of our word
qguintessencg Ordinary people were to be kept ignorant ofdbhdecahedron.

In love with whole numbers, the Pythagoreans letieall things could be derived
from them, certainly all other numbers. A crisiglioctrine arose when they discovered that
the square root of two (the ratio of the diagooahe side of a square) was irrational, that it
cannot be expressed accurately as the ratio ofvemyhole numbers, no matter how big
these numbers are. Ironically this discovery (rdpoed in Appendix 1) was made with the
Pythagorean theorem as a tool. ‘Irrational’ origjneneant only that a number could not be
expressed as a ratio. But for the Pythagorearsmedo mean something threatening, a hint
that their world view might not make sense, whigktoiday the other meaning of
‘irrational.” Instead of sharing these importantthemnatical discoveries, the Pythagoreans
suppressed knowledge of the square root of twatamdodecahedron. The outside world
was not to know.* Even today there are scientipfgosed to the popularization of science:
the sacred knowledge is to be kept within the eulsullied by public understanding.

* A Pythagorean named Hippasus published the settbe ‘sphere with twelve pentagons’, the
dodecahedron. When he later died in a shipwreclkanedold, his fellow Pythagoreans remarked on the
justice of the punishment. His book has not sudive

The Pythagoreans believed the sphere to be ‘perédigboints on its surface being
at the same distance from its center. Circles wks@ perfect. And the Pythagoreans
insisted that planets moved in circular paths astant speeds. They seemed to believe that
moving slower or faster at different places in dhieit would be unseemly; noncircular
motion was somehow flawed, unsuitable for the glanehich, being free of the Earth,
were also deemed ‘perfect.’

The pros and cons of the Pythagorean traditiorbeaseen clearly in the life’'s work
of Johannes Kepler (Chapter 3). The Pythagoreanatla perfect and mystical world,



unseen by the senses, was readily accepted bwtlyeGhristians and was an integral
component of Kepler's early training. On the onady&epler was convinced that
mathematical harmonies exist in nature (he wradé ‘the universe was stamped with the
adornment of harmonic proportions’); that simplenauical relationships must determine
the motion of the planets. On the other hand, afgdliowing the Pythagoreans, he long
believed that only uniform circular motion was adsible. He repeatedly found the
observed planetary motions could not be explaingtlis way, and repeatedly tried again.
But unlike many Pythagoreans, he believed in olzgems and experiment in the real
world. Eventually the detailed observations of épparent motion of the planets forced
him to abandon the idea of circular paths and atize that planets travel in ellipses.
Kepler was both inspired in his search for the fmarynof planetary motion and delayed for
more than a decade by the attractions of Pythagateetrine.

A disdain for the practical swept the ancient WoRlato urged astronomers to think
about the heavens, but not to waste their timerglgethem. Aristotle believed that: ‘“The
lower sort are by nature slaves, and it is bettetfem as for all inferiors that they should
be under the rule of a master .... The slave shat@s master’s life; the artisan is less
closely connected with him, and only attains exaede in proportion as he becomes a slave.
The meaner sort of mechanic has a special andatesavery.’ Plutarch wrote: ‘It does
not of necessity follow that, if the work delighawywith its grace, the one who wrought it
is worthy of esteem.” Xenophon’s opinion was: ‘Wha called the mechanical arts carry a
social stigma and are rightly dishonoured in otiesi’ As a result of such attitudes, the
brilliant and promising lonian experimental methveas largely abandoned for two
thousand years. Without experiment, there is no twajhoose among contending
hypotheses, no way for science to advance. Therapirical taint of the Pythagoreans
survives to this day. But why? Where did this distdor experiment come from?

An explanation for the decline of ancient sciehas been put forward by the
historian of science, Benjamin Farrington: The raatite tradition, which led to lonian
science, also led to a slave economy. The ownirglpeks was the road to wealth and
power. Polycrates’ fortifications were built by ws. Athens in the time of Pericles, Plato
and Aristotle had a vast slave population. Allbinave Athenian talk about democracy
applied only to a privileged few. What slaves chtgastically perform is manual labor.
But scientific experimentation is manual labornfravhich the slaveholders are
preferentially distanced; while it is only the stdmlders - politely called ‘gentle-men’ in
some societies - who have the leisure to do scigkamrdingly, almost no one did science.
The lonians were perfectly able to make machinesoofe elegance. But the availability of
slaves undermined the economic motive for the dgweént of technology. Thus the
mercantile tradition contributed to the great longvakening around 600 B.C., and,
through slavery, may have been the cause of itneesome two centuries later. There are
great ironies here.

Similar trends are apparent throughout the wdrtee high point in indigenous
Chinese astronomy occurred around 1280, with thd&wbKuo Shou-ching, who used an
observational baseline of 1,500 years and imprdaed astronomical instruments and
mathematical techniques for computation. It is gailhyethought that Chinese astronomy
thereafter underwent a steep decline. Nathan $eiieves that the reason lies at least



partly ‘in increasing rigidity of elite attitudeso that the educated were less inclined to be
curious about techniques and less willing to valcience as an appropriate pursuit for a
gentleman.’ The occupation of astronomer becamereditary office, a practice
inconsistent with the advance of the subject. Adddlly, ‘the responsibility for the
evolution of astronomy remained centered in theenah Court and was largely abandoned
to foreign technicians,’ chiefly the Jesuits, whaglhntroduced Euclid and Copernicus to
the astonished Chinese, but who, after the cenigpoo$ithe latter's book, had a vested
interest in disguising and suppressing heliocertvamology. Perhaps science was
stillborn in Indian, Mayan and Aztec civilizatiof@ the same reason it declined in lonia,
the pervasiveness of the slave economy. A majdsleno in the contemporary (political)
Third World is that the educated classes tend tihéehildren of the wealthy, with a
vested interest in the status quo, and are unawoest either to working with their hands
or to challenging conventional wisdom. Sciencelieen very slow to take root.

Plato and Aristotle were comfortable in a slaveiety. They offered justifications
for oppression. They served tyrants. They taughttlenation of the body from the mind
(a natural enough ideal in a slave society); trepasated matter from thought; they
divorced the Earth from the heavens - divisions texre to dominate Western thinking for
more than twenty centuries. Plato, who believed ‘#ibthings are full of gods,’” actually
used the metaphor of slavery to connect his pslitith his cosmology. He is said to have
urged the burning of all the books of Democritus fad a similar recommendation for the
books of Homer), perhaps because Democritus dideiatowledge immortal souls or
immortal gods or Pythagorean mysticism, or becaeseelieved in an infinite number of
worlds. Of the seventy-three books Democritus id &ahave written, covering all of
human knowledge, not a single work survives. Allkmew is from fragments, chiefly on
ethics, and secondhand accounts. The same isftalimast all the other ancient lonian
scientists.

In the recognition by Pythagoras and Plato thatGbsmos is knowable, that there
is a mathematical underpinning to nature, theytiyr@alvanced the cause of science. But
in the suppression of disquieting facts, the sémsescience should be kept for a small elite,
the distaste for experiment, the embrace of mysti@nd the easy acceptance of slave
societies, they set back the human enterpriser Afteng mystical sleep in which the tools
of scientific inquiry lay moldering, the lonian apach, in some cases transmitted through
scholars at the Alexandrian Library, was finallgiszovered. The Western world
reawakened. Experiment and open inquiry became imioce respectable. Forgotten books
and fragments were again read. Leonardo and Colsiabd Copernicus were inspired by
or independently retraced parts of this anciene&teadition. There is in our time much
lonian science, although not in politics and religiand a fair amount of courageous free
inquiry. But there are also appalling superstitiand deadly ethical ambiguities. We are
flawed by ancient contradictions.

The Platonists and their Christian successorsthelgeculiar notion that the Earth
was tainted and somehow nasty, while the heavers pegfect and divine. The
fundamental idea that the Earth is a planet, tieaae citizens of the Universe, was
rejected and forgotten. This idea was first argoydristarchus, born on Samos three
centuries after Pythagoras. Aristarchus was orteeolast of the lonian scientists. By this



time, the center of intellectual enlightenment haal/ed to the great Library of Alexandria.
Aristarchus was the first person to hold that the &ther than the Earth is at the center of
the planetary system, that all the planets go atdke Sun rather than the Earth. Typically,
his writings on this matter are lost. From the sizéhe Earth’s shadow on the Moon during
a lunar eclipse, he deduced that the Sun had tougé larger than the Earth, as well as
very far away. He may then have reasoned thatibssird for so large a body as the Sun to
revolve around so small a body as the Earth. HehguSun at the center, made the Earth
rotate on its axis once a day and orbit the Sue angear.

It is the same idea we associate with the nan@opernicus, whom Galileo
described as the ‘restorer and confirmer’, notitkrentor, of the heliocentric hypothesis.*
For most of the 1,800 years between AristarchusGoypkrnicus nobody knew the correct
disposition of the planets, even though it had Barhout perfectly clearly around 280 B.C.
The idea outraged some of Aristarchus’ contempesaiihere were cries, like those voiced
about Anaxagoras and Bruno and Galileo, that heohdemned for impiety. The resistance
to Aristarchus and Copernicus, a kind of geocemtiis everyday life, remains with us: we
still talk about the Sun ‘rising’ and the Sun ‘s&ft. It is 2,200 years since Aristarchus, and
our language still pretends that the Earth doesunot

* Copernicus may have gotten the idea from readlmgut Aristarchus. Recently discovered
classical texts were a source of great excitenmehalian universities when Copernicus went to medi
school there. In the manuscript of his book, Cojeisimentioned Aristarchus’ priority, but he onmttie
citation before the book saw print. Copernicus wiiata letter to Pope Paul lll: ‘According to CieeNicetas
had thought the Earth was moved . . . AccordinBltmarch [who discusses Aristarchusl... certairergthad
held the same opinion. When from this, therefolead conceived its possibility, | myself also bet@an
meditate upon the mobility of the Earth.’

The separation of the planets from one anotherty faillion kilometers from Earth
to Venus at closest approach, six billion kilometer Pluto - would have stunned those
Greeks who were outraged by the contention thaSthremight be as large as the
Peloponnesus. It was natural to think of the seyatem as much more compact and local.
If I hold my finger before my eyes and examinearitfwith my left and then with my right
eye, it seems to move against the distant backgdrotime closer my finger is, the more it
seems to move. | can estimate the distance to mggefifrom the amount of this apparent
motion, or parallax. If my eyes were farther apany,finger would seem to move
substantially more. The longer the baseline frontivive make our two observations, the
greater the parallax and the better we can medésaristance to remote objects. But we
live on a moving platform, the Earth, which everymonths has progressed from one end
of its orbit to the other, a distance of 300,000,&Dometers. If we look at the same
unmoving celestial object six months apart, we &hbe able to measure very great
distances. Aristarchus suspected the stars tosbentlisuns. He placed the Sun ‘among’ the
fixed stars. The absence of detectable stelladlparas the Earth moved suggested that the
stars were much farther away than the Sun. Bef@réntvention of the telescope, the
parallax of even the nearest stars was too smdgtiect. Not until the nineteenth century
was the parallax of a star first measured. It thecame clear, from straightforward Greek
geometry, that the stars were light-years away.



There is another way to measure the distanceetsttlrs which the lonians were
fully capable of discovering, although, so far askmow, they did not employ it. Everyone
knows that the farther away an object is, the ssn#tliseems. This inverse proportionality
between apparent size and distance is the bapmrgibective in art and photography. So
the farther away we are from the Sun, the smatidrcammer it appears. How far would
we have to be from the Sun for it to appear asl|sanal as dim as a star? Or, equivalently,
how small a piece of the Sun would be as brigtat star?

An early experiment to answer this question wafopmed by Christiaan Huygens,
very much in the lonian tradition. Huygens drilledall holes in a brass plate, held the
plate up to the Sun and asked himself which hatengel as bright as he remembered the
bright star Sirius to have been the night befotee fole was effectively* 1/28,000 the
apparent size of the Sun. So Sirius, he reasonest, me 28,000 times farther from us than
the Sun, or about half a light-year away. It ischi@r remember just how bright a star is
many hours after you look at it, but Huygens remerad very well. If he had known that
Sirius was intrinsically brighter than the Sunvmuld have come up with almost exactly
the right answer: Sirius is 8.8 light-years awalye Tact that Aristarchus and Huygens used
imprecise data and derived imperfect answers handiyers. They explained their methods
so clearly that, when better observations werelabia, more accurate answers could be
derived.

* Huygens actually used a glass bead to reducarti@mint of light passed by the hole.

Between the times of Aristarchus and Huygens, hgnaaswered the question that
had so excited me as a boy growing up in BrookWhat are the stars? The answer is that
the stars are mighty suns, light-years away invdstness of interstellar space.

The great legacy of Aristarchus is this: neithernoar our planet enjoys a privileged
position in Nature. This insight has since beeriaegppward to the stars, and sideways to
many subsets of the human family, with great suscaesl invariable opposition. It has been
responsible for major advances in astronomy, pBysiology, anthropology, economics
and politics. | wonder if its social extrapolatisma major reason for attempts at its
suppression.

The legacy of Aristarchus has been extended farrigethe realm of the stars. At
the end of the eighteenth century, William Herschelsician and astronomer to George Il
of England, completed a project to map the statgssand found apparently equal
numbers of stars in all directions in the plandamd of the Milky Way; from this,
reasonably enough, he deduced that we were aettierof the Galaxy.* Just before
World War I, Harlow Shapley of Missouri devisedeghinique for measuring the distances
to the globular clusters, those lovely sphericedys of stars which resemble a swarm of
bees. Shapley had found a stellar standard camdlay noticeable because of its variability,
but which had always the same average intrinsghbmess. By comparing the faintness of
such stars when found in globular clusters withrtteal brightness, as determined from
nearby representatives, Shapley could calculatefhpaway they are - just as, in a field,
we can estimate the distance of a lantern of kniotvimsic brightness from the feeble light
that reaches us - essentially, the method of Hus/g8napley discovered that the globular



clusters were not centered around the solar nergblbd but rather about a distant region
of the Milky Way, in the direction of the consteitan Sagittarius, the Archer. It seemed to
him very likely that the globular clusters usedhis investigation, nearly a hundred of
them, would be orbiting about, paying homage te,tassive center of the Milky Way.

* This supposed privileged position of the Earthth@ center of what was then considered the
known universe, led A. R. Wallace to the anti-Aaishian position, in his bodan’s Place in the Universe
(1903), that ours may be the only inhabited planet.

Shapley had in 1915 the courage to propose thadlae system was in the
outskirts and not near the core of our galaxy. etegEhad been misled because of the
copious amount of obscuring dust in the directibBagittarius; he had no way to know of
the enormous numbers of stars beyond. It is now eleiar that we live some 30,000
light-years from the galactic core, on the fringéa spiral arm, where the local density of
stars is relatively sparse. There may be thoseliwbmn a planet that orbits a central star
in one of Shapley’s globular clusters, or one ledah the core. Such beings may pity us
for our handful of naked-eye stars, because th@swill be ablaze with them. Near the
center of the Milky Way, millions of brilliant stawould be visible to the naked eye,
compared to our paltry few thousand. Our Sun os snight set, but the night would never
come.

Well into the twentieth century, astronomers baatthat there was only one
galaxy in the Cosmos, the Milky Way - althoughhee eighteenth century Thomas Wright
of Durban and Immanuel Kant of Kbnigsberg eachdademonition that the exquisite
luminous spiral forms, viewed through the teles¢oypere other galaxies. Kant suggested
explicitly that M31 in the constellation Andromedas another Milky Way, composed of
enormous numbers of stars, and proposed calling @bjects by the evocative and
haunting phrase ‘island universes.” Some scientistsd with the idea that the spiral
nebulae were not distant island universes but ratdarby condensing clouds of interstellar
gas, perhaps on their way to make solar systemtesEahe distance of the spiral nebula a
class of intrinsically much brighter variable stargs needed to furnish a new standard
candle. Such stars, identified in M31 by Edwin Highlh 1924, were discovered to be
alarmingly dim, and it became apparent that M31 avpsodigious distance away, a
number now estimated at a little more than twoiamllight-years. But if M31 were at such
a distance, it could not be a cloud of mere inédlest dimensions; it had to be much larger -
an immense galaxy in its own right. And the otlfi@nter galaxies must be more distant
still, a hundred billion of them, sprinkled throutite dark to the frontiers of the known
Cosmos.

As long as there have been humans, we have sedmtmar place in the Cosmos. In the
childhood of our species (when our ancestors gadetle idly at the stars), among the
lonian scientists of ancient Greece, and in our ag® we have been transfixed by this
guestion: Where are we? Who are we? We find thdiwgeon an insignificant planet of a
humdrum star lost between two spiral arms in thskiis of a galaxy which is a member
of a sparse cluster of galaxies, tucked away inesfmrgotten corner of a universe in which



there are far more galaxies than people. This pets is a courageous continuation of
our penchant for constructing and testing mentaletsoof the skies; the Sun as a red-hot
stone, the stars as celestial flame, the Galaxlyeabackbone of night.

Since Aristarchus, every step in our quest hasatians farther from center stage in
the cosmic drama. There has not been much timssimdate these new findings. The
discoveries of Shapley and Hubble were made witierlifetimes of many people still
alive today. There are those who secretly deploesd great discoveries, who consider
every step a demotion, who in their heart of hestilispine for a universe whose center,
focus and fulcrum is the Earth. But if we are taldeith the Cosmos we must first
understand it, even if our hopes for some uneapnef@rential status are, in the process,
contravened. Understanding where we live is anngisé@recondition for improving the
neighborhood. Knowing what other neighborhooddikeealso helps. If we long for our
planet to be important, there is something we @aatbut it. We make our world
significant by the courage of our questions andhegydepth of our answers.

We embarked on our cosmic voyage with a questiehffamed in the childhood of
our species and in each generation asked anewwndiminished wonder: What are the
stars? Exploration is in our nature. We began asdes@rs, and we are wanderers still. We
have lingered long enough on the shores of the icosoean. We are ready at last to set
sall for the stars.



CHAPTER VIII

Travels in Space and Time

No one has lived longer than a dead child, and Mgtla* died young. Heaven and
Earth are as old as |, and the ten thousand tlairegene.
- Chuang Tzu, about 300 B.C., China

* Actually, P’eng Tsu, the Chinese equivalent.

We have loved the stars too fondly to be fearfuhefnight.
- Tombstone epitaph of two amateur astronomers

Stars scribble in our eyes the frosty sagas, Téanging cantos of unvanquished
space.
- Hart Crane, The Bridge

The rising and falling of the surf is produced artdoy tides. The Moon and the Sun are far
away. But their gravitational influence is verylraad noticeable back here on Earth. The
beach reminds us of space. Fine sand grains, all ordess uniform in size, have been
produced from larger rocks through ages of jostiind rubbing, abrasion and erosion,
again driven through waves and weather by therdisimon and Sun. The beach also
reminds us of time. The world is much older tham hlaman species.

A handful of sand contains about 10,000 grains.entioan the number of stars we
can see with the naked eye on a clear night. Bubtimber of stars we caeeis only the
tiniest fraction of the number of stars tha¢. What we see at night is the merest
smattering of the nearest stars. Meanwhile the @essrich beyond measure: the total
number of stars in the universe is greater thathalbrains of sand on all the beaches of the
planet Earth.

Despite the efforts of ancient astronomers andlasgfers to put pictures in the skies,
a constellation is nothing more than an arbitrapuging of stars composed of intrinsically
dim stars that seem to us bright because theyeady, and intrinsically brighter stars that
are somewhat more distant. All places on Earthtarkigh precision, the same distance
from any star. This is why the star patterns inveig constellation do not change as we go
from, say, Soviet Central Asia to the American Masbtv Astronomically, the U.S.S.R. and
the United States are the same place. The stargyiconstellation are all so far away that
we cannot recognize them as a three-dimensiondilgcwation as long as we are tied to
Earth. The average distance between the star®ig Bght-years, a light-year being, we
remember, about ten trillion kilometers. For thégras of the constellations to change, we
must travel over distances comparable to thosestzdrate the stars; we must venture
across the light-years. Then some nearby starsegln to move out of the constellation,
others will enter it, and its configuration willtet dramatically.

Our technology is, so far, utterly incapable offsgcand interstellar voyages, at



least in reasonable transit times. But our comgutan be taught the three-dimensional
positions of all the nearby stars, and we can a$lettaken on a little trip - a
circumnavigation of the collection of bright stéinsit constitute the Big Dipper, say - and
watch the constellations change. We connect thie staypical constellations, in the usual
celestial follow-the-dots drawings. As we change merspective, we see their apparent
shapes distort severely. The inhabitants of thegttaof distant stars witness quite different
constellations in their night skies than we doumso- other Rorschach tests for other minds.
Perhaps sometime in the next few centuries a spgctem Earth will actually travel such
distances at some remarkable speed and see netgllaiimns that no human has ever
viewed before - except with such a computer.

The appearance of the constellations changes hptrogpace but also in time; not
only if we alter our position but also if we merslgit sufficiently long. Sometimes stars
move together in a group or cluster; other timesgle star may move very rapidly with
respect to its fellows. Eventually such stars leaveld constellation and enter a new one.
Occasionally, one member of a double-star systeptodrs, breaking the gravitational
shackles that bound its companion, which then l@apsspace at its former orbital velocity,
a slingshot in the sky. In addition, stars are betars evolve, and stars die. If we wait long
enough, new stars appear and old stars vanishpditerns in the sky slowly melt and alter.

Even over the lifetime of the human species varfellion years - constellations
have been changing. Consider the present configarat the Big Dipper, or Great Bear.
Our computer can carry us in time as well as irteapAs we run the Big Dipper backwards
into the past, allowing for the motion of its stase find quite a different appearance a
million years ago. The Big Dipper then looked quitkit like a spear. If a time machine
dropped you precipitously in some unknown age éndistant past, you could in principle
determine the epoch by the configuration of thesstéthe Big Dipper is a spear, this must
be the Middle Pleistocene.

We can also ask the computer to run a constelléiavard into time. Consider Leo
the Lion. The zodiac is a band of twelve constiglfet seemingly wrapped around the sky
in the apparent annual path of the Sun througlihéaeens. The root of the word is that for
zoq because the zodiacal constellations, like Lemnaainly fancied to be animals. A
million years from now, Leo will look still lesskie a lion than it does today. Perhaps our
remote descendants will call it the constellatibthe radio telescope - although | suspect a
million years from now the radio telescope will bdbecome more obsolete than the stone
spear is now.

The (nonzodiacal) constellation of Orion, the eunis outlined by four bright stars
and bisected by a diagonal line of- three starschviepresent the belt of the hunter. Three
dimmer stars hanging from the belt are, accordindpé conventional astronomical
projective test, Orion’s sword. The middle stathia sword is not actually a star but a great
cloud of gas called the Orion Nebula, in which stne being born. Many of the stars in
Orion are hot and young, evolving rapidly and egdhreir lives in colossal cosmic
explosions called supernovae. They are born anthgieriods of tens of millions of years.
If, on our computer, we were to run Orion rapidijoi the far future, we would see a
startling effect, the births and spectacular deafimany of its stars, flashing on and
winking off like fireflies in the night.



The solar neighborhood, the immediate environtd®fSun in space, includes the
nearest star system, Alpha Centauri. It is reatlypde system, two stars revolving around
each other, and a third, Proxima Centauri, orbitivegpair at a discreet distance. At some
positions in its orbit, Proxima is the closest kmostar to the Sun - hence its name. Most
stars in the sky are members of double or mulSpe systems. Our solitary Sun is
something of an anomaly.

The second brightest star in the constellationrdmeda, called Beta Andromedae,
is seventy-five light-years away. The light by whige see it now has spent seventy-five
years traversing the dark of interstellar spacélong journey to Earth. In the unlikely
event that Beta Andromedae blew itself up last @agswe would not know it for another
seventy-five years, as this interesting informatioaveling at the speed of light, would
require seventy-five years to cross the enormaiesstellar distances. When the light by
which we now see this star set out on its long gey#he young Albert Einstein, working
as a Swiss patent clerk, had just published histegdspecial theory of relativity here on
Earth.

Space and time are interwoven. We cannot lookntatspace without looking back
into time. Light travels very fast. But space isyvempty, and the stars are far apart.
Distances of seventy-five light-years or less ag/wmall compared to other distances in
astronomy. From the Sun to the center of the Milkgy Galaxy is 30,000 light-years.
From our galaxy to the nearest spiral galaxy, M84¢ in the constellation Andromeda, is
2,000,000 light-years. When the light we see tddayn M31 left for Earth, there were no
humans on our planet, although our ancestors weilgieg rapidly to our present form.
The distance from the Earth to the most remoteaysas eight or ten billion light-years.
We see them today as they were before the Earthmadated, before the Milky Way was
formed.

This is not a situation restricted to astronomaigkcts, but only astronomical
objects are so far away that the finite speedgbitIbecomes important. If you are looking
at a friend three meters (ten feet) away, at therat¢nd of the room, you are not seeing her
as she is ‘now’; but rather as she ‘was’ a hundnétionth of a second ago. [(3 m) / (3 X
16® m/sec) = 1/(18sec) =1 sec, or a hundredth of a microsecond. In thisudaiion we
have merely divided the distance by the speedttthgdravel time.] But the difference
between your friend ‘now’ and now minus a hundrationth of a second is too small to
notice. On the other hand, when we look at a quaigat billion light-years away, the fact
that we are seeing it as it was eight billion yeage may be very important. (For example,
there are those who think that quasars are exgasignts likely to happen only in the
early history of galaxies. In that case, the maséadt the galaxy, the earlier in its history
we are observing it, and the more likely it is that should see it as a quasar. Indeed, the
number of quasars increases as we look to distaricasre than about five billion
light-years).

The two Voyager interstellar spacecraft, the &tsteachines ever launched from
Earth, are now traveling at one ten-thousandtisgpieed of light. They would need 40,000
years to go the distance to the nearest star. Dioawe any hope of leaving Earth and
traversing the immense distances even to Proxinméa@eg in convenient periods of time?
Can we do something to approach the speed of [\#i&t is magic about the speed of



light? Might we someday be able to go faster tlna

If you had walked through the pleasant Tuscan tgside in the 1890’s, you might
have come upon a somewhat long-haired teenagesbigiol dropout on the road to Pavia.
His teachers in Germany had told him that he woelker amount to anything, that his
guestions destroyed classroom discipline, that inldvbe better off out of school. So he
left and wandered, delighting in the freedom oftRern Italy, where he could ruminate on
matters remote from the subjects he had been fectar his highly disciplined Prussian
schoolroom. His name was Albert Einstein, and hisinations changed the world.

Einstein had been fascinated by Bernstdi@sple’s Book of Natural Science
popularization of science that described on ity fiest page the astonishing speed of
electricity through wires and light through spade.wondered what the world would look
like if you could travel on a wave of light. To v at the speed of light! What an engaging
and magical thought for a boy on the road in a tyside dappled and rippling in sunlight.
You could not tell you were on a light wave if ytsaveled with it. If you started on a wave
crest, you would stay on the crest and lose albnatf it being a wave. Something strange
happens at the speed of light. The more Einst@ught about such questions, the more
troubling they became. Paradoxes seemed to emeeggnnere if you could travel at the
speed of light. Certain ideas had been acceptad@svithout sufficiently careful thought.
Einstein posed simple questions that could hava beked centuries earlier. For example,
what do we mean when we say that two events andtsineous?

Imagine that | am riding a bicycle toward you. lFepproach an intersection |
nearly collide, so it seems to me, with a horsewdraart. | swerve and barely avoid being
run over. Now think of the event again, and imadira the cart and the bicycle are both
traveling close to the speed of light. If you ati@nsling down the road, the cart is traveling
at right angles to your line of sight. You see mereflected sunlight, traveling toward you.
Would not my speed be added to the speed of lgghthat my image would get to you
considerably before the image of the cart? Shoaldnot see me swerve before you see the
cart arrive? Can the cart and | approach the iet#ien simultaneously from my point of
view, but not from yours? Could | experience a rezdlision with the cart while you
perhaps see me swerve around nothing and pedafuheen toward the town of Vinci?
These are curious and subtle questions. They clgalthe obvious. There is a reason that
no one thought of them before Einstein. From sdemmentary questions, Einstein
produced a fundamental rethinking of the worldewotution in physics.

If the world is to be understood, if we are toidvsuch logical paradoxes when
traveling at high speeds, there are some rulesp@mdments of Nature, that must be
obeyed. Einstein codified these rules in the spéugory of relativity. Light (reflected or
emitted) from an object travels at the same vefoghether the object is moving or
stationary:Thou shalt not add thy speed to the speed of. l&jsb, no material object may
move faster than lightThou shalt not travel at or beyond the speed ¢itliyothing in
physics prevents you from traveling as close tostheeed of light as you like; 99.9 percent
of the speed of light would be just fine. But notteahow hard you try, you can never gain
that last decimal point. For the world to be loglicaonsistent, there must be a cosmic
speed limit. Otherwise, you could get to any spemdwanted by adding velocities on a
moving platform.



Europeans around the turn of the century genebaligved in privileged frames of
reference: that German, or French, or British ¢altand political organization were better
than those of other countries; that Europeans sgperior to other peoples who were
fortunate enough to be colonized. The social aritigad application of the ideas of
Aristarchus and Copernicus was rejected or ignorad.young Einstein rebelled against
the notion of privileged frames of reference in gihg as much as he did in politics. In a
universe filled with stars rushing helter-skelteail directions, there was no place that was
‘at rest,” no framework from which to view the uarge that was superior to any other
framework. This is what the worélativity means. The idea is very simple, despite its
magical trappings: in viewing the universe, evdacp is as good as every other place. The
laws of Nature must be identical no matter whodsatibing them. If this is to be true - and
it would be stunning if there were something sgeat®ut our insignificant location in the
Cosmos - then it follows that no one may traveleathan light.

We hear the crack of a bullwhip because its timdwing faster than the speed of
sound, creating a shock wave, a small sonic boothuAderclap has a similar origin. It
was once thought that airplanes could not trawskefahan sound. Today supersonic flight
is commonplace. But the light barrier is differénaim the sound barrier. It is not merely an
engineering problem like the one the supersonaie solves. It is a fundamental law of
Nature, as basic as gravity. And there are no pihena in our experience - like the crack
of the bullwhips or the clap of thunder for sourtd suggest the possibility of traveling in a
vacuum faster than light. On the contrary, the@igxtremely wide range of experience -
with nuclear accelerators and atomic clocks, f@amagle - in precise quantitative
agreement with special relativity.

The problems of simultaneity do not apply to soaadhey do to light because
sound is propagated through some material medisaglly air. The sound wave that
reaches you when a friend is talking is the motbmolecules in the air. Light, however,
travels in a vacuum. There are restrictions on hwlecules of air can move which do not
apply to a vacuum. Light from the Sun reaches ussaahe intervening empty space, but
no matter how carefully we listen, we do not héar ¢rackle of sunspots or the thunder of
the solar flares. It was once thought, in the dsefsre relativity, that light did propagate
through a special medium that permeated all ofespzadled ‘the luminiferous aether.’ But
the famous Michelson-Morley experiment demonstrétetl such an aether does not exist.

We sometimes hear of things that can travel fakter light. Something called ‘the
speed of thought’ is occasionally proffered. Thian exceptionally silly notion especially
since the speed of impulses through the neuroaaribrains is about the same as the speed
of a donkey cart. That human beings have beenrcea@igh to devise relativity shows
that we think well, but | do not think we can boabkbut thinking fast. The electrical
impulses in modern computers do, however, travatlpat the speed of light.

Special relativity, fully worked out by Einstein his middle twenties, is supported
by every experiment performed to check it. Perltap®rrow someone will invent a theory
consistent with everything else we know that cireants paradoxes on such matters as
simultaneity, avoids privileged reference framed still permits travel faster than light.
But | doubt it very much. Einstein’s prohibitionagst traveling faster than light may clash
with our common sense. But on this question, wipukhwe trust common sense? Why



should our experience at 10 kilometers an hourtcainsthe laws of nature at 300,000
kilometers per second? Relativity does set limitsumat humans can ultimately do. But the
universe is not required to be in perfect harmoiti Wwuman ambition. Special relativity
removes from our grasp one way of reaching the stlae ship that can go faster than light.
Tantalizingly, it suggests another and quite unetggemethod.

Following George Gamow, let us imagine a placere/iee speed of light is not its
true value of 300,000 kilometers per second, botetbing very modest: 40 kilometers per
hour, say - and strictly enforced. (There are nuafiges for breaking laws of Nature,
because there are no crimes: Nature is self-regglahd merely arranges things so that its
prohibitions are impossible to transgress.) Imagjia you are approaching the speed of
light on a motor scooter. (Relativity is rich imsences beginning ‘Imagine . . .’ Einstein
called such an exerciseGedankenexperimerd thought experiment.) As your speed
increases, you begin to see around the cornerassing objects. While you are rigidly
facing forward, things that are behind you appeéniwyour forward field of vision. Close
to the speed of light, from your point of view, therld looks very odd - ultimately
everything is squeezed into a tiny circular windewkjch stays just ahead of you. From the
standpoint of a stationary observer, light refldad you is reddened as you depart and
blued as you return. If you travel toward the olseeat almost the speed of light, you will
become enveloped in an eerie chromatic radianae: ysually invisible infrared emission
will be shifted to the shorter visible wavelengtiieu become compressed in the direction
of motion, your mass increases, and time, as ypergence it, slows down, a breathtaking
consequence of traveling close to the speed of ¢igled time dilation. But from the
standpoint of an observer moving with you - perhifygsscooter has a second seat - none of
these effects occur.

These peculiar and at first perplexing predictiohspecial relativity are true in the
deepest sense that anything in science is trug. dégend on your relative motion. But
they are real, not optical illusions. They can bendnstrated by simple mathematics,
mainly first-year algebra and therefore understhtedo any educated person. They are
also consistent with many experiments. Very aceuhkicks carried in airplanes slow
down a little compared to stationary clocks. Nucksecelerators are designed to allow for
the increase of mass with increasing speed; if thene not designed in this way,
accelerated particles would all smash into thesaaflithe apparatus, and there would be
little to do in experimental nuclear physics. Aspés a distance divided by a time. Since
near the velocity of light we cannot simply addesiige as we are used to doing in the
workaday world, the familiar notions of absolut@asp and absolute time - independent of
your relative motion - must give way. That is why you shrinkat ks the reason for time
dilation.

Traveling close to the speed of light you woulddiaage at all, but your friends
and your relatives back home would be aging authel rate. When you returned from
your relativistic journey, what a difference th&reuld be between your friends and you,
they having aged decades, say, and you havingtagdt at all! Traveling close to the
speed of light is a kind of elixir of life. Becausee slows down close to the speed of light,
special relativity provides us with a means of gdio the stars. But is it possible, in terms
of practical engineering, to travel close to theespof light? Is a starship feasible?



Tuscany was not only the caldron of some of tirekthg of the young Albert
Einstein; it was also the home of another greaiugewho lived 400 years earlier,
Leonardo da Vinci, who delighted in climbing thes€an hills and viewing the ground
from a great height, as if he were soaring likerd.iHe drew the first aerial perspectives of
landscapes, towns and fortifications. Among Leooardhany interests and
accomplishments - in painting, sculpture, anatogeplogy, natural history, military and
civil engineering - he had a great passion: togskeand fabricate a machine that could fly.
He drew pictures, constructed models, built futlesprototypes and not one of them
worked. No sufficiently powerful and lightweightgine then existed. The designs,
however, were brilliant and encouraged the engmegtfuture times. Leonardo himself
was depressed by these failures. But it was hédnidlfault. He was trapped in the fifteenth
century.

A similar case occurred in 1939 when a group gfireers calling themselves the
British Interplanetary Society designed a shipatetpeople to the Moon - using 1939
technology. It was by no means identical to thegiesf the Apollo spacecraft, which
accomplished exactly this mission three decades, latit it suggested that a mission to the
moon might one day be a practical engineering pdigi

Today we have preliminary designs for ships t@ ta&ople to the stars. None of
these spacecraft is imagined to leave the Eardicitijr Rather, they are constructed in
Earth orbit from where they are launched on thaiglinterstellar journeys. One of them
was called Project Orion after the constellatiorgrainder that the ship’s ultimate
objective was the stars. Orion was designed tzetdxplosions of hydrogen bombs,
nuclear weapons, against an inertial plate, eaplosion providing a kind of ‘putt-putt,” a
vast nuclear motorboat in space. Orion seems gnfiractical from an engineering point
of view. By its very nature it would have producest quantities of radioactive debris, but
for conscientious mission profiles only in the emess of interplanetary or interstellar
space. Orion was under serious development in thiedl States until the signing of the
international treaty that forbids the detonatiomotlear weapons in space. This seems to
me a great pity. The Orion starship is the bestofiseiclear weapons | can think of.

Project Daedalus is a recent design of the Britisbrplanetary Society. It assumes
the existence of a nuclear fusion reactor - somgtmuch safer as well as more efficient
than existing fission power plants. We do not hiaggon reactors yet, but they are
confidently expected in the next few decades. Caioth Daedalus might travel at 10
percent the speed of light. A trip to Alpha Ceniadii3 light-years away, would then take
forty-three years, less than a human lifetime. Shtps could not travel close enough to
the speed of light for special relativistic timéation to become important. Even with
optimistic projections on the development of owhteology, it does not seem likely that
Orion, Daedalus or their ilk will be built beforleet middle of the twenty-first century,
although if we wished we could build Orion now.

For voyages beyond the nearest stars, somettsagrelst be done. Perhaps Orion
and Daedalus could be used as multigeneration,sdoghose arriving at a planet of
another star would be the remote descendants sé thhbo had set out some centuries
before. Or perhaps a safe means of hibernationuiorans will be found, so that the space
travelers could be frozen and then reawakened gesatiater. These nonrelativistic



starships, enormously expensive as they wouldoog, felatively easy to design and build
and use compared to starships that travel clogeetepeed of light. Other star systems are
accessible to the human species, but only aftet giféort.

Fast interstellar spaceflight - with the ship w#tip approaching the speed of light -
is an objective not for a hundred years but fdrausand or ten thousand. But it is in
principle possible. A kind of interstellar ramjetshbeen proposed by R. W. Bussard which
scoops up the diffuse matter, mostly hydrogen atoinas floats between the stars,
accelerates it into a fusion engine and ejectstitlte back. The hydrogen would be used
both as fuel and as reaction mass. But in deepegpace is only about one atom in every
ten cubic centimeters, a volume the size of a griapethe ramjet to work, it needs a
frontal scoop hundreds of kilometers across. Whership reaches relativistic velocities,
the hydrogen atoms will be moving with respecti® $paceship at close to the speed of
light. If adequate precautions are not taken, gaeaship and its passengers will be fried by
these induced cosmic rays. One proposed soluties aitaser to strip the electrons off the
interstellar atoms and make them electrically cedrghile they are still some distance
away, and an extremely strong magnetic field tdedethe charged atoms into the scoop
and away from the rest of the spacecraft. Thisggreeering on a scale so far
unprecedented on Earth. We are talking of engimesize of small worlds.

But let us spend a moment thinking about suchia 3ine Earth gravitationally
attracts us with a certain force, which if we aallirig we experience as an acceleration.
Were we to fall out of a tree - and many of ourtprouman ancestors must have done so -
we would plummet faster and faster, increasingfalispeed by ten meters (or thirty-two
feet) per second, every second. This acceleratibith characterizes the force of gravity
holding us to the Earth’s surface, is called ¢ tpr Earth gravity. We are comfortable with
accelerations of 1 g; we have grown up with 1 gvdflived in an interstellar spacecraft
that could accelerate at 1 g, we would find ousiw a perfectly natural environment. In
fact, the equivalence between gravitational foeoes the forces we would feel in an
accelerating spaceship is a major feature of Bimistiater general theory of relativity.

With a continuous 1 g acceleration, after one yeapace we would be traveling very
close to the speed of light [(0.01 km/Sec (3 x 10 sec) = 3 x 10km/sec].

Suppose that such a spacecraft accelerates appmpaching more and more
closely to the speed of light until the midpointtbé journey; and then is turned around and
decelerates at 1 g until arriving at its destirmatieor most of the trip the velocity would be
very close to the speed of light and time wouldvsttown enormously. A nearby mission
objective, a sun that may have planets, is Bars@thr, about six light-years away. It
could be reached in about eight years as measyrelddks aboard the ship; the center of
the Milky Way, in twenty-one years; M31, the Andreda galaxy, in twenty-eight years.
Of course, people left behind on Earth would seggthdifferently. Instead of twenty-one
years to the center of the Galaxy, they would mesaan elapsed time of 30,000 years.
When we got home, few of our friends would be tefgreet us. In principle, such a
journey, mounting the decimal points ever closahtspeed of light, would even permit
us to circumnavigate the known universe in sonmg-fiix years ship time. We would
return tens of billions of years in our future fited the Earth a charred cinder and the Sun
dead. Relativistic spaceflight makes the universessible to advanced civilizations, but



only to those who go on the journey. There seenie oo way for information to travel
back to those left behind any faster than the spééght.

The designs for Orion, Daedalus and the Bussamijd&are probably farther from
the actual interstellar spacecraft we will one Hayd than Leonardo’s models are from
today’s supersonic transports. But if we do notrdgsourselves, | believe that we will one
day venture to the stars. When our solar systeatt explored, the planets of other stars
will beckon.

Space travel and time travel are connected. Weragal fast into space only by
traveling fast into the future. But what of the {?a€ould we return to the past and change
it? Could we make events turn out differently fraumat the history books assert? We
travel slowly into the future all the time, at ttage of one day every day. With relativistic
spaceflight we could travel fast into the futureit Bhany physicists believe that a voyage
into the past is impossible. Even if you had a devhat could travel backwards in time,
they say, you would be unable to do anything thailds make any difference. If you
journeyed into the past and prevented your pafemns meeting, then you would never
have been born - which is something of a contraaticsince you clearly exist. Like the
proof of the irrationality of the square root ofdwike the discussion of simultaneity in
special relativity, this is an argument in whiclk firemise is challenged because the
conclusion seems absurd.

But other physicists propose that two alternatiigtories, two equally valid
realities, could exist side by side - the one ynavwk and the one in which you were never
born. Perhaps time itself has many potential dinoess despite the fact that we are
condemned to experience only one of them. Suppaseguld go back into the past and
change it - by persuading Queen Isabella not tpatChristopher Columbus, for example.
Then, it is argued, you would have set into mo#datifferent sequence of historical events,
which those you left behind in our time line woulelver know about. ithat kind of time
travel were possible, then every imaginable altaradistory might in some sense really
exist.

History consists for the most part of a complerdia of deeply interwoven threads,
social, cultural and economic forces that are astlg unraveled. The countless small,
unpredictable and random events that flow on coatlg often have no long-range
consequences. But some, those occurring at crjtinatures or branch points, may change
the pattern of history. There may be cases whe®pnd changes can be made by
relatively trivial adjustments. The farther in gha&st such an event is, the more powerful
may be its influence - because the longer the laxerof time becomes.

A polio virus is a tiny microorganmism. We encamtany of them every day. But
only rarely, fortunately, does one of them infege @f us and cause this dread disease.
Franklin D. Roosevelt, the thirty-second Presiddrihe United States, had polio. Because
the disease was crippling, it may have provideddewelt with a greater compassion for
the underdog; or perhaps it improved his striviogduccess. If Roosevelt’'s personality had
been different, or if he had never had the ambittobe President of the United States, the
great depression of the 1930’s, World War Il areldbvelopment of nuclear weapons
might just possibly have turned out differently.eTature of the world might have been
altered. But a virus is an insignificant thing, ypal millionth of a centimeter across. It is



hardly anything at all.

On the other hand, suppose our time traveler kesbipded Queen Isabella that
Columbus’ geography was faulty, that from Eratos#® estimate of the circumference of
the Earth, Columbus could never reach Asia. Alngestainly some other European would
have come along within a few decades and sailetitowdlse New World. Improvements in
navigation, the lure of the spice trade and contipatamong rival European powers made
the discovery of America around 1500 more or lassitable. Of course, there would
today be no nation of Colombia, or District of Goloia or Columbus, Ohio, or Columbia
University in the Americas. But the overall couddéhistory might have turned out more or
less the same. In order to affect the future pnofity a time traveler would probably have
to intervene in a number of carefully chosen evdntshange the weave of history.

It is a lovely fantasy, to explore those worldatthever were. By visiting them we
could truly understand how history works; histooultd become an experimental science.
If an apparently pivotal person had never livediatd say, or Paul, or Peter the Great -
how different would the world be? What if the s¢igo tradition of the ancient lonian
Greeks had survived and flourished? That would megaired many of the social forces of
the time to have been different - including thevpikng belief that slavery was natural and
right. But what if that light that dawned in thesexn Mediterranean 2,500 years ago had
not flickered out? What if science and the expentaemethod and the dignity of crafts
and mechanical arts had been vigorously pursudid3;@ars before the Industrial
Revolution? What if the power of this new modehafught had been more generally
appreciated? | sometimes think we might then havedten or twenty centuries. Perhaps
the contributions of Leonardo would have been naatt®usand years ago and those of
Albert Einstein five hundred years ago. In suclal@rnate Earth, Leonardo and Einstein
would, of course, never have been born. Too mamgshwvould have been different. In
every ejaculation there are hundreds of millionspErm cells, only one of which can
fertilize an egg and produce a member of the neregation of human beings. But which
sperm succeeds in fertilizing an egg must depentti@most minor and insignificant of
factors, both internal and external. If even #elithing had gone differently 2,500 years ago,
none of us would be here today. There would beh8l of others living in our place.

If the lonian spirit had won, | think we - a difé:t ‘we,’” of course - might by now
be venturing to the stars. Our first survey ship8lpha Centauri and Barnard’s Star, Sirius
and Tau Ceti would have returned long ago. Greatdlof interstellar transports would be
under construction in Earth orbit - unmanned suskags, liners for immigrants, immense
trading ships to plow the seas of space. On adletlships there would be symbols and
writing. If we looked closely, we might see tha¢ thnguage was Greek. And perhaps the
symbol on the bow of one of the first starships lddae a dodecahedron, with the
inscription ‘Starship Theodorus of the Planet E&rth

In the time line of our world, things have gonenssvhat more slowly. We are not
yet ready for the stars. But perhaps in anothetucgor two, when the solar system is all
explored, we will also have put our planet in ord&®e will have the will and the resources
and the technical knowledge to go to the starswilldhave examined from great distances
the diversity of other planetary systems, some waugh like our own and some extremely
different. We will know which stars to visit. Ourachines and our descendants will then



skim the light years, the children of Thales angstarchus, Leonardo and Einstein.

We are not yet certain how many planetary systéer® are, but there seem to be a
great abundance. In our immediate vicinity, theraeat just one, but in a sense four: Jupiter,
Saturn and Uranus each has a satellite systeminhhg relative sizes and spacings of the
moons, resembles closely the planets about theESdirapolation of the statistics of double
stars which are greatly disparate in mass suggestslmost all single stars like the Sun
should have planetary companions.

We cannot yet directly see the planets of othensstiny points of light swamped in
the brilliance of their local suns. But we are ot able to detect the gravitational
influence of an unseen planet on an observedistagine such a star with a large ‘proper
motion,” moving over decades against the backdfopare distant constellations; and with
a large planet, the mass of Jupiter, say, whosebpgbane is by chance aligned at right
angles to our line of sight. When the dark plasgefrom our perspective, to the right of the
star, the star will be pulled a little to the rigahd conversely when the planet is to the left.
Consequently, the path of the star will be altecgherturbed, from a straight line to a
wavy one. The nearest star for which this graatel perturbation method can be applied
is Barnard’s Star, the nearest single star. Thepbaxrinteractions of the three stars in the
Alpha Centauri system would make the search fomarhass companion there very
difficult. Even for Barnard’s Star, the investigatimust be painstaking, a search for
microscopic displacements of position on photogi@plates exposed at the telescope over
a period of decades. Two such quests have beeorped for planets around Barnard’s
Star, and both have been by some criteria sucdessafilying the presence of two or more
planets of Jovian mass moving in an orbit (cal@ddiy Kepler’s third law) somewhat
closer to their star than Jupiter and Saturn atbéd&un. But unfortunately the two sets of
observations seem mutually incompatible. A planesgstem around Barnard’s Star may
well have been discovered, but an unambiguous dstmration awaits further study.

Other methods of detecting planets around the sta under development,
including one where the obscuring light from ther $¢ artificially occulted - with a disk in
front of a space telescope, or by using the dagle @f the moon as such a disk - and the
reflected light from the planet, no longer hidderthe brightness of the nearby star,
emerges. In the next few decades we should havwatdef answers to which of the
hundred nearest stars have large planetary companio

In recent years, infrared observations have redealnumber of likely preplanetary
disk-shaped clouds of gas and dust around sonteafdarby stars. Meanwhile, some
provocative theoretical studies have suggestedothattary systems are a galactic
commonplace. A set of computer investigations kasnned the evolution of a flat,
condensing disk of gas and dust of the sort thidtasght to lead to stars and planets. Small
lumps of matter - the first condensations in ttekdiare injected at random times into the
cloud. The lumps accrete dust particles as theyem@ihen they become sizable, they also
gravitationally attract gas, mainly hydrogen, ie ttloud. When two moving lumps collide,
the computer program makes them stick. The praomstsnues until all the gas and dust
has been in this way used up. The results depetigeanitial conditions, particularly on
the distribution of gas and dust density with dis&afrom the center of the cloud. But for a
range of plausible initial conditions, planetargt®yns - about ten planets, terrestrials close



to the star, Jovians on the exterior - recognizéikéyours are generated. Under other
circumstances, there are no planets - just a snmagjtef asteroids; or there may be Jovian
planets near the star; or a Jovian planet may tecscemuch gas and dust as to become a
star, the origin of a binary star system. It i &b early to be sure, but it seems that a
splendid variety of planetary systems is to be btiimoughout the Galaxy, and with high
frequency - all stars must come, we think, fromhsclouds of gas and dust. There may be
a hundred billion planetary systems in the Galaxgiang exploration.

Not one of those worlds will be identical to Eathfew will be hospitable; most
will appear hostile. Many will be achingly beautifln some worlds there will be many
suns in the daytime sky, many moons in the heaakenght, or great particle ring systems
soaring from horizon to horizon. Some moons wilkbeclose that their planet will loom
high in the heavens, covering half the sky. And sevorlds will look out onto a vast
gaseous nebula, the remains of an ordinary staptite was and is no longer. In all those
skies, rich in distant and exotic constellatiohgré will be a faint yellow star - perhaps
barely seen by the naked eye, perhaps visibletontyigh the telescope - the home star of
the fleet of interstellar transports exploring ttigy region of the great Milky Way Galaxy.

The themes of space and time are, as we haveisg=twined. Worlds and stars,
like people, are born, live and die. The lifetinfadiuman being is measured in decades;
the lifetime of the Sun is a hundred million timesger. Compared to a star, we are like
mayflies, fleeting ephemeral creatures who livetbetr whole lives in the course of a
single day. From the point of view of a mayfly, hambeings are stolid, boring, almost
entirely immovable, offering hardly a hint that yhever do anything. From the point of
view of a star, a human being is a tiny flash, ofkillions of brief lives flickering
tenuously on the surface of a strangely cold, ahousty solid, exotically remote sphere of
silicate and iron.

In all those other worlds in space there are evienprogress, occurrences that will
determine their futures. And on our small plangs moment in history is a historical
branch point as profound as the confrontation efitimian scientists with the mystics 2,500
years ago. What we do with our world in this timé propagate down through the
centuries and powerfully determine the destinywfaescendants and their fate, if any,
among the stars.



CHAPTER IX

The Lives of the Stars

Opening his two eyes, [Ra, the Sun god] cast bghEgypt, he separated night
from day. The gods came forth from his mouth andkimad from his eyes. All
things took their birth from him, the child who BBs in the lotus and whose rays
cause all beings to live.

- An incantation from Ptolemaic Egypt

God is able to create particles of matter of sdwgras and figures . . . and perhaps
of different densities and forces, and therebyaxy the laws of Nature, and make
worlds of several sorts in several parts of theverse. At least, | see nothing of
contradiction in all this.

- Isaac NewtonQptics

We had the sky, up there, all speckled with stamnd, we used to lay on our backs
and look up at them, and discuss about whethentlasymade, or only just
happened.

- Mark Twain,Huckleberry Finn

| have . . . aterrible need . . . shall | saywloed? . . . of religion. Then | go out at
night and paint the stars.
- Vincent van Gogh

To make an apple pie, you need wheat, apples,ch pithis and that, and the heat of the
oven. The ingredients are made of molecules - ssgsr or water. The molecules, in turn,
are made of atoms - carbon, oxygen, hydrogen dew athers. Where do these atoms
come from? Except for hydrogen, they are all madgars. A star is a kind of cosmic
kitchen inside which atoms of hydrogen are cookeéd heavier atoms. Stars condense
from interstellar gas and dust, which are compasestly of hydrogen. But the hydrogen
was made in the Big Bang, the explosion that béigarCosmos. If you wish to make an
apple pie from scratch, you must first invent tinévarse.

Suppose you take an apple pie and cut it in bele one of the two pieces, ¢uin
half; and, in the spirit of Democritus, continueewimany cuts before you are down to a
single atom? The answer is about ninety successitge Of course, no knife could be sharp
enough, the pie is too crumbly, and the atom waulshy case be too small to see unaided.
But there is a way to do it.

At Cambridge University in England, in the foriyd years centered on 1910, the
nature of the atom was first understood - partlgsbgoting pieces of atoms at atoms and
watching how they bounce off. A typical atom hdgral of cloud of electrons on the
outside. Electrons are electrically charged, as tteene suggests. The charge is arbitrarily
called negative. Electrons determine the chemiagbgrties of the atom - the glitter of gold,



the cold feel of iron, the crystal structure of dabon diamond. Deep inside the atom,
hidden far beneath the electron cloud, is the usglgenerally composed of positively
charged protons and electrically neutral neutréisms are very small - one hundred
million of them end to end would be as large adtifnef your little finger. But the nucleus
is a hundred thousand times smaller still, whichad of the reason it took so long to be
discovered.* Nevertheless, most of the mass ot@m & in its nucleus; the electrons are
by comparison just clouds of moving fluff. Atomsamnainly empty space. Matter is
composed chiefly of nothing.

* |t had previously been thought that the protomsewniformly distributed throughout the electron
cloud, rather than being concentrated in a nuckép®sitive charge at the center. The nucleus wadered
by Ernest Rutherford at Cambridge when some obtirebarding particles were bounced back in the
direction from which they had come. Rutherford coemted: ‘It was quite the most incredible event thes
ever happened to me in my life. It was almost aseigible as if you fired a 15-inch [cannon] shelagiece
of tissue paper and it came back and hit you.’

I am made of atoms. My elbow, which is resting lom table before me, is made of
atoms. The table is made of atoms. But if atomsaremall and empty and the nuclei
smaller still, why does the table hold me up? WasyArthur Eddington liked to ask, do the
nuclei that comprise my elbow not slide effortlggsirough the nuclei that comprise the
table? Why don’t | wind up on the floor? Or faltaght through the Earth?

The answer is the electron cloud. The outsidenaitam in my elbow has a
negative electrical charge. So does every atomdriable. But negative charges repel each
other. My elbow does not slither through the tdideause atoms have electrons around
their nuclei and because electrical forces arengtrveryday life depends on the structure
of the atom. Turn off the electrical charges anergthing crumbles to an invisible fine
dust. Without electrical forces, there would nogenbethingsin the universe - merely
diffuse clouds of electrons, protons and neutrand, gravitating spheres of elementary
particles, the featureless remnants of worlds.

When we consider cutting an apple pie, contindiogin beyond a single atom, we
confront an infinity of the very small. And when Ye®k up at the night sky, we confront
an infinity of the very large. These infinities repent an unending regress that goes on not
just very far, but forever. If you stand betweel twirrors - in a barber shop, say - you see
a large number of images of yourself, each thecgtin of another. You cannot see an
infinity of images because the mirrors are notgety flat and aligned, because light does
not travel infinitely fast, and because you arthmway. When we talk about infinity we
are talking about a quantity greater than any nuprimematter how large.

The American mathematician Edward Kasner oncedalsisenine-year-old nephew
to invent a name for an extremely large numben toethe power one hundred {19, a
one followed by a hundred zeroes. The boy calledgibogol. Here it is: 10, 000, 000, 000,
000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000,
000, 000, 000, 000, 000, 000, 000, 000, 000, 000, 000. You, too, can make up your
own very large numbers and give them strange nahmgst. It has a certain charm,
especially if you happen to be nine.



If a googol seems large, consider a googolples.tien to the power of a googol -
that is, a one followed by a googol zeros. By cornspa, the total number of atoms in your
body is about 135, and the total number of elementary particlestqrs and neutrons and
electrons - in the observable universe is abofft 1fthe universe were packed solid* with
neutrons, say, so there was no empty space anywhere would still be only about *3
particles in it, quite a bit more than a googol tivially small compared to a googolplex.
And yet these numbers, the googol and the googqldznot approach, they come
nowhere near, the idea of infinity. A googolplexyigciselyas far from infinity as is the
number one. We could try to write out a googolplax, it is a forlorn ambition. A piece of
paper large enough to have all the zeroes in aaiplex written out explicitly could not be
stuffed into the known universe. Happily, thera isimpler and very concise way of
writing a googolplex: 19*% and even infinitys] (pronounced ‘infinity’).

* The spirit of this calculation is very old. Theening sentences of Archimedd$ie Sand
Reckonegre: ‘There are some, King Gelon, who think thatnlumber of the sand is infinite in multitude:
and | mean by the sand not only that which existaiaSyracuse and the rest of Sicily, but alsowtath is
found in every region, whether inhabited or uniritetb And again, there are some who, without reiggrd
as infinite, yet think that no number has been rthmigich is great enough to exceed its multitude.’
Archimedes then went on not only to name the nurbbeto calculate it. Later he asked how many graiin
sand would fit, side by side, into the universe traknew. His estimate; $)which corresponds, by a
curious coincidence, to ¥oor so atoms.

In a burnt apple pie, the char is mostly carbomeyi cuts and you come to a
carbon atom, with six protons and six neutrongsmucleus and six electrons in the
exterior cloud. If we were to pull a chunk out bétnucleus - say, one with two protons and
two neutrons - it would be not the nucleus of &oaratom, but the nucleus of a helium
atom. Such a cutting or fission of atomic nuclauws in nuclear weapons and
conventional nuclear power plants, although itascarbon that is split. If you make the
ninety-first cut of the apple pie, if you slice @aloon nucleus, you make not a smaller piece
of carbon, but something else - an atom with coteplalifferent chemical properties. If
you cut an atom, you transmute the elements.

But suppose we go farther. Atoms are made of pgytoeutrons and electrons. Can
we cut a proton? If we bombard protons at high g@aerwith other elementary patrticles -
other protons, say - we begin to glimpse more foratgal units hiding inside the proton.
Physicists now propose that so-called elementamycfes such as protons and neutrons are
in fact made of still more elementary particlederhlquarks, which come in a variety of
‘colors’ and ‘flavors’, as their properties haveesbgermed in a poignant attempt to make
the subnuclear world a little more like home. Atarks the ultimate constituents of matter,
or are they too composed of still smaller amoreelementary particles? Will we ever come
to an end in our understanding of the nature ofenadr is there an infinite regression into
more and more fundamental particles? This is oriteeofreat unsolved problems in
science.

The transmutation of the elements was pursuecetienal laboratories in a quest
called alchemy. Many alchemists believed that @ftter was a mixture of four elementary
substances: water, air, earth and fire, an anto@in speculation. By altering the relative



proportions of earth and fire, say, you would bk atihey thought, to change copper into
gold. The field swarmed with charming frauds and oeen, such as Cagliostro and the
Count of Saint-Germain, who pretended not onlyaogmute the elements but also to hold
the secret of immortality. Sometimes gold was hidishea wand with a false bottom, to
appear miraculously in a crucible at the end ofs@nduous experimental demonstration.
With wealth and immortality the bait, the Europeability found itself transferring large
sums to the practitioners of this dubious art. tAete were more serious alchemists such as
Paracelsus and even Isaac Newton. The money wadtogéther wasted - new chemical
elements, such as phosphorous, antimony and memgarg discovered. In fact, the origin

of modern chemistry can be traced directly to theegeeriments.

There are ninety-two chemically distinct kindshaturally occurring atoms. They
are called the chemical elements and until recexathstituted everything on our planet,
although they are mainly found combined into molesuWater is a molecule made of
hydrogen and oxygen atoms. Air is made mostly efdtoms nitrogen (N), oxygen (O),
carbon (C), hydrogen (H) and argon (Ar), in the @salar forms N, O,, CO,, H,O and Ar.
The Earth itself is a very rich mixture of atomsjstiy silicon,* oxygen, aluminum,
magnesium and iron. Fire is not made of chemi@hehts at all. It is a radiating plasma in
which the high temperature has stripped some oéléngtrons from their nuclei. Not one of
the four ancient lonian and alchemical ‘elemergshithe modern sense an element at all:
one is a molecule, two are mixtures of moleculad, the last is a plasma.

* Silicon is an atom. Silicone is a molecule, offiditlions of different varieties containing silino
Silicon and silicone have different properties apglications.

Since the time of the alchemists, more and moma&hs have been discovered, the
latest to be found tending to be the rarest. Mamyfamiliar - those that primarily make up
the Earth; or those fundamental to life. Some aliels some gases, and two (bromine and
mercury) are liquids at room temperature. Scientishventionally arrange them in order
of complexity. The simplest, hydrogen, is elemerth& most complex, uranium is element
92. Other elements are less familiar - hafniumiuen) dysprosium and praseodymium, say,
which we do not much bump into in everyday life. &yd large, the more familiar an
element is, the more abundant it is. The Earthainsta great deal of iron and rather little
yttrium. There are, of course, exceptions to this,rsuch as gold or uranium, elements
prized because of arbitrary economic conventioreesthetic judgments, or because they
have remarkable practical applications.

The fact that atoms are composed of three kin@$emhentary particles - protons,
neutrons and electrons is a comparatively recadirfg. The neutron was not discovered
until 1932. Modern physics and chemistry have redube complexity of the sensible
world to an astonishing simplicity: three units pogether in various patterns make,
essentially, everything.

The neutrons, as we have said and as their naggests, carry no electrical charge.
The protons have a positive charge and the elecanrequal negative charge. The
attraction between the unlike charges of electemmsprotons is what holds the atom
together. Since each atom is electrically neuth& number of protons in the nucleus must



exactly equal the number of electrons in the ebectioud. The chemistry of an atom
depends only on the number of electrons, whichlsgha number of protons, and which is
called the atomic number. Chemistry is simply nurapan idea Pythagoras would have
liked. If you are an atom with one proton, you layedrogen; two, helium; three, lithium;
four, beryllium; five, boron; six, carbon; seveitragen; eight, oxygen; and so on, up to 92
protons, in which case your name is uranium.

Like charges, charges of the same sign, stromglglrone another. We can think of
it as a dedicated mutual aversion to their own kanlittle as if the world were densely
populated by anchorites and misanthropes. Electeped electrons. Protons repel protons.
So how can a nucleus stick together? Why doed instantly fly apart? Because there is
another force of nature: not gravity, not electyicbut the short-range nuclear force, which,
like a set of hooks that engage only when protowksreeutrons come very close together,
thereby overcomes the electrical repulsion amoagtbtons. The neutrons, which
contribute nuclear forces of attraction and notelesl forces of repulsion, provide a kind
of glue that helps to hold the nucleus togethendiag for solitude, the hermits have been
chained to their grumpy fellows and set among atigeren to indiscriminate and voluble
amiability.

Two protons and two neutrons are the nucleushafliam atom, which turns out to
be very stable. Three helium nuclei make a carhmtens; four, oxygen; five, neon; six,
magnesium; seven, silicon; eight, sulfur; and sokwery time we add one or more protons
and enough neutrons to keep the nucleus togetleemake a new chemical element. If we
subtract one proton and three neutrons from meyewgymake gold, the dream of the
ancient alchemists. Beyond uranium there are @leanents that do not naturally occur on
Earth. They are synthesized by human beings antst cases promptly fall to pieces.
One of them, Element 94, is called plutonium anohis of the most toxic substances
known. Unfortunately, it falls to pieces rathervglp.

Where do the naturally occurring elements comm#&Ve might contemplate a
separate creation of each atomic species. Butriivernse, all of it, almost everywhere, is
99 percent hydrogen and helium,* the two simpléshents. Helium, in fact, was detected
on the Sun before it was found on the Earth - hé@sagame (from Helios, one of the Greek
sun gods). Might the other chemical elements hawgesiow evolved from hydrogen and
helium? To balance the electrical repulsion, piedfesiclear matter would have to be
brought very close together so that the short-ramugpear forces are engaged. This can
happen only at very high temperatures where thigcpes are moving so fast that the
repulsive force does not have time to act - tentpeza of tens of millions of degrees. In
nature, such high temperatures and attendant hagsgres are common only in the insides
of the stars.

* The Earth is an exception, because our primotuydrogen, only weakly bound by our planet’s
comparatively feeble gravitational attraction, bgshow largely escaped to space. Jupiter, witmitse
massive gravity, has retained at least much afriggnal complement of the lightest element.

We have examined our Sun, the nearest star, inwsawavelengths from radio
waves to ordinary visible light to X-rays, all ohwh arise only from its outermost layers.



It is not exactly a red-hot stone, as Anaxagorasght, but rather a great ball of hydrogen
and helium gas, glowing because of its high tentpegs, in the same way that a poker
glows when it is brought to red heat. Anaxagoras atdeast partly right. Violent solar
storms produce brilliant flares that disrupt radoonmunications on Earth; and immense
arching plumes of hot gas, guided by the Sun’s reagfield, the solar prominences,
which dwarf the Earth. The sunspots, sometimebheido the naked eye at sunset, are
cooler regions of enhanced magnetic field strenijliithis incessant, roiling, turbulent
activity is in the comparatively cool visible suréa We see only to temperatures of about
6,000 degrees. But the hidden interior of the Surere sunlight is being generated, is at
40 million degrees.

Stars and their accompanying planets are bormeigtavitational collapse of a
cloud of interstellar gas and dust. The collisibthe gas molecules in the interior of the
cloud heats it, eventually to the point where hgarobegins to fuse into helium: four
hydrogen nuclei combine to form a helium nucleush &n attendant release of a
gamma-ray photon. Suffering alternate absorptiahaanission by the overlying matter,
gradually working its way toward the surface of sit@r, losing energy at every step, the
photon’s epic journey takes a million years urad,visible light, it reaches the surface and
is radiated to space. The star has turned on. fidwtational collapse of the prestellar
cloud has been halted. The weight of the outertagéthe star is now supported by the
high temperatures and pressures generated intdr@imuclear reactions. The Sun has
been in such a stable situation for the past filli®ib years. Thermonuclear reactions like
those in a hydrogen bomb are powering the Surcongained and continuous explosion,
converting some four hundred million tons (4 Xigrams) of hydrogen into helium every
second. When we look up at night and view the stsrything we see is shining because
of distant nuclear fusion.

In the direction of the star Deneb, in the coatiein of Cygnus the Swan, is an
enormous glowing superbubble of extremely hot geshably produced by supernova
explosions, the deaths of stars, near the centiediubble. At the periphery, interstellar
matter is compressed by the supernova shock waggeting new generations of cloud
collapse and star formation. In this sense, stave lparents; and, as is sometimes also true
for humans, a parent may die in the birth of thié&dch

Stars like the Sun are born in batches, in greaipressed cloud complexes such as
the Orion Nebula. Seen from the outside, such d@egm dark and gloomy. But inside,
they are brilliantly illuminated by the hot newbastars. Later, the stars wander out of their
nursery to seek their fortunes in the Milky Wallsir adolescents still surrounded by tufts
of glowing nebulosity, residues still gravitatiolyahttached of their amniotic gas. The
Pleiades are a nearby example. As in the famifiésimans, the maturing stars journey far
from home, and the siblings see little of each ntBemewhere in the Galaxy there are
stars - perhaps dozens of them - that are thedno#nd sisters of the Sun, formed from the
same cloud complex, some 5 billion years ago. Butlar not know which stars they are.
They may, for all we know, be on the other sidé¢hef Milky Way.

The conversion of hydrogen into helium in the eef the Sun not only accounts
for the Sun’s brightness in photons of visible tighalso produces a radiance of a more
mysterious and ghostly kind: The Sun glows faimlyeutrinos, which, like photons,



weigh nothing and travel at the speed of light. Bewitrinos are not photons. They are not a
kind of light. Neutrinos, like protons, electronsdaneutrons, carry an intrinsic angular
momentum, or spin, while photons have no spinlaMaltter is transparent to neutrinos,
which pass almost effortlessly through the Eartth tanough the Sun. Only a tiny fraction
of them is stopped by the intervening matter. Aok up at the Sun for a second, a billion
neutrinos pass through my eyeball. Of course, #ieynot stopped at the retina as ordinary
photons are but continue unmolested through thk bfamy head. The curious part is that
if at night | look down at the ground, toward tHage where the Sun would be (if the Earth
were not in the way), almost exactly the same nurabsolar neutrinos pass through my
eyeball, pouring through an interposed Earth wisdds transparent to neutrinos as a pane
of clear glass is to visible light.

If our knowledge of the solar interior is as cosatplas we think, and if we also
understand the nuclear physics that makes neuttinexs we should be able to calculate
with fair accuracy how many solar neutrinos we $thoeceive in a given area - such as my
eyeball - in a given unit of time, such as a secéngberimental confirmation of the
calculation is much more difficult. Since neutrimmsss directly through the Earth, we
cannot catch a given one. But for a vast numbeeatrinos, a small fraction will interact
with matter and in the appropriate circumstanceghtrbe detected. Neutrinos can on rare
occasion convert chlorine atoms into argon atonith, the same total number of protons
and neutrons. To detect the predicted solar neutiirx, you need an immense amount of
chlorine, so American physicists have poured a lyugmtity of cleaning fluid into the
Homestake Mine in Lead, South Dakota. The chlosmaicrochemically swept for the
newly produced argon. The more argon found, theemeutrinos inferred. These
experiments imply that the Sun is dimmer in neasithan the calculations predict.

There is a real and unsolved mystery here. Theslaar neutrino flux probably
does not put our view of stellar nucleosynthesigapardy, but it surely means something
important. Proposed explanations range from thetigsis that neutrinos fall to pieces
during their passage between the Sun and the Extttle idea that the nuclear fires in the
solar interior are temporarily banked, sunlightigegenerated in our time partly by slow
gravitational contraction. But neutrino astronomyery new. For the moment we stand
amazed at having created a tool that can peertlgiiato the blazing heart of the Sun. As
the sensitivity of the neutrino telescope improvesyay become possible to probe nuclear
fusion in the deep interiors of the nearby stars.

But hydrogen fusion cannot continue forever: im 8un or any other star, there is
only so much hydrogen fuel in its hot interior. Tiage of a star, the end of its life cycle,
depends very much on its initial mass. If, afteat@ver matter it has lost to space, a star
retains two or three times the mass of the Swends its life cycle in a startlingly different
mode than the Sun. But the Sun’s fate is spectaenlaugh. When the central hydrogen
has all reacted to form helium, five or six billigaars from now, the zone of hydrogen
fusion will slowly migrate outward, an expandingeBlof thermonuclear reactions, until it
reaches the place where the temperatures arédnbassibout ten million degrees. Then
hydrogen fusion will shut itself off. Meanwhile tself-gravity of the Sun will force a
renewed contraction of its helium-rich core andrhier increase in its interior
temperatures and pressures. The helium nucleb&ijammed together still more tightly,



so much so thaheybegin to stick together, the hooks of their sliartge nuclear forces
becoming engaged despite the mutual electricalsepu The ash will become fuel, and
the Sun will be triggered into a second round sfdo reactions.

This process will generate the elements carboroaggen and provide additional
energy for the Sun to continue shining for a limitene. A star is a phoenix, destined to
rise for a time from its own ashes.* Under the corad influence of hydrogen fusion in a
thin shell far from the solar interior and the higmperature helium fusion in the core, the
Sun will undergo a major change: its exterior wikpand and cool. The Sun will become a
red giant star, its visible surface so far fromintgrior that the gravity at its surface grows
feeble, its atmosphere expanding into space ima & stellar gale. When the Sun, ruddy
and bloated, becomes a red giant, it will envelag @evour the planets Mercury and
Venus - and probably the Earth as well. The ino&rsystem will then reside within the
Sun.

* Stars more massive than the Sun achieve highradeéemperatures and pressures in their late
evolutionary stages. They are able to rise mone dmeze from their ashes, using carbon and oxygéunehs
for synthesizing still heavier elements.

Billions of years from now, there will be a lastfeet day on Earth. Thereafter the
Sun will slowly become red and distended, presidingr an Earth sweltering even at the
poles. The Arctic and Antarctic icecaps will méiboding the coasts of the world. The
high oceanic temperatures will release more wadpowinto the air, increasing cloudiness,
shielding the Earth from sunlight and delaying ¢inel a little. But solar evolution is
inexorable. Eventually the oceans will boil, themasphere will evaporate away to space
and a catastrophe of the most immense proportinaginable will overtake our planet.* In
the meantime, human beings will almost certainiyehavolved into something quite
different. Perhaps our descendants will be abt®tdrol or moderate stellar evolution. Or
perhaps they will merely pick up and leave for Mar&uropa or Titan or, at last, as
Robert Goddard envisioned, seek out an uninhapitatet in some young and promising
planetary system.

* The Aztecs foretold a time ‘when the Earth hasdmee tired. . ., when the seed of Earth has
ended.” On that day, they believed, the Sun willffam the sky and the stars will be shaken frdma t
heavens.

The Sun'’s stellar ash can be reused for fuel opliowa point. Eventually the time
will come when the solar interior is all carbon ang/gen, when at the prevailing
temperatures and pressures no further nucleaiosaaatan occur. After the central helium
is almost all used up, the interior of the Sun wihtinue its postponed collapse, the
temperatures will rise again, triggering a lastnof nuclear reactions and expanding the
solar atmosphere a little. In its death throes St will slowly pulsate, expanding and
contracting once every few millennia, eventuallgwjng its atmosphere into space in one
or more concentric shells of gas. The hot expos&at sterior will flood the shell with
ultraviolet light, inducing a lovely red and bluadrescence extending beyond the orbit of



Pluto. Perhaps half the mass of the Sun will beitoghis way. The solar system will then
be filled with an eerie radiance, the ghost of $lu@, outward bound.

When we look around us in our little corner of Miky Way, we see many stars
surrounded by spherical shells of glowing gas pleetary nebulae. (They have nothing to
do with planets, but some of them seemed reminisnenferior telescopes of the
blue-green discs of Uranus and Neptune.) They aygseangs, but only because, as with
soap bubbles, we see more of them at the perigharnyat the center. Every planetary
nebula is a token of a starextremis Near the central star there may be a retinueatfld
worlds, the remnants of planets once full of lifelaow airless and ocean-free, bathed in a
wraithlike luminance. The remains of the Sun, tkeosed solar core at first enveloped in
its planetary nebula, will be a small hot star,lc@pto space, collapsed to a density
unheard of on Earth, more than a ton per teaspbdiflions of years hence, the Sun will
become a degenerate white dwarf, cooling likehase points of light we see at the centers
of planetary nebulae from high surface temperatiorés ultimate state, a dark and dead
black dwarf.

Two stars of roughly the same mass will evolveghdy in parallel. But a more
massive star will spend its nuclear fuel fasteconee a red giant sooner, and be first to
enter the final white dwarf decline. There shotidrefore be, as there are, many cases of
binary stars, one component a red giant, the @athdrite dwarf. Some such pairs are so
close together that they touch, and the glowintgstatmosphere flows from the distended
red giant to the compact white dwarf, tending tbda a particular province of the surface
of the white dwarf. The hydrogen accumulates, casged to higher and higher pressures
and temperatures by the intense gravity of theendhitarf, until the stolen atmosphere of
the red giant undergoes thermonuclear reactiomsthenwhite dwarf briefly flares into
brilliance. Such a binary is called a nova anddwate a different origin from a supernova.
Novae occur only in binary systems and are powbyeaydrogen fusion; supernovae occur
in single stars and are powered by silicon fusion.

Atoms synthesized in the interiors of stars amammonly returned to the interstellar
gas. Red giants find their outer atmospheres blgwaimay into space; planetary nebulae
are the final stages of Sunlike stars blowing ttmns. Supernovae violently eject much of
their stellar mass into space. The atoms returnecdhaturally, those most readily made in
the thermonuclear reactions in stellar interiorgdidgen fuses into helium, helium into
carbon, carbon into oxygen and thereafter, in masstars, by the successive addition of
further helium nuclei, neon, magnesium, silicorflsuand so on are built additions by
stages, two protons and two neutrons per stagtealway to iron. Direct fusion of silicon
also generates iron, a pair of silicon atoms, edti twenty-eight protons and neutrons,
joining, at a temperature of billions of degreesyake an atom of iron with fifty-six
protons and neutrons.

These are all familiar chemical elements. We razegtheir names. Such stellar
nuclear reactions do not readily generate erbiamibm, dysprosium, praseodymium or
yttrium, but rather the elements we know in evewlifa, elements returned to the
interstellar gas, where they are swept up in aesgent generation of cloud collapse and
star and planet formation. All the elements of Haeth except hydrogen and some helium
have been cooked by a kind of stellar alchemydnifliof years ago in stars, some of which



are today inconspicuous white dwarfs on the otlter of the Milky Way Galaxy. The
nitrogen in our DNA, the calcium in our teeth, than in our blood, the carbon in our apple
pies were made in the interiors of collapsing stéfs are made of starstuff.

Some of the rarer elements are generated in fherrsova explosion itself. We have
relatively abundant gold and uranium on Earth drdgause many supernova explosions
had occurred just before the solar system formégei(planetary systems may have
somewhat different amounts of our rare elements.tAere planets where the inhabitants
proudly display pendants of niobium and bracelégrotactinium, while gold is a
laboratory curiosity? Would our lives be improvédald and uranium were as obscure and
unimportant on Earth as praseodymium?

The origin and evolution of life are connectedhia most intimate way with the
origin and evolution of the stars. First: The vergtter of which we are composed, the
atoms that make life possible, were generated &myugand far away in giant red stars. The
relative abundance of the chemical elements fonride Cosmos matches the relative
abundance of atoms generated in stars so welllaavse little doubt that red giants and
supernovae are the ovens and crucibles in whictenfaés been forged. The Sun is a
second- or third-generation star. All the matteit,iall the matter you see around you, has
been through one or two previous cycles of stalleinemy. Second: The existence of
certain varieties of heavy atoms on the Earth sstggbat there was a nearby supernova
explosion shortly before the solar system was fakrBait this is unlikely to be a mere
coincidence; more likely, the shock wave producgthle supernova compressed
interstellar gas and dust and triggered the corademsof the solar system. Third: When
the Sun turned on, its ultraviolet radiation pourgd the atmosphere of the Earth; its
warmth generated lightning; and these energy sewggarked the complex organic
molecules that led to the origin of life. FourthfeLon Earth runs almost exclusively on
sunlight. Plants gather the photons and convear $olchemical energy. Animals parasitize
the plants. Farming is simply the methodical haimgf sunlight, using plants as
grudging intermediaries. We are, almost all ofasdar-powered. Finally, the hereditary
changes called mutations provide the raw matesra¢volution. Mutations, from which
nature selects its new inventory of life forms, preduced in part by cosmic rays -
high-energy particles ejected almost at the spéédht in supernova explosions. The
evolution of life on Earth is driven in part by thpectacular deaths of distant, massive
suns.

Imagine carrying a Geiger counter and a piecaarium ore to some place deep
beneath the Earth - a gold mine, say, or a lave, taltave carved through the Earth by a
river of molten rock. The sensitive counter cligkisen exposed to gamma rays or to such
high-energy charged patrticles as protons and hetiuctei. If we bring it close to the
uranium ore, which is emitting helium nuclei in@oataneous. nuclear decay, the count
rate, the number of clicks per minute, increasasndtically. If we drop the uranium ore
into a heavy lead canister, the count rate dechBunéstantially; the lead has absorbed the
uranium radiation. But some clicks can still berde®f the remaining counts, a fraction
come from natural radioactivity in the walls of tbeve. But there are more clicks than can
be accounted for by radioactivity. Some of themcanesed by high-energy charged
particles penetrating the roof. We are listeningdemic rays, produced in another age in



the depths of space. Cosmic rays, mainly electaodsprotons, have bombarded the Earth
for the entire history of life on our planet. Aistiestroys itself thousands of light-years
away and produces cosmic rays that spiral throbghMilky Way Galaxy for millions of
years until, quite by accident, some of them sttileeEarth, and our hereditary material.
Perhaps some key steps in the development of thetigecode, or the Cambrian explosion,
or bipedal stature among our ancestors were iadibly cosmic rays.

On July 4, in the year 1054, Chinese astrononesxarded what they called a ‘guest
star’ in the constellation of Taurus, the Bull. tarsnever before seen became brighter than
any star in the sky. Halfway around the world,ia American Southwest, there was then a
high culture, rich in astronomical tradition, tlzdséo witnessed this brilliant new star.*

From carbon 14 dating of the remains of a charfigglwe know that in the middle
eleventh century some Anasazi, the antecedentsedfiopi of today, were living under an
overhanging ledge in what is today New Mexico. ©hthem seems to have drawn on the
cliff overhang, protected from the weather, a pietof the new star. Its position relative to
the crescent moon would have been just as wastddpithere is also a handprint, perhaps
the artist’s signature.

* Moslem observers noted it as well. But thereasaword about it in all the chronicles of Europe.

This remarkable star, 5,000 light-years distamow called the Crab Supernova,
because an astronomer centuries later was unaetyinéminded of a crab when looking
at the explosion remnant through his telescope.Aradé Nebula is the remains of a
massive star that blew itself up. The explosion 8&en on Earth with the naked eye for
three months. Easily visible in broad daylight, ymwld read by it at night. On the average,
a supernova occurs in a given galaxy about oncey @eamtury. During the lifetime of a
typical galaxy, about ten billion years, a hundnm@tlion stars will have exploded - a great
many, but still only about one star in a thousdndhe Milky Way, after the event of 1054,
there was a supernova observed in 1572, and deddmpTycho Brahe, and another, just
after, in 1604, described by Johannes Kepler.* gphg, no supernova explosions have
been observed in our Galaxy since the inventicthetelescope, and astronomers have
been chafing at the bit for some centuries.

* Kepler published in 1606 a book callba Stella Nova'On the New Star,’” in which he wonders if
a supernova is the result of some random concabenat atoms in the heavens. He presents whatywisa
‘. .. hot my own opinion, but my wife’s: Yesterdayhen weary with writing, | was called to suppand a
salad | had asked for was set before me. “It seberg” | said, “if pewter dishes, leaves of lettugrains of
salt, drops of water, vinegar, oil and slices ajfad been flying about in the air for all etgrnit might at
last happen by chance that there would come a.58Mek,” responded my lovely, “but not so nicethis
one of mine.””’

Supernovae are now routinely observed in othexgegdaAmong my candidates for
the sentence that would most thoroughly astonististmonomer of the early 1900’s is the
following, from a paper by David Helfand and Knoarlg in the December 6, 1979, issue
of the British journaNature ‘On 5 March, 1979, an extremely intense burdtarfl x-rays
and gamma rays was recorded by the nine inter@anspacecraft of the burst sensor



network, and localized by time-of-flight determiiais to a position coincident with the
supernova remnant N49 in the Large Magellanic Ciqidhe Large Magellanic Cloud,
so-called because the first inhabitant of the NaritHemisphere to notice it was Magellan,
is a small satellite galaxy of the Milky Way, 1800light-years distant. There is also, as
you might expect, a Small Magellanic Cloud.) Howewe the same issue dlature E. P.
Mazets and colleagues of the loffe Institute, Lgria - who observed this source with the
gamma-ray burst detector aboard the Venera 11 2isppdcecraft on their way to land on
Venus - argue that what is being seen is a flgpudgar only a few hundred light-years
away. But despite the close agreement in positielfeldd and Long do not insist that the
gamma-ray outburst is associated with the superremaant. They charitably consider
many alternatives, including the surprising posisybihat the source lies within the solar
system. Perhaps it is the exhaust of an alienhspaos its long voyage home. But a rousing
of the stellar fires in N49 is a simpler hypothesis are sure there are such things as
supernovae.

The fate of the inner solar system as the Sunrbesa@ red giant is grim enough.
But at least the planets will never be melted arazled by an erupting supernova. That is
a fate reserved for planets near stars more magswethe Sun. Since such stars with
higher temperatures and pressures run rapidly gfrtheir store of nuclear fuel, their
lifetimes are much shorter than the Sun’s. A stastof times more massive than the Sun
can stably convert hydrogen to helium for onlya feillion years before moving briefly
on to more exotic nuclear reactions. Thus theednst certainly not enough time for the
evolution of advanced forms of life on any acconypag planets; and it will be rare that
beings elsewhere can ever know that their starbgitiome a supernova: if they live long
enough to understand supernovae, their star ikaiplio become one.

The essential preliminary to a supernova explosidhe generation by silicon
fusion of a massive iron core. Under enormous presshe free electrons in the stellar
interior are forceably melded with the protonsted tron nuclei, the equal and opposite
electrical charges canceling each other out; thielénof the star is turned into a single giant
atomic nucleus, occupying a much smaller voluma tha precursor electrons and iron
nuclei. The core implodes violently, the exteriebounds and a supernova explosion
results. A supernova can be brighter than the coetbiadiance of all the other stars in the
galaxy within which it is embedded. All those rettgihatched massive blue-white
supergiant stars in Orion are destined in the feaxtmillion years to become supernovae, a
continuing cosmic fireworks in the constellationtioé hunter.

The awesome supernova explosion ejects into spaseof the matter of the
precursor star - a little residual hydrogen anduneland significant amounts of other
atoms, carbon and silicon, iron and uranium. Reimgiis a core of hot neutrons, bound
together by nuclear forces, a single, massive atonncleus with an atomic weight about
10°®, a sun thirty kilometers across; a tiny, shrunkimse, withered stellar fragment, a
rapidly rotating neutron star. As the core of a shasred giant collapses to form such a
neutron star, it spins faster. The neutron sténetenter of the Crab Nebula is an immense
atomic nucleus, about the size of Manhattan, spmthirty times a second. Its powerful
magnetic field, amplified during the collapse, samarged particles rather as the much
tinier magnetic field of Jupiter does. Electrongha rotating magnetic field emit beamed



radiation not only at radio frequencies but inbfisilight as well. If the Earth happens to lie
in the beam of this cosmic lighthouse, we seagtflonce each rotation. This is the reason
it is called a pulsar. Blinking and ticking likecasmic metronome, pulsars keep far better
time than the most accurate ordinary clock. Longiteming of the radio pulse rate of
some pulsars, for instance, one called PSR 032%tfsgjests that these objects may have
one or more small planetary companions. It is gest@nceivable that a planet could
survive the evolution of a star into a pulsar; @lanet could be captured at a later time. |
wonder how the sky would look from the surfaceuwflsa planet.

Neutron star matter weighs -about the same asdamaoy mountain per
teaspoonful - so much that if you had a piece ahd let it go (you could hardly do
otherwise), it might pass effortlessly through Haath like a falling stone through air,
carving a hole for itself completely through ouamét and emerging out the other side -
perhaps in China. People there might be out faradl,sminding their own business, when
a tiny lump of neutron star plummets out of theugyah, hovers for a moment, and then
returns beneath the Earth, providing at least ardign from the routine of the day. If a
piece of neutron star matter were dropped frombegpace, with the Earth rotating
beneath it as it fell, it would plunge repeatediisough the rotating Earth, punching
hundreds of thousands of holes before friction whiinterior of our planet stopped the
motion. Before it comes to rest at the center efElarth, the inside of our planet might
look briefly like a Swiss cheese until the subteea@n flow of rock and metal healed the
wounds. It is just as well that large lumps of mentstar matter are unknown on Earth. But
small lumps are everywhere. The awesome powereafi¢itron star is lurking in the
nucleus of every atom, hidden in every teacup amthduse, every breath of air, every
apple pie. The neutron star teaches us respetitdarommonplace.

A star like the Sun will end its days, as we hssen, as a red giant and then a white
dwarf. A collapsing star twice as massive as the\8ill become a supernova and then a
neutron star. But a more massive star, left, dffesupernova phase, with, say, five times
the Sun’s mass, has an even more remarkable tdevesl for it - its gravity will turn it
into a black hole. Suppose we had a magic gravéghme - a device with which we could
control the Earth’s gravity, perhaps by turningal.dnitially the dial is set at 1 g* and
everything behaves as we have grown up to expletahimals and plants on Earth and
the structures of our buildings are all evolvediesigned for 1 g. If the gravity were much
less, there might be tall, spindly shapes that dowit be tumbled or crushed by their own
weight. If the gravity were much more, plants andrals and architecture would have to
be short and squat and sturdy in order not to psdaBut even in a fairly strong gravity
field, light would travel in a straight line, asdbes, of course, in everyday life.

* 1 g is the acceleration experienced by fallingeots on the Earth, almost 10 meters per second
every second. A falling rock will reach a speed @fmeters per second after one second of fall, &@nms per
second after two seconds, and so on until it ftrike ground or is slowed by friction with the &n a world
where the gravitational acceleration was much greétlling bodies would increase their speed by
correspondingly greater amounts. On a world witly Hceleration, a rock would travel 10 x 10 misec
almost 100 m/sec after the first second, 200 reftec the next second, and so on. A slight sturnbléd be
fatal. The acceleration due to gravity should alsvag written with a lowercase g, to distinguistiam the
Newtonian gravitational constant, G, which is a suga of the strength of gravity everywhere in thverse,



not merely on whatever world or sun we are disagsgiThe Newtonian relationship of the two quaetitis
F = mg = GMm/f; g = GM/?, where F is the gravitational force, M is the mafthe planet or star, m is the
mass of the falling object, and r is the distamoenfthe falling object to the center of the planestar.)

Consider a possibly typical group of Earth beiriggse and her friends frorlice
in Wonderlandat the Mad Hatter’s tea party. As we lower thergyathings weigh less.
Near O g the slightest motion sends our friendatithg and tumbling up in the air. Spilled
tea - or any other liquid - forms throbbing sphefiglobs in the air: the surface tension of
the liquid overwhelms gravity. Balls of tea are gwvenhere. If now we dial 1 g again, we
make a rain of tea. When we increase the grawityle- from 1 g to, say, 3or4 g's -
everyone becomes immobilized: even moving a pawires|enormous effort. As a
kindness we remove our friends from the domairhefgravity machine before we dial
higher gravities still. The beam from a lanterrvéia in a perfectly straight line (as nearly
as we can see) at a few g's, as it does at 0 §080 g's, the beam is still straight, but trees
have become squashed and flattened; at 100,00fbgkss are crushed by their own weight.
Eventually, nothing at all survives except, throagépecial dispensation, the Cheshire cat.
When the gravity approaches a billion g’s, someglsitil more strange happens. The beam
of light, which has until now been heading straigptinto the sky, is beginning to bend.
Under extremely strong gravitational accelerati@ven light is affected. If we increase the
gravity still more, the light is pulled back to tgeound near us. Now the cosmic Cheshire
cat has vanished; only its gravitational grin remsai

When the gravity is sufficiently high, nothing,treven light, can get out. Such a
place is called a black hole. Enigmatically indiffiet to its surroundings, it is a kind of
cosmic Cheshire cat. When the density and gra@tpine sufficiently high, the black hole
winks out and disappears from our universe. Thathg it is called black: no light can
escape from it. On the inside, because the ligtiagped down there, things may be
attractively well-lit. Even if a black hole is irsible from the outside, its gravitational
presence can be palpable. If, on an interstellgage, you are not paying attention, you
can find yourself drawn into it irrevocably, yousdy stretched unpleasantly into a long,
thin thread. But the matter accreting into a disik@unding the black hole would be a sight
worth remembering, in the unlikely case that yorvisced the trip.

Thermonuclear reactions in the solar interior supthe outer layers of the Sun and
postpone for billions of years a catastrophic dgedional collapse. For white dwarfs, the
pressure of the electrons, stripped from their @yblolds the star up. For neutron stars, the
pressure of the neutrons staves off gravity. Butfoelderly star left after supernova
explosions and other impetuosities with more tharesal times the Sun’s mass, there are
no forces known that can prevent collapse. Thesstanks incredibly, spins, reddens and
disappears. A star twenty times the mass of thev8llishrink until it is the size of Greater
Los Angeles; the crushing gravity become¥ 15, and the star slips through a
self-generated crack in the space-time continuudnvanishes from our universe.

Black holes were first thought of by the Englistranomer John Michell in 1783.
But the idea seemed so bizarre that it was gegegabred until quite recently. Then, to
the astonishment of many, including many astronspreridence was actually found for
the existence of black holes in space. The Eaaimssphere is opaque to X-rays. To



determine whether astronomical objects emit suoht stavelengths of light, an X-ray
telescope must be carried aloft. The first X-ragatatory was an admirably international
effort, orbited by the United States from an ltallaunch platform in the Indian Ocean off
the coast of Kenya and named Uhuru, the Swabhilovior ‘freedom’. In 1971, Uhuru
discovered a remarkably bright X-ray source indbestellation of Cygnus, the Swan,
flickering on and off a thousand times a secona Jdurce, called Cygnus X-1, must
therefore be very small. Whatever the reason fffltbker, information on when to turn on
and off can cross Cyg X-1 no faster than the spédéight, 300,000 km/sec. Thus Cyg X-1
can be no larger than [300,000 km/sec] x [(1/ 16@&) = 300 kilometers across.
Something the size of an asteroid is a brillialibking source of X-rays, visible over
interstellar distances. What could it possibly B8 X-1 is in precisely the same place in
the sky as a hot blue supergiant star, which reviesglf in visible light to have a massive
close but unseen companion that gravitationallg iti§irst in one direction and then in
another. The companion’s mass is about ten timreoftthe Sun. The supergiant is an
unlikely source of X-rays, and it is tempting teidify the companion inferred in visible
light with the source detected in X-ray light. Burt invisible object weighing ten times
more than the Sun and collapsed into a volumeileecd an asteroid can only be a black
hole. The X-rays are plausibly generated by fritiiothe disk of gas and dust accreted
around Cyg X-1 from its supergiant companion. O#tars called V861 Scorpii, GX339-4,
SS433, and Circinus X-2 are also candidate blatdsh@assiopeia A is the remnant of a
supernova whose light should have reached the kattie seventeenth century, when
there were a fair number of astronomers. Yet noreperted the explosion. Perhaps, as I. S.
Shklovskii has suggested, there is a black holmgithere, which ate the exploding stellar
core and damped the fires of the supernova. Tgbescn space are the means for checking
these shards and fragments of data that may lsptw, the trail, of the legendary black
hole.

A helpful way to understand black holes is to khétout the curvature of space.
Consider a flat, flexible, lined two-dimensionalfaiwe, like a piece of graph paper made of
rubber. If we drop a small mass, the surface isrde#d or puckered. A marble rolls around
the pucker in an orbit like that of a planet arotimel Sun. In this interpretation, which we
owe to Einstein, gravity is a distortion in theffiglnf space. In our example, we see
two-dimensional space warped by mass into a thiggigal dimension. Imagine we live in
a three-dimensional universe, locally distortedhigtter into a fourth physical dimension
that we cannot perceive directly. The greater dleallmass, the more intense the local
gravity, and the more severe the pucker, distomiowarp of space. In this analogy, a black
hole is a kind of bottomless pit. What happenii fall in? As seen from the outside, you
would take an infinite amount of time to fall irpdause all your clocks - mechanical and
biological would be perceived as having stopped.fium your point of view, all your
clocks would be ticking away normally. If you colddmehow survive the gravitational
tides and radiation flux, and (a likely assumptirihe black hole were rotating, it is just
possible that you might emerge in another parpats-time - somewhere else in space,
somewhere else in time. Such worm holes in spaliledike those in an apple, have been
seriously suggested, although they have by no mesars proved to exist. Might gravity
tunnels provide a kind of interstellar or intergaia subway, permitting us to travel to



inaccessible places much more rapidly than we cioullde ordinary way? Can black holes
serve as time machines, carrying us to the rermaeqr the distant future? The fact that
such ideas are being discussed even semi-serisluslys how surreal the universe may be.
We are, in the most profound sense, children®Qbsmos. Think of the Sun’s
heat on your upturned face on a cloudless sumrdaysthink how dangerous it is to gaze
at the Sun directly. From 150 million kilometersaauwe recognize its power. What
would we feel on its seething self-luminous surfameémmersed in its heart of nuclear
fire? The Sun warms us and feeds us and permitsses. It fecundated the Earth. It is
powerful beyond human experience. Birds greet timeise with an audible ecstasy. Even
some one-celled organisms know to swim to the liGhir ancestors worshiped the Sun,*
and they were far from foolish. And yet the Suansordinary, even a mediocre star. If we
must worship a power greater than ourselves, doeg make sense to revere the Sun and
stars? Hidden within every astronomical investmatsometimes so deeply buried that the
researcher himself is unaware of its presencealiesrnel of awe.

* The early Sumerian pictograph for god was anrtethe symbol of the stars. The Aztec word for
god wasTeotl and its glyph was a representation of the Sup.Agavens were called the Teoatl, the godsea,
the cosmic ocean.

The Galaxy is an unexplored continent filled wikogc beings of stellar
dimensions. We have made a preliminary reconnatssand have encountered some of the
inhabitants. A few of them resemble beings we knOthners are bizarre beyond our most
unconstrained fantasies. But we are at the verinhety of our exploration. Past voyages
of discovery suggest that many of the most intergshhabitants of the galactic continent
remain as yet unknown and unanticipated. Not fésida the Galaxy there are almost
certainly planets, orbiting stars in the Magella@Glouds and in the globular clusters that
surround the Milky Way. Such worlds would offerr@déthtaking view of the Galaxy rising
- an enormous spiral form comprising 400 billioellstr inhabitants, with collapsing gas
clouds, condensing planetary systems, luminousrgigrgs, stable middle-aged stars, red
giants, white dwarfs, planetary nebulae, novaegswgvae, neutron stars and black holes. It
would be clear from such a world, as it is begigrtim be clear from ours, how our matter,
our form and much of our character is determinetheydeep connection between life and
the Cosmos.



CHAPTER X

The Edge of Forever

There is a thing confusedly formed,

Born before Heaven and Earth.

Silent and void

It stands alone and does not change,

Goes round and does not weary.

It is capable of being the mother of the world.

I know not its name

So | style it ‘The Way.’

| give it the makeshift name of ‘The Great.’

Being great, it is further described as receding,

Receding, it is described as far away,

Being far away, it is described as turning back.
- Lao-tse,Tao Te ChingChina, about 600 B.C.)

There is a way on high, conspicuous in the cleavémes, called the Milky Way,
brilliant with its own brightness. By it the gods tp the dwelling of the great
Thunderer and his royal abode . . . Here the famaadsmighty inhabitants of
heaven have their homes. This is the region whiailght make bold to call the
Palatine [Way] of the Great Sky.

- Ovid, MetamorphosegRome, first century)

Some foolish men declare that a Creator made thielwiche doctrine that the
world was created is ill-advised, and should beatgjd. If God created the world,
where was He before creation? . . .How could Gaet imaade the world without
any raw material? If you say He made this first #ren the world, you are faced
with an endless regression . . . Know that the avizrluncreated, as time itself is,
without beginning and end. And it is based on thegples . . .

- The Mahapurana (The Great Legend), Jinasenaa(Indith century)

Ten or twenty billion years ago, something happertbe Big Bang, the event that began
our universe. Why it happened is the greatest myste know.Thatit happened is
reasonably clear. All the matter and energy nothéuniverse was concentrated at
extremely high density - a kind of cosmic egg, mr@sdent of the creation myths of many
cultures - perhaps into a mathematical point waldimensions at all. It was not that all the
matter and energy were squeezed into a minor cofrtee present universe; rather, the
entire universe, matter and energy and the spagefith occupied a very small volume.
There was not much room for events to happen in.

In that titanic cosmic explosion, the universe lmega expansion which has never
ceased. It is misleading to describe the exparidime universe as a sort of distending



bubble viewed from the outside. By definition, nathwe can ever know abowias

outside. It is better to think of it from the insidoerhaps with grid lines imagined to adhere
to the moving fabric of space expanding unifornmhall directions. As space stretched, the
matter and energy in the universe expanded wahdtrapidly cooled. The radiation of the
cosmic fireball, which, then as now, filled the varise, moved through the spectrum - from
gamma rays to X-rays to ultraviolet light; throuble rainbow colors of the visible
spectrum; into the infrared and radio regions. fidmnants of that fireball, the cosmic
background radiation, emanating from all partshef$ky can be detected by radio
telescopes today. In the early universe, spacewiliantly illuminated. As time passed,

the fabric of space continued to expand, the rextiatooled and, in ordinary visible light,
for the first time space became dark, as it isyoda

The early universe was filled with radiation anplenum of matter, originally
hydrogen and helium, formed from elementary paich the dense primeval fireball.
There was very little to see, if there had beerbamyaround to do the seeing. Then little
pockets of gas, small nonuniformities, began towgfbendrils of vast gossamer gas clouds
formed, colonies of great lumbering, slowly spirmthings, steadily brightening, each a
kind of beast eventually to contain a hundreddmillshining points. The largest
recognizable structures in the universe had foriéelsee them today. We ourselves
inhabit some lost corner of one. We call them gekax

About a billion years after the Big Bang, the digition of matter in the universe
had become a little lumpy, perhaps because th&8ing itself had not been perfectly
uniform. Matter was more densely compacted in thasgs than elsewhere. Their gravity
drew to them substantial quantities of nearby gesying clouds of hydrogen and helium
that were destined to become clusters of galagie®ry small initial nonuniformity
suffices to produce substantial condensations dfemiater on.

As the gravitational collapse continued, the pridial galaxies spun increasingly
faster, because of the conservation of angular mame Some flattened, squashing
themselves along the axis of rotation where grasityot balanced by centrifugal force.
These became the first spiral galaxies, greatingtgin-wheels of matter in open space.
Other protogalaxies with weaker gravity or lessahrotation flattened very little and
became the first elliptical galaxies. There arellsingalaxies, as if stamped from the same
mold, all over the Cosmos because these simpledawature - gravity and the
conservation of angular momentum - are the san@val the universe. The physics that
works for falling bodies and pirouetting ice skatdown here in the microcosm of the
Earth makes galaxies up there in the macrocosimeafiniverse.

Within the nascent galaxies, much smaller cloudsevalso experiencing
gravitational collapse; interior temperatures beeagry high, thermonuclear reactions
were initiated, and the first stars turned on. libe massive young stars evolved rapidly,
profligates carelessly spending their capital afregen fuel, soon ending their lives in
brilliant supernova explosions, returning thermdeaacash - helium, carbon, oxygen and
heavier elements - to the interstellar gas for sgbent generations of star formation.
Supernova explosions of massive early stars prablsigecessive overlapping shock waves
in the adjacent gas, compressing the intergalastidium and accelerating the generation
of clusters of galaxies. Gravity is opportunistimplifying even small condensations of



matter. Supernova shock waves may have contriliatadcretions of matter at every scale.
The epic of cosmic evolution had begun, a hierarohize condensation of matter from the
gas of the Big Bang - clusters of galaxies, gakstars, planets, and, eventually, life and
an intelligence able to understand a little ofetegant process responsible for its origin.

Clusters of galaxies fill the universe today. Sareinsignificant, paltry collections
of a few dozen galaxies. The affectionately titleacal Group’ contains only two large
galaxies of any size, both spirals: the Milky Wanda131. Other clusters run to immense
hordes of thousands of galaxies in mutual graaiteti embrace. There is some hint that the
Virgo cluster contains tens of thousands of gakxie

On the largest scale, we inhabit a universe abges, perhaps a hundred billion
exquisite examples of cosmic architecture and desdly order and disorder equally
evident: normal spirals, turned at various angbesur earthly line of sight (face-on we see
the spiral arms, edge-on, the central lanes oagdsdust in which the arms are formed);
barred spirals with a river of gas and dust ansstanning through the center, connecting
the spiral arms on opposite sides; stately gidiptiell galaxies containing more than a
trillion stars which have grown so large becausy thave swallowed and merged with
other galaxies; a plethora of dwarf ellipticals® thalactic midges, each containing some
paltry millions of suns; an immense variety of neysius irregulars, indications that in the
world of galaxies there are places where someth@sggone ominously wrong; and
galaxies orbiting each other so closely that tedges are bent by the gravity of their
companions and in some cases streamers of gasaasduse drawn out gravitationally, a
bridge between the galaxies.

Some clusters have their galaxies arranged imambiguously spherical
geometry; they are composed chiefly of ellipticaféen dominated by one giant elliptical,
the presumptive galactic cannibal. Other clustetls afar more disordered geometry have,
comparatively, many more spirals and irregularda@e collisions distort the shape of an
originally spherical cluster and may also contribtat the genesis of spirals and irregulars
from ellipticals. The form and abundance of theagads have a story to tell us of ancient
events on the largest possible scale, a story /giat beginning to read.

The development of high-speed computers make lplessimerical experiments on
the collective motion of thousands or tens of tlamats of points, each representing a star,
each under the gravitational influence of all tkfeeo points. In some cases, spiral arms
form all by themselves in a galaxy that has alrdattened to a disk. Occasionally a spiral
arm may be produced by the close gravitational emies of two galaxies, each of course
composed of billions of stars. The gas and dusigkly spread through such galaxies will
collide and become warmed. But when two galaxidigleo the stars pass effortlessly by
one another, like bullets through a swarm of bbesause a galaxy is made mostly of
nothing and the spaces between the stars areNastrtheless, the configuration of the
galaxies can be distorted severely. A direct impacbne galaxy by another can send the
constituent stars pouring and careening througdrgatactic space, a galaxy wasted. When
a small galaxy runs into a larger one face-onntmaduce one of the loveliest of the rare
irregulars, a ring galaxy thousands of light-yesgmoss, set against the velvet of
intergalactic space. It is a splash in the galgmied, a temporary configuration of
disrupted stars, a galaxy with a central piece ¢t



The unstructured blobs of irregular galaxies,atras of spiral galaxies and the
torus of ring galaxies exist for only a few franieshe cosmic motion picture, then
dissipate, often to be reformed again. Our sengglaikies as ponderous rigid bodies is
mistaken. They are fluid structures with 100 billistellar components. Just as a human
being, a collection of 100 trillion cells, is typity in a steady state between synthesis and
decay and is more than the sum of its parts, soigla galaxy.

The suicide rate among galaxies is high. Someduyeatamples, tens or hundreds of
millions of light-years away, are powerful sourcés-rays, infrared radiation and radio
waves, have extremely luminous cores and fluctimaleightness on time scales of weeks.
Some display jets of radiation, thousand-light-yleaig plumes, and disks of dust in
substantial disarray. These galaxies are blowieg#elves up. Black holes ranging from
millions to billions of times more massive than Ben are suspected in the cores of giant
elliptical galaxies such as NGC 6251 and M87. Tl®something very massive, very
dense, and very small ticking and purring inside’/M&om a region smaller than the solar
system. A black hole is implicated. Billions ofHigyears away are still more tumultuous
objects, the quasars, which may be the colosséb&rps of young galaxies, the mightiest
events in the history of the universe since theBagg itself.

The word ‘quasar’ is an acronym for ‘quasi-stetkidio source.” After it became
clear that not all of them were powerful radio s&s; they were called QSO’s
(‘quasi-stellar objects’). Because they are starlikappearance, they were naturally
thought to be stars within our own galaxy. But spescopic observations of their red shift
(see below) show them likely to be immense distaaeeay. They seem to partake
vigorously in the expansion of the universe, soeseding from us at more than 90 percent
the speed of light. If they are very far, they mstintrinsically extremely bright to be
visible over such distances; some are as brigattasusand supernovae exploding at once.
Just as for Cyg X-1, their rapid fluctuations shitweir enormous brightness to be confined
to a very small volume, in this case less tharsthe of the solar system. Some remarkable
process must be responsible for the vast outpowfiegergy in a quasar. Among the
proposed explanations are: (1) quasars are moretaons of pulsars, with a rapidly
rotating, supermassive core connected to a stragnetic field; (2) quasars are due to
multiple collisions of millions of stars denselygsad into the galactic core, tearing away
the outer layers and exposing to full view theiditdegree temperatures of the interiors of
massive stars; (3), a related idea, quasars aa®igalin which the stars are so densely
packed that a supernova explosion in one will vigathe outer layers of another and
make it a supernova, producing a stellar chaintimq4) quasars are powered by the
violent mutual annihilation of matter and antimatsmehow preserved in the quasar until
now; (5) a quasar is the energy released whenrghdwst and stars fall into an immense
black hole in the core of such a galaxy, perhagedfithe product of ages of collision and
coalescence of smaller black holes; and (6) quasarsvhite holes,’ the other side of black
holes, a funneling and eventual emergence into viewatter pouring into a multitude of
black holes in other parts of the universe, or @aesther universes.

In considering the quasars, we confront profourydtaries. Whatever the cause of
a quasar explosion, one thing seems clear: suadlenvvevent must produce untold havoc.
In every quasar explosion millions of worlds - somith life and the intelligence to



understand what is happening - may be utterly dgstr. The study of the galaxies reveals
a universal order and beauty. It also shows usthe@iolence on a scale hitherto
undreamed of. That we live in a universe which pesriife is remarkable. That we live in
one which destroys galaxies and stars and worldisessremarkable. The universe seems
neither benign nor hostile, merely indifferent i@ toncerns of such puny creatures as we.

Even a galaxy so seemingly well-mannered as thikeyMVvay has its stirrings and
its dances. Radio observations show two enormausglslof hydrogen gas, enough to
make millions of suns, plummeting out from the gatacore, as if a mild explosion
happened there every now and then. A high-energgrasnical observatory in Earth orbit
has found the galactic core to be a strong souraearticular gamma ray spectral line,
consistent with the idea that a massive black tsoedden there. Galaxies like the Milky
Way may represent the staid middle age in a cootis@volutionary sequence, which
encompasses, in their violent adolescence, quasaisxploding galaxies: because the
guasars are so distant, we see them in their yaatthey were billions of years ago.

The stars of the Milky Way move with systematiagg. Globular clusters plunge
through the galactic plane and out the other sithere they slow, reverse and hurtle back
again. If we could follow the motion of individusdars bobbing about the galactic plane,
they would resemble a froth of popcorn. We haveenseen a galaxy change its form
significantly only because it takes so long to moMee Milky Way rotates once every
quarter billion years. If we were to speed thetiota we would see that the Galaxy is a
dynamic, almost organic entity, in some ways resegmla multi-cellular organism. Any
astronomical photograph of a galaxy is merely g@shat of one stage in its ponderous
motion and evolution.* The inner region of a galaatates as a solid body. But, beyond
that, like the planets around the Sun following le€p third law, the outer provinces rotate
progressively more slowly. The arms have a tendémayind up around the core in an
ever-tightening spiral, and gas and dust accumuladpiral patterns of greater density,
which are in turn the locales for the formatioryoting, hot, bright stars, the stars that
outline the spiral arms. These stars shine fontdiion years or so, a period corresponding
to only 5 percent of a galactic rotation. But as skars that outline a spiral arm burn out,
new stars and their associated nebulae are formseéth¢hind them, and the spiral pattern
persists. The stars that outline the arms do net\v@ieven a single galactic rotation; only
the spiral pattern remains.

* This is not quite true. The near side of a galextens of thousands of light-years closer tchas t
the far side; thus we see the front as it was eétisousands of years before the back. But typeehts in
galactic dynamics occupy tens of millions of yeaisthe error in thinking of an image of a galagyfr@zen
in one moment of time is small.

The speed of any given star around the centereoGtilaxy is generally not the
same as that of the spiral pattern. The Sun hasibeand out of spiral arms often in the
twenty times it has gone around the Milky Way &b Rdometers per second (roughly half
a million miles per hour). On the average, the &oud the planets spend forty million years
in a spiral arm, eighty million outside, anothertyamillion in, and so on. Spiral arms
outline the region where the latest crop of nevdiched stars is being formed, but not



necessarily where such middle-aged stars as thé@&apen to be. In this epoch, we live
between spiral arms.

The periodic passage of the solar system thropghl arms may conceivably have
had important consequences for us. About ten mijears ago, the Sun emerged from the
Gould Belt complex of the Orion Spiral Arm, whichriow a little less than a thousand
light-years away. (Interior to the Orion arm is Begittarius arm; beyond the Orion arm is
the Perseus arm.) When the Sun passes throughabap it is more likely than it is at
present to enter into gaseous nebulae and intarstielst clouds and to encounter objects
of substellar mass. It has been suggested thatdi@ ice ages on our planet, which recur
every hundred million years or so, may be due éankerposition of interstellar matter
between the Sun and the Earth. W. Napier and $eClave proposed that a number of the
moons, asteroids, comets and circumplanetary imtige solar system once freely
wandered in interstellar space until they were wagot as the Sun plunged through the
Orion spiral arm. This is an intriguing idea, altigh perhaps not very likely. But it is
testable. All we need do is procure a sample of, Baobos or a comet and examine its
magnesium isotopes. The relative abundance of nsagnasotopes (all sharing the same
number of protons, but having differing numbersiefitrons) depends on the precise
sequence of stellar nucleosynthetic events, inolythe timing of nearby supernova
explosions, that produced any particular samplaagnesium. In a different corner of the
Galaxy, a different sequence of events should baearred and a different ratio of
magnesium isotopes should prevail.

The discovery of the Big Bang and the recessicdh®falaxies came from a
commonplace of nature called the Doppler effect.aMeused to it in the physics of sound.
An automobile driver speeding by us blows his hameide the car, the driver hears a
steady blare at a fixed pitch. But outside the warhear a characteristic change in pitch.
To us, the sound of the horn elides from high feggpies to low. A racing car traveling at
200 kilometers per hour (120 miles her hour) isxgalmost one-fifth the speed of sound.
Sound is a succession of waves in air, a cresadarmligh, a crest and a trough. The closer
together the waves are, the higher the frequengjytdr; the farther apart the waves are,
the lower the pitch. If the car is racing away fram) it stretches out the sound waves,
moving them, from our point of view, to a lowergditand producing the characteristic
sound with which we are all familiar. If the carneeacing toward us, the sound waves
would be squashed together, the frequency woulddreased, and we would hear a
high-pitched walil. If we knew what the ordinaryghitof the horn was when the car was at
rest, we could deduce its speed blindfolded, frobendhange in pitch.

Light is also a wave. Unlike sound, it travelsfpetly well through a vacuum. The
Doppler effect works here as well. If instead afirst the automobile were for some reason
emitting, front and back, a beam of pure yellovinlighe frequency of the light would
increase slightly as the car approached and decstightly as the car receded. At ordinary
speeds the effect would be imperceptible. If, hosvethe car were somehow traveling at a
good fraction of the speed of light, we would bé&db observe the color of the light
changing toward higher frequency, that is, towdtek pas the car approached us; and
toward lower frequencies, that is, toward redhasdar receded from us. An object
approaching us at very high velocities is perceieedave the color of its spectral lines



blue-shifted. An object receding from us at vergthvelocities has its spectral lines
red-shifted.* This red shift, observed in the spadines of distant galaxies and interpreted
as a Doppler effect, is the key to cosmology.

* The object itself might be any color, even blliae red shift means only that each spectral line
appears at longer wavelengths than when the oisjettrest; the amount of the red shift is propoi both
to the velocity and to the wavelength of the sdditne when the object is at rest.

During the early years of this century, the worldigyest telescope, destined to
discover the red shift of remote galaxies, wasdpbmilt on Mount Wilson, overlooking
what were then the clear skies of Los Angeles. &gigces of the telescope had to be
hauled to the top of the mountain, a job for melts. A young mule skinner named
Milton Humason helped to transport mechanical grtital equipment, scientists,
engineers and dignitaries up the mountain. Humasnrid lead the column of mules on
horseback, his white terrier standing just behireldaddle, its front paws on Humason’s
shoulders. He was a tobacco-chewing roustabouiperls gambler and pool player and
what was then called a ladies’ man. In his forngaioation, he had never gone beyond the
eighth grade. But he was bright and curious andraby inquisitive about the equipment
he had laboriously carted to the heights. Humasas keeping company with the daughter
of one of the observatory engineers, a man whoonadaxeservations about his daughter
seeing a young man who had no higher ambition ttvds@ a mule skinner. So Humason
took odd jobs at the observatory - electricianEstant, janitor, swabbing the floors of the
telescope he had helped to build. One evenind)esstbry goes, the night telescope
assistant fell ill and Humason was asked if he miigjhn. He displayed such skill and care
with the instruments that he soon became a pernméglescope operator and observing
aide.

After World War 1, there came to Mount Wilson th&on-to-be famous Edwin
Hubble - brilliant, polished, gregarious outside #stronomical community, with an
English accent acquired during a single year agiBfischolar at Oxford. It was Hubble
who provided the final demonstration that the $pisdoulae were in fact ‘island universes,’
distant aggregations of enormous numbers of dikesour own Milky Way Galaxy; he
had figured out the stellar standard candle reduwemeasure the distances to the galaxies.
Hubble and Humason hit it off splendidly, a perhapbkely pair who worked together at
the telescope harmoniously. Following a lead byatsteonomer V. M. Slipher at Lowell
Observatory, they began measuring the spectrastdrdigalaxies. It soon became clear that
Humason was better able to obtain high-quality speaf distant galaxies than any
professional astronomer in the world. He becamdl ataff member of the Mount Wilson
Observatory, learned many of the scientific underpigs of his work and died rich in the
respect of the astronomical community.

The light from a galaxy is the sum of the lightiged by the billions of stars within
it. As the light leaves these stars, certain fregies or colors are absorbed by the atoms in
the stars’ outermost layers. The resulting linasniteus to tell that stars millions of
light-years away contain the same chemical elementair Sun and the nearby stars.
Humason and Hubble found, to their amazement tiigespectra of all the distant galaxies



are red-shifted and, still more startling, thatthere distant the galaxy was, the more
red-shifted were its spectral lines.

The most obvious explanation of the red shift wmagrms of the Doppler effect:
the galaxies were receding from us; the more distengalaxy the greater its speed of
recession. But why should the galaxies be flees®yCould there be something special
about our location in the universe, as if the Milkiay had performed some inadvertent but
offensive act in the social life of galaxies? lesed much more likely that the universe
itself was expanding, carrying the galaxies withHtitmason and Hubble, it gradually
became clear, had discovered the Big Bang - itlmobrigin of the universe then at least its
most recent incarnation.

Almost all of modern cosmology - and especially ifhea of an expanding universe
and a Big Bang - is based on the idea that themdtof distant galaxies is a Doppler
effect and arises from their speed of recessiohttgare are other kinds of red shifts in
nature. There is, for example, the gravitationdlshift, in which the light leaving an
intense gravitational field has to do so much workscape that it loses energy during the
journey, the process perceived by a distant obsawa shift of the escaping light to longer
wavelengths and redder colors. Since we think thexg be massive black holes at the
centers of some galaxies, this is a conceivabléaggion of their red shifts. However, the
particular spectral lines observed are often chariatic of very thin, diffuse gas, and not
the astonishingly high density that must prevadmaack holes. Or the red shift might be a
Doppler effect due not to the general expansiah@iuniverse but rather to a more modest
and local galactic explosion. But then we shouldeet as many explosion fragments
traveling toward us as away from us, as many bhifessas red shifts. What we actually see,
however, is almost exclusively red shifts no mattbat distant objects beyond the Local
Group we point our telescopes to.

There is nevertheless a nagging suspicion amamg sstronomers that all may not
be right with the deduction, from the red shiftgyafaxies via the Doppler effect, that the
universe is expanding. The astronomer Halton Apfband enigmatic and disturbing
cases where a galaxy and a quasar, or a pairaftigal that are in apparent physical
association have very different red shifts. Ocazaliy there seems to be a bridge of gas
and dust and stars connecting them. If the red ishifue to the expansion of the universe,
very different red shifts imply very different distces. But two galaxies that are physically
connected can hardly also be greatly separateddamrhn other - in some cases by a billion
light-years. Skeptics say that the associatiomigly statistical: that, for example, a nearby
bright galaxy and a much more distant quasar, bagimg very different red shifts and
very different speeds of recession, are merelydaatally aligned along the line of sight;
that they have no real physical association. Statisgcal alignments must happen by
chance every now and then. The debate centers eth&rtthe number of coincidences is
more than would be expected by chance. Arp pointgher cases in which a galaxy with a
small red shift is flanked by two quasars of laagel almost identical red shift. He believes
the quasars are not at cosmological distancesbigad are being ejected, left and right, by
the ‘foreground’ galaxy; and that the red shifts @ire result of some as-yet-unfathomed
mechanism. Skeptics argue coincidental alignmedtla& conventional Hubble-Humason
interpretation of the red shift. If Arp is righhé exotic mechanisms proposed to explain the



energy source of distant quasars - supernova ceaations, supermassive black holes and
the like - would prove unnecessary. Quasars netthao be very distant. But some other
exotic mechanism will be required to explain the skift. In either case, something very
strange is going on in the depths of space.

The apparent recession of the galaxies, witheadeshift interpreted through the
Doppler effect, is not the only evidence for thg Biang. Independent and quite persuasive
evidence derives from the cosmic black body baakggaadiation, the faint static of radio
waves coming quite uniformly from all directionstive Cosmos at just the intensity
expected in our epoch from the now substantialbjexb radiation of the Big Bang. But
here also there is something puzzling. Observatiotisa sensitive radio antenna carried
near the top of the Earth’s atmosphere in a U-@dair have shown that the background
radiation is, to first approximation, just as irgerin all directions - as if the fireball of the
Big Bang expanded quite uniformly, an origin of tireverse with a very precise symmetry.
But the background radiation, when examined torfprecision, proves to be imperfectly
symmetrical. There is a small systematic effect tballd be understood if the entire Milky
Way Galaxy (and presumably other members of thelL@coup) were streaking toward
the Virgo cluster of galaxies at more than a milliailes an hour (600 kilometers per
second). At such a rate, we will reach it in tefidn years, and extragalactic astronomy
will then be a great deal easier. The Virgo clugeiready the richest collection of
galaxies known, replete with spirals and ellipcahd irregulars, a jewel box in the sky.
But why should we be rushing toward it? George Smaod his colleagues, who made
these high-altitude observations, suggest thauihey Way is being gravitationally
dragged toward the center of the Virgo clustert tha cluster has many more galaxies than
have been detected heretofore; and, most starthagthe cluster is of immense
proportions, stretching across one or two billight-years of space.

The observable universe itself is only a few tehiillions of light-years across and,
if there is a vast supercluster in the Virgo gropgrhaps there are other such superclusters
at much greater distances, which are correspongdimgte difficult to detect. In the
lifetime of the universe there has apparently m@&rbenough time for an initial
gravitational nonuniformity to collect the amourfitneass that seems to reside in the Virgo
supercluster. Thus Smoot is tempted to concludethleaBig Bang was much less uniform
than his other observations suggest, that ther@igiistribution of matter in the universe
was very lumpy. (Some little lumpiness is to beestpd, and indeed even needed to
understand the condensation of galaxies; but ailesp on this scale is a surprise.)
Perhaps the paradox can be resolved by imaginiagtwnore nearly simultaneous Big
Bangs.

If the general picture of an expanding universe amig Bang is correct, we must
then confront still more difficult questions. Whagre conditions like at the time of the Big
Bang? What happened before that? Was there aningnse, devoid of all matter, and then
the matter suddenly created from nothing? How dio&shappen? In many cultures it is
customary to answer that God created the univarsefamothing. But this is mere
temporizing. If we wish courageously to pursuedbestion, we must, of course ask next
where God comes from. And if we decide this to banswerable, why not save a step and
decide that the origin of the universe is an unamnable question? Or, if we say that God



has always existed, why not save a step and conthad the universe has always existed?

Every culture has a myth of the world before doegtand of the creation of the
world, often by the mating of the gods or the hatglof a cosmic egg. Commonly, the
universe is naively imagined to follow human ormaal precedent. Here, for example, are
five small extracts from such myths, at differentdls of sophistication, from the Pacific
Basin:

In the very beginning everything was resting inge¢nal darkness: night oppressed
everything like an impenetrable thicket.
- The Great Father myth of the Aranda people oft@éAustralia

All was in suspense, all calm, all in silence;mtitionless and still; and the expanse
of the sky was empty.
- The Popol Vuh of the Quiché Maya

Na Arean sat alone in space as a cloud that floatsthingness. He slept not, for
there was no sleep; he hungered not, for as yet thas no hunger. So he remained
for a great while, until a thought came to his miHe said to himself, ‘I will make
a thing.’

- A myth from Maiana, Gilbert Islands

First there was the great cosmic egg. Inside tigenexs chaos, and floating in chaos
was Pan Ku, the Undeveloped, the divine Embryo. Rad Ku burst out of the egg,
four times larger than any man today, with a hamamer chisel in his hand with
which he fashioned the world.

- The P’an Ku Myths, China (around third century)

Before heaven and earth had taken form all wasezagd amorphous . . . That
which was clear and light drifted up to become le@awhile that which was heavy
and turbid solidified to become earth. It was veagy for the pure, fine material to
come together, but extremely difficult for the heawrbid material to solidify.
Therefore heaven was completed first and eartmasdishape after. When heaven
and earth were joined in emptiness and all was onght simplicity, then without
having been created things came into being. Thisthve Great Oneness. All things
issued from this Oneness but all became different .

- Huai-nan Tzu, China (around first century B.C.)

These myths are tributes to human audacity. Thef difference between them and our
modern scientific myth of the Big Bang is that sde is self-questioning, and that we can
perform experiments and observations to test aasdBut those other creation stories are
worthy of our deep respect.

Every human culture rejoices in the fact thatereme cycles in nature. But how, it
was thought, could such cycles come about unlesgdtls willed them? And if there are



cycles in the years of humans, might there notylokes in the aeons of the gods? The
Hindu religion is the only one of the world’s grdaiths dedicated to the idea that the
Cosmos itself undergoes an immense, indeed anteéfirumber of deaths and rebirths. It
is the only religion in which the time scales cspend, no doubt by accident, to those of
modern scientific cosmology. Its cycles run fronm otdinary day and night to a day and
night of Brahma, 8.64 billion years long, longeanithe age of the Earth or the Sun and
about half the time since the Big Bang. And theeerauch longer time scales still.

There is the deep and appealing notion that thestse is but the dream of the god
who, after a hundred Brahma years, dissolves hirmdela dreamless sleep. The universe
dissolves with him - until, after another Brahmatcey, he stirs, recomposes himself and
begins again to dream the great cosmic dream. Meai&)\velsewhere, there are an infinite
number of other universes, each with its own gaauaing the cosmic dream. These great
ideas are tempered by another, perhaps still grdaie said that men may not be the
dreams of the gods, but rather that the gods ardrdams of men.

In India there are many gods, and each god hay manifestations. The Chola
bronzes, cast in the eleventh century, includers¢addferent incarnations of the god Shiva.
The most elegant and sublime of these is a reptagsam of the creation of the universe at
the beginning of each cosmic cycle, a motif knowrhee cosmic dance of Shiva. The god,
called in this manifestation Nataraja, the Danceg{has four hands. In the upper right
hand is a drum whose sound is the sound of credtidhe upper left hand is a tongue of
flame, a reminder that the universe, now newlytestawill billions of years from now be
utterly destroyed.

These profound and lovely images are, | like tagme, a kind of premonition of
modern astronomical ideas.* Very likely, the unseehas been expanding since the Big
Bang, but it is by no means clear that it will gooe to expand forever. The expansion may
gradually slow, stop and reverse itself. If thexréess than a certain critical amount of
matter in the universe, the gravitation of the déog galaxies will be insufficient to stop
the expansion, and the universe will run away fereBut if there is more matter than we
can see - hidden away in black holes, say, or irbhbinvisible gas between the galaxies -
then the universe will hold together gravitatiopahd partake of a very Indian succession
of cycles, expansion followed by contraction, unseeupon universe, Cosmos without end.
If we live in such an oscillating universe, thee Big Bang is not the creation of the
Cosmos but merely the end of the previous cycked#struction of the last incarnation of
the Cosmos.

* The dates on Mayan inscriptions also range detpthe past and occasionally far into the future.
One inscription refers to a time more than a milj@ars ago and another perhaps refers to evedA0of
million years ago, although this is in some dispateng Mayan scholars. The events memorializedbeay
mythical, but the time scales are prodigious. Aenihium before Europeans were willing to divest
themselves of the Biblical idea that the world wdsw thousand years old, the Mayans were thinkfng
millions, and the Indians of billions.

Neither of these modern cosmologies may be altegéthour liking. In one, the
universe is created, somehow, ten or twenty bilfiears ago and expands forever, the



galaxies mutually receding until the last one diggys over our cosmic horizon. Then the
galactic astronomers are out of business, the staisand die, matter itself decays and the
universe becomes a thin cold haze of elementaticles. In the other, the oscillating
universe, the Cosmos has no beginning and no eddya are in the midst of an infinite
cycle of cosmic deaths and rebirths with no infararatrickling through the cusps of the
oscillation. Nothing of the galaxies, stars, planéte forms or civilizations evolved in the
previous incarnation of the universe oozes intocthsp, flutters past the Big Bang, to be
known in our present universe. The fate of the erse in either cosmology may seem a
little depressing, but we may take solace in tiretscales involved. These events will
occupy tens of billions of years, or more. Humamge and our descendants, whoever they
might be, can accomplish a great deal in tenslbbis of years, before the Cosmos dies.

If the universe truly oscillates, still strangeregtions arise. Some scientists think
that when expansion is followed by contraction, wttee spectra of distant galaxies are all
blue-shifted, causality will be inverted and efteaitill precede causes. First the ripples
spread from a point on the water’s surface, thiandw a stone into the pond. First the
torch bursts into flame and then 1 light it. We ganhpretend to understand what such
causality inversion means. Will people at suchreetbe born in the grave and die in the
womb? Will time flow backwards? Do these questibage any meaning?

Scientists wonder about what happens in an oBoglainiverse at the cusps, at the
transition from contraction to expansion. Somekhirat the laws of nature are then
randomly reshuffled, that the kind of physics ahdnistry that orders this universe
represent only one of an infinite range of possitatural laws. It is easy to see that only a
very restricted range of laws of nature are coeststith galaxies and stars, planets, life
and intelligence. If the laws of nature are unpettily reassorted at the cusps, then it is
only by the most extraordinary coincidence thatdbemic slot machine has this time come
up with a universe consistent with us.*

* The laws of nature cannot bandomlyreshuffled at the cusps. If the universe has dire@ne
through many oscillations, many possible laws af/gy would have been so weak that, for any givetal
expansion, the universe would not have held togetece the universe stumbles upon such a graoiati
law, it flies apart and has no further opportunityexperience another oscillation and another emnsp
another set of laws of nature. Thus we can dedwee the fact that the universe exists either ddiage, or a
severe restriction on the kinds of laws of natwgeptted in each oscillation. If the laws of physare not
randomly reshuffled at the cusps, there must legjalarity, a set of rules, that determines whietslare
permissible and which are not. Such a set of mit@msd comprise a new physics standing over thetiegis
physics. Our language is impoverished; there seerbe no suitable name for such a new physics. Both
‘paraphysics’ and ‘metaphysics’ have been preempyeather rather different and, quite possibly, Who
irrelevant activities. Perhaps ‘transphysics’ wodtd

Do we live in a universe that expands forever arne in which there is an infinite
set of cycles? There are ways to find out: by mgilkin accurate census of the total amount
of matter in the universe, or by seeing to the eafghe Cosmos.

Radio telescopes can detect very faint, very disihjects. As we look deep into
space we also look far back into time. The neapeasar is perhaps half a billion
light-years away. The farthest may be ten or twelvemore billions. But if we see an



object twelve billion light-years away, we are sggit as it was twelve billion years ago in
time. By looking far out into space we are alsiag far back into time, back toward the
horizon of the universe, back toward the epoclnefBig Bang.

The Very Large Array (VLA) is a collection of twgrseven separate radio
telescopes in a remote region of New Mexico. & ghased array, the individual telescopes
electronically connected, as if it were a singledeope of the same size as its remotest
elements, as if it were a radio telescope tenslafleters across. The VLA is able to
resolve or discriminate fine detail in the radigioas of the spectrum comparable to what
the largest ground-based telescopes can do inptieabregion of the spectrum.

Sometimes such radio telescopes are connectedelggtopes on the other side of
the Earth, forming a baseline comparable to théhEsadiameter - in a certain sense, a
telescope as large as the planet. In the futurmaehave telescopes in the Earth’s orbit,
around toward the other side of the Sun, in effie@dio telescope as large as the inner
solar system. Such telescopes may reveal the altstmicture and nature of quasars.
Perhaps a quasar standard candle will be foundihendistances to the quasars determined
independent of their red shifts. By understandiregdtructure and the red shift of the most
distant quasars it may be possible to see whdtleesxpansion of the universe was faster
billions of years ago, whether the expansion isglg down, whether the universe will one
day collapse.

Modern radio telescopes are exquisitely sensiawdistant quasar is so faint that its
detected radiation amounts perhaps to a quadtitiioha watt. The total amount of energy
from outside the solar system ever received bthalradio telescopes on the planet Earth is
less than the energy of a single snowflake strikiregground. In detecting the cosmic
background radiation, in counting quasars, in seagcfor intelligent signals from space,
radio astronomers are dealing with amounts of gnirat are barely there at all.

Some matter, particularly the matter in the stgi®ys in visible light and is easy to
see. Other matter, gas and dust in the outskingslaixies, for example, is not so readily
detected. It does not give off visible light, altigh it seems to give off radio waves. This is
one reason that the unlocking of the cosmologigaitaries requires us to use exotic
instruments and frequencies different from thebkeslight to which our eyes are sensitive.
Observatories in Earth orbit have found an intetsay glow between the galaxies. It was
first thought to be hot intergalactic hydrogenjmmense amount of it never before seen,
perhaps enough to close the Cosmos and to guartiiatese are trapped in an oscillating
universe. But more recent observations by Ricardani may have resolved the X-ray
glow into individual points, perhaps an immensedeosf distant quasars. They contribute
previously unknown mass to the universe as welleliMine cosmic inventory is completed,
and the mass of all the galaxies, quasars, blales hmtergalactic hydrogen, gravitational
waves and still more exotic denizens of spacensnsed up, we will know what kind of
universe we inhabit.

In discussing the large-scale structure of then@ss astronomers are fond of
saying that space is curved, or that there is ntecéo the Cosmos, or that the universe is
finite but unbounded. Whatever are they talkinguBd.et us imagine we inhabit a strange
country where everyone is perfectly flat. Followiadwin Abbott, a Shakespearean scholar
who lived in Victorian England, we call it FlatlanBome of us are squares; some are



triangles; some have more complex shapes. We sahawt, in and out of our flat
buildings, occupied with our flat businesses artiashwes. Everyone in Flatland has width
and length, but no height whatever. We know abeft{right and forward-back, but have
no hint, not a trace of comprehension, about uprdoexcept for flat mathematicians.
They say, ‘Listen, it's really very easy. Imagiedtiright. Imagine forward-back. Okay, so
far? Now imagine another dimension, at right angbethe other two.” And we say, ‘What
are you talking about? “At right angles to the ottveo!” Thereare only two dimensions.
Point to that third dimension. Where is it?’ So thathematicians, disheartened, amble off.
Nobody listens to mathematicians.

Every square creature in Flatland sees anothers@s merely a short line segment,
the side of the square nearest to him. He carhgeether side of the square only by taking
a short walk. But thensideof a square is forever mysterious, unless somibleaccident
or autopsy breaches the sides and exposes theingarts.

One day a three-dimensional creature - shapedikapple, say - comes upon
Flatland, hovering above it. Observing a partidylattractive and congenial-looking
square entering its flat house, the apple decidesgesture of interdimensional amity, to
say hello. ‘How are you?’ asks the visitor from thed dimension. ‘I am a visitor from the
third dimension.” The wretched square looks abaitlosed house and sees no one. What
is worse, to him it appears that the greeting,rexddrom above, is emanating from his
own flat body, a voice from within. A little insagj he perhaps reminds himself gamely,
runs in the family.

Exasperated at being judged a psychological a@nrdhe apple descends into
Flatland. Now a three-dimensional creature cantgxig-latland, only partially; only a
cross section can be seen, only the points of conii¢h the plane surface of Flatland. An
apple slithering through Flatland would appeatt fas a point and then as progressively
larger, roughly circular slices. The square segsiat appearing in a closed room in his
two-dimensional world and slowly growing into a neacle. A creature of strange and
changing shape has appeared from nowhere.

Rebuffed, unhappy at the obtuseness of the vatytfie apple bumps the square
and sends him aloft, fluttering and spinning irftattmysterious third dimension. At first
the square can make no sense of what is happenisgitterly outside his experience. But
eventually he realizes that he is viewing Flatl&noth a peculiar vantage point: ‘above’. He
can see into closed rooms. He can see into higeflatvs. He is viewing his universe from
a unique and devastating perspective. Travelingugit another dimension provides, as an
incidental benefit, a kind of X-ray vision. Evenliyalike a falling leaf, our square slowly
descends to the surface. From the point of viehiofellow Flatlanders, he has
unaccountably disappeared from a closed room arnddistressingly materialized from
nowhere. ‘For heaven’s sake,’ they say, ‘what’sgeaqed to you?’ ‘I think,” he finds
himself replying, ‘I was “up.” ' They pat him ondsides and comfort him. Delusions
always ran in his family.

In such interdimensional contemplations, we na#de restricted to two
dimensions. We can, following Abbott, imagine a Maf one dimension, where everyone
is a line segment, or even the magical world obzmensional beasts, the points. But
perhaps more interesting is the question of higieensions. Could there be a fourth



physical dimension?*

* |f a fourth-dimensional creature existed it cautdour three-dimensional universe, appear and
dematerialize at will, change shape remarkablylplis out of locked rooms and make us appear from
nowhere. It could also turn us inside out. Themsaveral ways in which we can be turned insidetbat
least pleasant would result in our viscera andmaleorgans being on the outside and the entirenGes
glowing intergalactic gas, galaxies, planets, etving - on the inside. | am not sure | like theade

We can imagine generating a cube in the followirywl ake a line segment of a
certain length and move it an equal length at ragigles to itself. That makes a square.
Move the square an equal length at right anglésétf, and we have a cube. We
understand this cube to cast a shadow, which wallysiraw as two squares with their
vertices connected. If we examine the shadow afbe in two dimensions, we notice that
not all the lines appear equal, and not all thdeangre right angles. The three-dimensional
object has not been perfectly represented inatsstrguration into two dimensions. This is
the cost of losing a dimension in the geometricajgetion. Now let us take our
three-dimensional cube and carry it, at right asgpeitself, through a fourth physical
dimension: not left-right, not forward-back, notdpwn, but simultaneously at right angles
to all those directions. | cannot show you whagdion that is, but | can imagine it to exist.
In such a case, we would have generated a fourrdiimeal hypercube, also called a
tesseract. | cannot show you a tesseract, becaaiseanrapped in three dimensions. But
what | can show you is the shadow in three dimerssaf a tesseract. It resembles two
nested cubes, all the vertices connected by |Befsfor a real tesseract, in four dimensions,
all the lines would be of equal length and all aimgles would be right angles.

Imagine a universe just like Flatland, except thidieknownst to the inhabitants,
their two-dimensional universe is curved throughied physical dimension. When the
Flatlanders take short excursions, their univessé&d flat enough. But if one of them takes
a long enough walk along what seems to be a pbrfgicaight line, he uncovers a great
mystery: although he has not reached a barriehaaaever turned around, he has
somehow come back to the place from which he stares two-dimensional universe
must have been warped, bent or curved through &enyss third dimension. He cannot
imagine that third dimension, but he can dedudadtease all dimensions in this story by
one, and you have a situation that may apply to us.

Where is the center of the Cosmos? Is there a@ &dipe universe? What lies
beyond that? In a two-dimensional universe, cuthedugh a third dimension, theiseno
center - at least not on the surface of the spfére center of such a universe is mothat
universe; it lies, inaccessible, in the third disien,insidethe sphere. While there is only
so much area on the surface of the sphere, thageaslge to this universe - it is finite but
unbounded. And the question of what lies beyondaaningless. Flat creatures cannot, on
their own, escape their two dimensions.

Increase all dimensions by one, and you haveithati®n that may apply to us: the
universe as a four-dimensional hypersphere witbemter and no edge, and nothing
beyond. Why do all the galaxies seem to be runaimgy fromus? The hypersphere is
expanding from a point, like a four-dimensionallbah being inflated, creating in every



instant more space in the universe. Sometime tifteexpansion begins, galaxies condense
and are carried outward on the surface of the lsgh@re. There are astronomers in each
galaxy, and the light they see is also trappedercurved surface of the hypersphere. As
the sphere expands, an astronomer in any galakyhwk all the other galaxies are

running away from him. There are no privileged refice frames.* The farther away the
galaxy, the faster its recession. The galaxiegareedded in, attached to space, and the
fabric of space is expanding. And to the questi@here in the present universe did the Big
Bang occur? the answer is clearly, everywhere.

* The view that the universe looks by and largeghme no matter from where we happen to view it
was first proposed, so far as we know, by Giordanmo.

If there is insufficient matter to prevent the wemse from expanding forever, it
must have an open shape, curved like a saddleavathiface extending to infinity in our
three-dimensional analogy. If there is enough mgatten it has a closed shape, curved like
a sphere in our three-dimensional analogy. If thigarse is closed, light is trapped within
it. In the 1920’s, in a direction opposite to M&bservers found a distant pair of spiral
galaxies. Was it possible, they wondered, that thene seeing the Milky Way and M31
from the other direction - like seeing the backofir head with light that has
circumnavigated the universe? We now know thauttieerse is much larger than they
imagined in the 1920’s. It would take more thandbe of the universe for light to
circumnavigate it. And the galaxies are youngen tin@ universe. But if the Cosmos is
closed and light cannot escape from it, then it imaperfectly correct to describe the
universe as a black hole. If you wish to know wih& like inside a black hole, look around
you.

We have previously mentioned the possibility ofmvboles to get from one place
in the universe to another without covering thermtning distance - through a black hole.
We can imagine these wormholes as tubes runniogghra fourth physical dimension.
We do not know that such wormholes exist. But &tldo, must they always hook up with
another place in our universe? Or is it just pdedifiat wormholes connect with other
universes, places that would otherwise be foravacdessible to us? For all we know, there
may be many other universes. Perhaps they areme sense, nested within one another.

There is an idea - strange, haunting, evocatoee-of the most exquisite
conjectures in science or religion. It is entirelydemonstrated; it may never be proved.
But it stirs the blood. There is, we are told, afinite hierarchy of universes, so that an
elementary particle, such as an electron, in oiweuse would, if penetrated, reveal itself to
be an entire closed universe. Within it, organized the local equivalent of galaxies and
smaller structures, are an immense number of atiech tinier elementary particles,
which are themselves universe at the next level,sanon forever - an infinite downward
regression, universes within universes, endlegsig. upward as well. Our familiar
universe of galaxies and stars, planets and pewpl@d be a single elementary patrticle in
the next universe up, the first step of anotheanitd regress.

This is the only religious idea | know that suigesthe endless number of infinitely
old cycling universes in Hindu cosmology. What wbthose other universes be like?



Would they be built on different laws of physics®¥d they have stars and galaxies and
worlds, or something quite different? Might theydmanpatible with some unimaginably
different form of life? To enter them, we would seimw have to penetrate a fourth
physical dimension - not an easy undertaking, guret perhaps a black hole would

provide a way. There may be small black holes ensthlar neighborhood. Poised at the
edge of forever, we would jump off.



CHAPTER XI

The Persistence of Memory

Now that the destinies of Heaven and Earth hava beed;
Trench and canal have been given their proper epurs
The banks of the Tigris and the Euphrates have bs&blished;
What else shall we do?
What else shall we create?
Oh Anunaki, you great gods of the sky, what elsdl ste do?
- The Assyrian account of the creation of Man, 800.

When he, whoever of the gods it was, had thus gedm order and resolved that
chaotic mass, and reduced it, thus resolved, tmicgsarts, he first moulded the
Earth into the form of a mighty ball so that it inidpe of like form on every side . . .
And, that no region might be without its own forofsaanimate life, the stars and
divine forms occupied the floor of heaven, thefedido the shining fishes for their
home, Earth received the beasts, and the mobiteabirds . . . Then Man was
born: . . . though all other animals are prone, fantheir gaze upon the earth, he
gave to Man an uplifted face and bade him stanct ared turn his eyes to heaven.

- Ovid, Metamorphosedirst century

In the great cosmic dark there are countless atadgplanets both younger and older than
our solar system. Although we cannot yet be certhimsame processes that led on Earth
to the evolution of life and intelligence should/edeen operating throughout the Cosmos.
There may be a million worlds in the Milky Way Gg&jaalone that at this moment are
inhabited by beings who are very different fromarsd far more advanced. Knowing a
great deal is not the same as being smart; indeltig is not information alone but also
judgment, the manner in which information is conaded and used. Still, the amount of
information to which we have access is one indexurfintelligence. The measuring rod,
the unit of information, is something called a(fitr binary digit). It is an answer - either
yes or no - to an unambiguous question. To spedigther a lamp is on or off requires a
single bit of information. To designate one letiat of the twenty-six in the Latin alphabet
takes five bits (2= 2 x 2 x 2 x 2 x 2 = 32, which is more than ZB)e verbal information
content of this book is a little less than ten imillbits, 16. The total number of bits that
characterizes an hour-long television program @uatd? The information in the words
and pictures of different books in all the librarien the Earth is something like*tor 10
bits.* Of course much of it is redundant. Such enbar calibrates crudely what humans
know. But elsewhere, on older worlds, where life baolved billions of years earlier than
on Earth, perhaps they know?@its or 18° - not just more information but significantly
different information.

* Thus all of the books in the world contain no manformation than is broadcast as video in a
single large American city in a single year. Notogts have equal value.



Of those million worlds inhabited by advanced ilgeincies, consider a rare planet,
the only one in its system with a surface ocedigafd water. In this rich aquatic
environment, many relatively intelligent creatuligs - some with eight appendages for
grasping; others that communicate among themsbélvetanging an intricate pattern of
bright and dark mottling on their bodies; even elelttle creatures from the land who
make brief forays into the ocean in vessels of woochetal. But we seek the dominant
intelligences, the grandest creatures on the plémesentient and graceful masters of the
deep ocean, the great whales.

They are the largest animals* ever to evolve orpthaet Earth, larger by far than
the dinosaurs. An adult blue whale can be thirtyemselong and weigh 150 tons. Many,
especially the baleen whales, are placid browséianing through vast volumes of ocean
for the small animals on which they graze; othatsfish and krill. The whales are recent
arrivals in the ocean. Only seventy million yeage #gheir ancestors were carnivorous
mammals who migrated in slow steps from the lamal the ocean. Among the whales,
mothers suckle and care tenderly for their offgprifhere is a long childhood in which the
adults teach the young. Play is a typical pastiiese are all mammalian characteristics,
all important for the development of intelligentrgs.

* Some sequoia trees are both larger and more veabgn any whale.

The sea is murky. Sight and smell, which work i@lmammals on the land, are
not of much use in the depths of the ocean. Thosestors of the whales who relied on
these senses to locate a mate or a baby or a prefidinot leave many offspring. So
another method was perfected by evolution; it wailgserbly well and is central to any
understanding of the whales: the sense of soundeSdale sounds are called songs, but
we are still ignorant of their true nature and niegnThey range over a broad band of
frequencies, down to well below the lowest sourahithiman ear can detect. A typical
whale song lasts for perhaps fifteen minutes; dngést, about an hour. Often it is repeated,
identically, beat for beat, measure for measurts fay note. Occasionally a group of
whales will leave their winter waters in the midéta song and six months later return to
continue at precisely the right note, as if thexd heen no interruption. Whales are very
good at remembering. More often, on their retune,tocalizations have changed. New
songs appear on the cetacean hit parade.

Very often the members of the group will sing sa@ne song together. By some
mutual consensus, some collaborative songwritimgpiece changes month by month,
slowly and predictably. These vocalizations are glem If the songs of the humpback
whale are enunciated as a tonal language, theinddamation content, the number of bits
of information in such songs, is somé bits, about the same as the information content of
thelliad or theOdysseyWe do not know what whales or their cousins thiplins have to
talk or sing about. They have no manipulative osgdmey make no engineering constructs,
but they are social creatures. They hunt, swirh, fisowse, frolic, mate, play, run from
predators. There may be a great deal to talk about.



The primary danger to the whales is a newcomeupatart animal, only recently,
through technology, become competent in the oceaasature that calls itself human. For
99.99 percent of the history of the whales, theeeewno humans in or on the deep oceans.
During this period the whales evolved their extdaoary audio communication system.
The finbacks, for example, emit extremely loud stsuat a frequency of twenty Hertz,
down near the lowest octave on the piano keybogkd-ertz is a unit of sound frequency
that represents one sound wave, one crest andaughf entering your ear every second.)
Such low-frequency sounds are scarcely absorb#eincean. The American biologist
Roger Payne has calculated that using the deep soemd channel, two whales could
communicate with each other at twenty Hertz esalyptinywhere in the world. One might
be off the Ross Ice Shelf in Antarctica and comroat@ with another in the Aleutians. For
most of their history, the whales may have esthbtisa global communications network.
Perhaps when separated by 15,000 kilometers,\thealizations are love songs, cast
hopefully into the vastness of the deep.

For tens of millions of years these enormous|ligent, communicative creatures
evolved with essentially no natural enemies. Tiendevelopment of the steamship in the
nineteenth century introduced an ominous soure®iske pollution. As commercial and
military vessels became more abundant, the noislkegbaund in the oceans, especially at a
frequency of twenty Hertz, became noticeable. Whatanmunicating across the oceans
must have experienced increasingly greater diffiesll The distance over which they could
communicate must have decreased steadily. Two bBdngrars ago, a typical distance
across which finbacks could communicate was perbh@@00 kilometers. Today, the
corresponding number is perhaps a few hundred kilera. Do whales know each other's
names? Can they recognize each other as individyasunds alone? We have cut the
whales off from themselves. Creatures that comnat@d:for tens of millions of years have
now effectively been silenced.*

* There is a curious counterpoint to this storyeheferred radio channel for interstellar
communication with other technical civilizationsnisar a frequency of 1.42 billion Hertz, markedalmadio
spectral line of hydrogen, the most abundant atothe Universe. We are just beginning to listereter
signals of intelligent origin. But the frequencynibais being increasingly encroached upon by cividad
military communications traffic on Earth, and notyby the major powers. We are jamming the intdiast
channel. Uncontrolled growth of terrestrial radictinology may prevent us from ready communicatiith w
intelligent beings on distant worlds. Their songsyrgo unanswered because we have not the willntrao
our radio-frequency pollution and listen.

And we have done worse than that, because thesesseto this day a traffic in the
dead bodies of whales. There are humans who hdnglanghter whales and market the
products for lipstick or industrial lubricant. Mangtions understand that the systematic
murder of such intelligent creatures is monstrous the traffic continues, promoted
chiefly by Japan, Norway and the Soviet Union. Wenhns, as a species, are interested in
communication with extraterrestrial intelligenceoWitl not a good beginning be improved
communication with terrestrial intelligence, witther human beings of different cultures
and languages, with the great apes, with the dadphiut particularly with those intelligent
masters of the deep, the, great whales?



For a whale to live there are many things it nkustw how to do. This knowledge
is stored in its genes and in its brain. The geneformation includes how to convert
plankton into blubber; or how to hold your breathaodive one kilometer below the
surface. The information in the brain, the learimédrmation, includes such things as who
your mother is, or the meaning of the song youha@aing just now. The whale, like all the
other animals on the Earth, has a gene librarysdngin library.

The genetic material of the whale, like the genetaterial of human beings, is
made of nucleic acids, those extraordinary moleco#pable of reproducing themselves
from the chemical building blocks that surroundnth@nd of turning hereditary
information into action. For example, one whaleyeng, identical to one you have in every
cell of your body, is called hexokinase, the fostnore than two dozen enzyme-mediated
steps required to convert a molecule of sugar nbthfrom the plankton in the whale's diet
into a little energy - perhaps a contribution tsiregle low-frequency note in the music of
the whale.

The information stored in the DNA double helixaofvhale or a human or any other
beast or vegetable on Earth is written in a langu#Edour letters - the four different kinds
of nucleotides, the molecular components that nugkBNA. How many bits of
information are contained in the hereditary materiaarious life forms? How many
yes/no answers to the various biological questayaswritten in the language of life? A
virus needs about 10,000 bits - roughly equivalerthe amount of information on this
page. But the viral information is simple, excegtlrcompact, extraordinarily efficient.
Reading it requires very close attention. Thesdlaénstructions it needs to infect some
other organism and to reproduce itself - the ohiggs that viruses are any good at. A
bacterium uses roughly a million bits of informatiowhich is about 100 printed pages.
Bacteria have a lot more to do than viruses. Urtlieeviruses, they are not thoroughgoing
parasites. Bacteria have to make a living. Ancea-8wimming one-celled amoeba is much
more sophisticated; with about four hundred millmts in its DNA, it would require some
eighty 500-page volumes to make another amoeba.

A whale or a human being needs something likeHillon bits. The 5 x 1dbits of
information in our encyclopaedia of life - in theateus of each of our cells - if written out
in, say, English, would fill a thousand volumeseBwone of your hundred trillion cells
contains a complete library of instructions on townake every part of you. Every cell in
your body arises by successive cell divisions feogingle cell, a fertilized egg generated
by your parents. Every time that cell divided,hie tnhany embryological steps that went
into making you, the original set of genetic instrons was duplicated with great fidelity.
So your liver cells have some unemployed knowleatgsut how to make your bone cells,
and vice versa. The genetic library contains evngtyour body knows how to do on its
own. The ancient information is written in exhausticareful, redundant detail - how to
laugh, how to sneeze, how to walk, how to recogpatterns, how to reproduce, how to
digest an apple.

Eating an apple is an immensely complicated psodedact, if | had to synthesize
my own enzymes, if tonsciouslyhad to remember and direct all the chemical steps
required to get energy out of food, | would prolyadthrve. But even bacteria do anaerobic
glycolysis, which is why apples rot: lunchtime fbe microbes. They and we and all



creatures in between possess many similar gemstizictions. Our separate gene libraries
have many pages in common, another reminder of@wmon evolutionary heritage. Our
technology can duplicate only a tiny fraction of ihtricate biochemistry that our bodies
effortlessly perform: we have only just begun tadstthese processes. Evolution, however,
has had billions of years of practice. DNA knows.

But suppose what you had to do was so complidhedceven several billion bits
was insufficient. Suppose the environment was cingngp fast that the precoded genetic
encyclopaedia, which served perfectly well befaras no longer entirely adequate. Then
even a gene library of 1,000 volumes would notieugh. That is why we have brains.

Like all our organs, the brain has evolved, insiegin complexity and information
content, over millions of years. Its structureeets all the stages through which it has
passed. The brain evolved from the inside out. Dregde is the oldest part, the brainstem,
which conducts the basic biological functions, uthg the rhythms of life - heartbeat and
respiration. According to a provocative insightPgul MacLean, the higher functions of
the brain evolved in three successive stages. @gjpe brainstem is the R-complex, the
seat of aggression, ritual, territoriality and sbtiierarchy, which evolved hundreds of
millions of years ago in our reptilian ancestorsep inside the skull of every one of us
there is something like the brain of a crocodilerr8unding the R-complex is the limbic
system or mammalian brain, which evolved tens diions of years ago in ancestors who
were mammals but not yet primates. It is a majare®of our moods and emotions, of our
concern and care for the young.

And finally, on the outside, living in uneasy teuwith the more primitive brains
beneath, is the cerebral cortex, which evolvediomdl of years ago in our primate
ancestors. The cerebral cortex, where mattermnsfioamed into consciousness, is the point
of embarkation for all our cosmic voyages. Compgsnore than two-thirds of the brain
mass, it is the realm of both intuition and critiaaalysis. It is here that we have ideas and
inspirations, here that we read and write, herewlgado mathematics and compose music.
The cortex regulates our conscious lives. It isdiséinction of our species, the seat of our
humanity. Civilization is a product of the cerebraltex.

The language of the brain is not the DNA languaigthe genes. Rather, what we
know is encoded in cells called neurons - microsrefectrochemical switching elements,
typically a few hundredths of a millimeter acroSach of us has perhaps a hundred billion
neurons, comparable to the number of stars in tileyMvay Galaxy. Many neurons have
thousands of connections with their neighbors. &laee something like a hundred trillion,
10", such connections in the human cerebral cortex.

Charles Sherrington imagined the activities indbeebral cortex upon awakening:

[The cortex] becomes now a sparkling field of rmgth flashing points with trains
of traveling sparks hurrying hither and thithereTtrain is waking and with it the
mind is returning. It is as if the Milky Way entdrapon some cosmic dance.
Swiftly the [cortex] becomes an enchanted loom wireillions of flashing shuttles
weave a dissolving pattern, always a meaningfukpathough never an abiding
one; a shifting harmony of sub-patterns. Now asathking body rouses,
sub-patterns of this great harmony of activitytstiedown into the unlit tracks of



the [lower brain]. Strings of flashing and travelisparks engage the links of it.
This means that the body is up and rises to meetaking day.

Even in sleep, the brain is pulsing, throbbing iashing with the complex business of
human life - dreaming, remembering, figuring thirogs. Our thoughts, visions and
fantasies have a physical reality. A thought is enafdhundreds of electrochemical
impulses. If we were shrunk to the level of themas, we might witness elaborate,
intricate, evanescent patterns. One might be theksd a memory of the smell of lilacs on
a country road in childhood. Another might be mdran anxious all-points bulletin:
‘Where did | leave the keys?’

There are many valleys in the mountains of thedmnionvolutions that greatly
increase the surface area available in the cerebrtdx for information storage in a skull
of limited size. The neurochemistry of the braimssonishingly busy, the circuitry of a
machine more wonderful than any devised by hunfaasthere is no evidence that its
functioning is due to anything more than thé*r@eural connections that build an elegant
architecture of consciousness. The world of thouggttvided roughly into two
hemispheres. The right hemisphere of the cerebréxis mainly responsible for pattern
recognition, intuition, sensitivity, creative inkitg. The left hemisphere presides over
rational, analytical and critical thinking. Thege #he dual strengths, the essential
opposites, that characterize human thinking. Tagethey provide the means both for
generating ideas and for testing their validitycgktinuous dialogue is going on between
the two hemispheres, channeled through an immans#id of nerves, the corpus callosum,
the bridge between creativity and analysis, botwlith are necessary to understand the
world.

The information content of the human brain expedsa bits is probably
comparable to the total number of connections antibageurons - about a hundred trillion,
10, bits. If written out in English, say, that infoation would fill some twenty million
volumes, as many as in the world's largest libsafide equivalent of twenty million books
is inside the heads of every one us. The brairverybig place in a very small space. Most
of the books in the brain are in the cerebral sof®wn in the basement are the functions
our remote ancestors mainly depended on - aggressidd-rearing, fear, sex, the
willingness to follow leaders blindly. Of the higherain functions, some - reading, writing,
speaking - seem to be localized in particular dandhe cerebral cortex. Memories, on the
other hand, are stored redundantly in many loc#issich a thing as telepathy existed, one
of its glories would be the opportunity for eachusfto read the books in the cerebral
cortices of our loved ones. But there is no compgkvidence for telepathy, and the
communication of such information remains the tafsértists and writers.

The brain does much more than recollect. It coegpaynthesizes, analyzes,
generates abstractions. We must figure out mucle than our genes can know. That is
why the brain library is some ten thousand timegdathan the gene library. Our passion
for learning, evident in the behavior of every tleddis the tool for our survival. Emotions
and ritualized behavior patterns are built deepty us. They are part of our humanity. But
they are notharacteristicallyhuman. Many other animals have feelings. What



distinguishes our species is thought. The ceredardéx is a liberation. We need no longer
be trapped in the genetically inherited behavidtgoas of lizards and baboons. We are,
each of us, largely responsible for what gets piat our brains, for what, as adults, we
wind up caring for and knowing about. No longettet mercy of the reptile brain, we can
change ourselves.

Most of the world's great cities have grown hapindly, little by little, in response
to the needs of the moment; very rarely is a digywped for the remote future. The
evolution of a city is like the evolution of thedim: it develops from a small center and
slowly grows and changes, leaving many old paitt@tctioning. There is no way for
evolution to rip out the ancient interior of thelor because of its imperfections and replace
it with something of more modern manufacture. Ttaérbmust function during the
renovation. That is why the brainstem is surroungyethe R-complex, then the limbic
system and finally the cerebral cortex. The oldgare in charge of too many fundamental
functions for them to be replaced altogether. ®y thheeze along, out-of-date and
sometimes counterproductive, but a necessary caaseq of our evolution.

In New York City, the arrangement of many of thajon streets dates to the
seventeenth century, the stock exchange to théesigtih century, the waterworks to the
nineteenth, the electrical power system to the tigm The arrangement might be more
efficient if all civic systems were constructedoarallel and replaced periodically (which is
why disastrous fires - the great conflagrationkaidon and Chicago, for example - are
sometimes an aid in city planning). But the slowration of new functions permits the city
to work more or less continuously through the ceetu In the seventeenth century you
traveled between Brooklyn and Manhattan acros&#st River by ferry. In the nineteenth
century, the technology became available to coos&risuspension bridge across the river.
It was built precisely at the site of the ferryntémal, both because the city owned the land
and because major thoroughfares were already cgingeon the pre-existing ferry service.
Later when it was possible to construct a tunnelearthe river, it too was built in the same
place for the same reasons, and also becauseaaalioned precursors of tunnels, called
caissons, had already been emplaced during thérgotsn of the bridge. This use and
restructuring of previous systems for new purpaeseery much like the pattern of
biological evolution.

When our genes could not store all the informatiecessary for survival, we
slowly invented brains. But then the time camehpps ten thousand years ago, when we
needed to know more than could conveniently beaioet in brains. So we learned to
stockpile enormous quantities of information ougstdir bodies. We are the only species
on the planet, so far as we know, to have inveatedmmunal memory stored neither in
our genes nor in our brains. The warehouse ofrtiegmory is called the library.

A book is made from a tree. It is an assembladgagfflexible parts (still called
‘leaves’) imprinted with dark pigmented squiggl€se glance at it and you hear the voice
of another person - perhaps someone dead for thdsigd years. Across the millennia, the
author is speaking, clearly and silently, insidenoead, directly to you. Writing is perhaps
the greatest of human inventions, binding togepleaple, citizens of distant epochs, who
never knew one another. Books break the shacklesef proof that humans can work
magic.



Some of the earliest authors wrote on clay. Coneifwriting, the remote ancestor
of the Western alphabet, was invented in the Naat &bout 5,000 years ago. Its purpose
was to keep records: the purchase of grain, tleecgdind, the triumphs of the king, the
statutes of the priests, the positions of the sthesprayers to the gods. For thousands of
years, writing was chiseled into clay and stonggtsbed onto wax or bark or leather;
painted on bamboo or papyrus or silk - but always copy at a time and, except for the
inscriptions on monuments, always for a tiny realdigr. Then in China between the second
and sixth centuries, paper, ink and printing wiiinved wooden blocks were all invented,
permitting many copies of a work to be made anttiliged. It took a thousand years for
the idea to catch on in remote and backward EurbDpen, suddenly, books were being
printed all over the world. Just before the inventof movable type, around 1450, there
were no more than a few tens of thousands of bwo&t of Europe, all handwritten; about
as many as in China in 100 B.C., and a tenth ayaain the Great Library of Alexandria.
Fifty years later, around 1500, there were teniomilprinted books. Learning had become
available to anyone who could read. Magic was evbeye.

More recently, books, especially paperbacks, hees printed in massive and
inexpensive editions. For the price of a modestliy@a can ponder the decline and fall of
the Roman Empire, the origin of species, the imagtion of dreams, the nature of things.
Books are like seeds. They can lie dormant foruséeg and then flower in the most
unpromising soil.

The great libraries of the world contain millioolsvolumes, the equivalent of about
10" bits of information in words, and perhaps=lifits in pictures. This is ten thousand
times more information than in our genes, and abautimes more than in our brains. If |
finish a book a week, | will read only a few thonddooks in my lifetime, about a tenth of
a percent of the contents of the greatest librariesir time. The trick is to know which
books to read. The information in books is not ppgpammed at birth but constantly
changed, amended by events, adapted to the woisdhdw twenty-three centuries since
the founding of the Alexandrian Library. If therem no books, no written records, think
how prodigious a time twenty-three centuries wdadd With four generations per century,
twenty-three centuries occupies almost a hundraedrgéions of human beings. If
information could be passed on merely by word ofithphow little we should know of our
past, how slow would be our progress! Everythingidaepend on what ancient findings
we had accidentally been told about, and how atetin@ account was. Past information
might be revered, but in successive retellingsoitild become progressively more muddled
and eventually lost. Books permit us to voyageufgrotime, to tap the wisdom of our
ancestors. The library connects us with the insiginid knowledge, painfully extracted
from Nature, of the greatest minds that ever werith the best teachers, drawn from the
entire planet and from all of our history, to ingtrus without tiring, and to inspire us to
make our own contribution to the collective knowgedf the human species. Public
libraries depend on voluntary contributions. | ththe health of our civilization, the depth
of our awareness about the underpinnings of oduiibnd our concern for the future can
all be tested by how well we support our libraries.

Were the Earth to be started over again withtsibhysical features identical, it is



extremely unlikely that anything closely resemblanguman being would ever again
emerge. There is a powerful random character tevb&itionary process. A cosmic ray
striking a different gene, producing a differenttation, can have small consequences early
but profound consequences late. Happenstance ragyamowerful role in biology, as it
does in history. The farther back the critical égesccur, the more powerfully can they
influence the present.

For example, consider our hands. We have fivesfisgncluding one opposable
thumb. They serve us quite well. But | think we \ebbe served equally well with six
fingers including a thumb, or four fingers includia thumb, or maybe five fingers and two
thumbs. There is nothing intrinsically best about particular configuration of fingers,
which we ordinarily think of as so natural and iiteble. We have five fingers because we
have descended from a Devonian fish that had finaégmges or bones in its fins. Had we
descended from a fish with four or six phalangesweuld have four or six fingers on each
hand and would think them perfectly natural. We h&se ten arithmetic only because we
have ten fingers on our hands.* Had the arrangebmes otherwise, we would use base
eight or base twelve arithmetic and relegate baséa the New Math. The same point
applies, | believe, to many more essential asp#atsir being - our hereditary material, our
internal biochemistry, our form, stature, organteyss, loves and hates, passions and
despairs, tenderness and aggression, even outiealghrocesses - all of these are, at least
in part, the result of apparently minor accidentsur immensely long evolutionary history.
Perhaps if one less dragonfly had drowned in thlb&@uaferous swamps, the intelligent
organisms on our planet today would have feathaide@ach their young in rookeries. The
pattern of evolutionary causality is a web of ailimg complexity; the incompleteness of
our understanding humbles us.

* The arithmetic based on the number 5 or 10 sesm@bvious that the ancient Greek equivalent of
‘to count’ literally means ‘to five.’

Just sixty-five million years ago our ancestorsevdie most unprepossessing of
mammals - creatures with the size and intelligerfacaoles or tree shrews. It would have
take a very audacious biologist to guess that anahals would eventually produce the
line that dominates the Earth today. The Earth thas full of awesome, nightmarish
lizards - the dinosaurs, immensely successful agreat which filled virtually every
ecological niche. There were swimming reptilesintyreptiles, and reptiles - some as tall
as a six-story building - thundering across the faicthe Earth. Some of them had rather
large brains, an upright posture and two littlefregs very much like hands, which they
used to catch small, speedy mammals - probablydied) our distant ancestors - for dinner.
If such dinosaurs had survived, perhaps the dorhinglligent species on our planet today
would be four meters tall with green skin and shagth, and the human form would be
considered a lurid fantasy of saurian sciencedirctBut the dinosaurs did not survive. In
one catastrophic event all of them and many, perhagst, of the other species on the
Earth, were destroyed.* But not the tree shrews.themmammals. They survived.

* A recent analysis suggests that 96 per centldhalspecies in the oceans may have died at this



time. With such an enormous extinction rate, tiganisms of today can have evolved from only a sarall
unrepresentative sampling of the organisms theatlin late Mesozoic times.

No one knows what wiped out the dinosaurs. Oneauiaidea is that it was a
cosmic catastrophe, the explosion of a nearby staupernova like the one that produced
the Crab Nebula. If there were by chance a supermthin ten or twenty light-years of
the solar system some sixty-five million years agwould have sprayed an intense flux of
cosmic rays into space, and some of these, entémangarth's envelope of air, would have
burned the atmospheric nitrogen. The oxides obgén thus generated would have
removed the protective layer of ozone from the ajphere, increasing the flux of solar
ultraviolet radiation at the surface and frying andtating the many organisms imperfectly
protected against intense ultraviolet light. Sorh#hose organisms may have been staples
of the dinosaur diet.

The disaster, whatever it was, that cleared thes#iurs from the world stage
removed the pressure on the mammals. Our ancesidomger had to live in the shadow
of voracious reptiles. We diversified exuberanthg dlourished. Twenty million years ago,
our immediate ancestors probably still lived in ties, later descending because the
forests receded during a major ice age and wetaaeg by grassy savannahs. It is not
much good to be supremely adapted to life in teegiif there are very few trees. Many
arboreal primates must have vanished with the ferésfew eked out a precarious
existence on the ground and survived. And oneasdeHines evolved to become us. No one
knows the cause of that climatic change. It mayeHasen a small variation in the intrinsic
luminosity of the Sun or in the orbit of the Eantin;massive volcanic eruptions injecting
fine dust into the stratosphere, reflecting momdight back into space and cooling the
Earth. It may have been due to changes in the gkcietulation of the oceans. Or perhaps
the passage of the Sun through a galactic dusticldhatever the cause, we see again how
tied our existence is to random astronomical aradoggcal events.

After we came down from the trees, we evolved piight posture; our hands were
free; we possessed excellent binocular vision hagacquired many of the preconditions
for making tools. There was now a real advantagessessing a large brain and in
communicating complex thoughts. Other things beiqgal, it is better to be smart than to
be stupid. Intelligent beings can solve problenttebgelive longer and leave more
offspring; until the invention of nuclear weapomgelligence powerfully aided survival. In
our history it was some horde of furry little mamswaho hid from the dinosaurs,
colonized the treetops and later scampered dowloresticate fire, invent writing,
construct observatories and launch space vehitlgsngs had been a little different, it
might have been some other creature whose intetiigand manipulative ability would
have led to comparable accomplishments. Perhapsribd bipedal dinosaurs, or the
raccoons, or the otters, or the squid. It woulahioe to know how different other
intelligences can be; so we study the whales amdtbat apes. To learn a little about what
other kinds of civilizations are possible, we caurdy history and cultural anthropology.
But we are all of us - us whales, us apes, us pedplo closely related. As long as our
inquiries are limited to one or two evolutionanyds on a single planet, we will remain
forever ignorant of the possible range and bri&of other intelligences and other



civilizations.

On another planet, with a different sequence wfloan processes to make
hereditary diversity and a different environmensébect particular combinations of genes,
the chances of finding beings who are physicallywemilar to us is, | believe, near zero.
The chances of finding another form of intelligemcaot. Their brains may well have
evolved from the inside out. They may have switgretements analogous to our neurons.
But the neurons may be very different; perhaps mapeluctors that work at very low
temperatures rather than organic devices that aor&om temperature, in which case their
speed of thought will be 1@imes faster than ours. Or perhaps the equivaleméurons
elsewhere would not be in direct physical contattit radio communication so that a
single intelligent being could be distributed amangny different organisms, or even many
different planets, each with a part of the intehge of the whole, each contributing by
radio to an intelligence much greater than itsefhere may be planets where the
intelligent beings have aboutf@eural connections, as we do. But there may heepla
where the number is #bor 10**. | wonder what they would know. Because we inhttst
same universe as they, we and they must sharesdistantial information in common. If
we could make contact, there is much in their lréat would be of great interest to ours.
But the opposite is also true. | think extratemiastntelligence - even beings substantially
further evolved than we - will be interested in imswhat we know, how we think, what our
brains are like, the course of our evolution, thespects for our future.

* In some sense such a radio integration of sepandividuals is already beginning to happen on the
planet Earth.

If there are intelligent beings on the planetsaofly nearby stars, could they know
about us? Might they somehow have an inkling ofléimg evolutionary progression from
genes to brains to libraries that has occurrecherobscure planet Earth? If the
extraterrestrials stay at home, there are at teastvays in which they might find out about
us. One way would be to listen with large radiesebpes. For billions of years they would
have heard only weak and intermittent radio stzdigsed by lightning and the trapped
electrons and protons whistling within the Earthagnetic field. Then, less than a century
ago, the radio waves leaving the Earth would becstnomger, louder, less like noise and
more like signals. The inhabitants of Earth hadlfinstumbled upon radio communication.
Today there is a vast international radio, televisand radar communications traffic. At
some radio frequencies the Earth has become ligddrightest object, the most powerful
radio source, in the solar system - brighter thgmtdr, brighter than the Sun. An
extraterrestrial civilization monitoring the radémission from Earth and receiving such
signals could not fail to conclude that somethimgiliesting had been happening here
lately.

As the Earth rotates, our more powerful radiograitters slowly sweep the sky. A
radio astronomer on a planet of another star wbaldble to calculate the length of the day
on Earth from the times of appearance and disappearof our signals. Some of our most
powerful sources are radar transmitters; a fewuaeel for radar astronomy, to probe with
radio fingers the surfaces of the nearby plandts. Size of the radar beam projected



against the sky is much larger than the size optaeets, and much of the signal wafts on,
out of the solar system into the depths of intdestepace to any sensitive receivers that
may be listening. Most radar transmissions arerfiitary purposes; they scan the skies in
constant fear of a massive launch of missiles nittlear warheads, an augury fifteen
minutes early of the end of human civilization. Th®rmation content of these pulses is
negligible: a succession of simple numerical pageoded into beeps.

Overall, the most pervasive and noticeable soofcadio transmissions from the
Earth is our television programming. Because th#hHa turning, some television stations
will appear at one horizon of the Earth while othéisappear over the other. There will be
a confused jumble of programs. Even these migisoioied out and pieced together by an
advanced civilization on a planet of a nearby Stae most frequently repeated messages
will be station call signals and appeals to puret@getergents, deodorants, headache tablets,
and automobile and petroleum products. The mosteadile messages will be those
broadcast simultaneously by many transmitters inyntene zones - for example, speeches
in times of international crisis by the Presidehthe United States or the Premier of the
Soviet Union. The mindless contents of commerei@vision and the integuments of
international crisis and internecine warfare wittiie human family are the principal
messages about life on Earth that we choose talbasato the Cosmos. What must they
think of us?

There is no calling those television programs batlere is no way of sending a
faster message to overtake them and revise th@peetransmission. Nothing can travel
faster than light. Large-scale television transiais®n the planet Earth began only in the
late 1940'’s. Thus, there is a spherical wave foentered on the Earth expanding at the
speed of light and containing Howdy Doody, the ‘Ckexs’ speech of then Vice-President
Richard M. Nixon and the televised inquisitions$gnator Joseph McCarthy. Because
these transmissions were broadcast a few decadethag are only a few tens of
light-years away from the Earth. If the nearestlig&tion is farther away than that, then we
can continue to breathe easy for a while. In arsg cae can hope that they will find these
programs incomprehensible.

The two Voyager spacecraft are bound for the skdfsxed to each is a gold-plated
copper phonograph record with a cartridge and stghd, on the aluminum record jacket,
instructions for use. We sent something about eneg, something about our brains, and
something about our libraries to other beings wightrsail the sea of interstellar space.
But we did not want to send primarily scientifi¢armation. Any civilization able to
intercept Voyager in the depths of interstellarcgpdts transmitters long dead, would know
far more science than we do. Instead, we wantéelltthose other beings something about
what seems unique about ourselves. The intereste aferebral cortex and limbic system
are well represented; the R-complex less so. Alihdbe recipients may not know any
languages of the Earth, we included greetingsxty $iuman tongues, as well as the hellos
of the humpback whales. We sent photographs of harfram all over the world caring
for one another, learning, fabricating tools artdaad responding to challenges. There is an
hour and a half of exquisite music from many c@sjisome of it expressing our sense of
cosmic loneliness, our wish to end our isolatiam, longing to make contact with other
beings in the Cosmos. And we have sent recordihtieesounds that would have been



heard on our planet from the earliest days befwetigin of life to the evolution of the

human species and our most recent burgeoning texfynat is, as much as the sounds of
any baleen whale, a love song cast upon the vastii¢se deep. Many, perhaps most, of
our messages will be indecipherable. But we hametiem because it is important to try.

In this spirit we included on the Voyager spaciahee thoughts and feelings of one
person, the electrical activity of her brain, heayes and muscles, which were recorded for
an hour, transcribed into sound, compressed in éinteincorporated into the record. In one
sense we have launched into the Cosmos a direstctiption of the thoughts and feelings
of a single human being in the month of June inyre 1977 on the planet Earth. Perhaps
the recipients will make nothing of it, or thinkista recording of a pulsar, which in some
superficial sense it resembles. Or perhaps azatibn unimaginably more advanced than
ours will be able to decipher such recorded thaaightl feelings and appreciate our efforts
to share ourselves with them.

The information in our genes is very old - mosttahore than millions of years old,
some of it billions of years old. In contrast, theormation in our books is at most
thousands of years old, and that in our brainslig decades old. The long-lived
information is not the characteristically humaromfation. Because of erosion on the
Earth, our monuments and artifacts will not, in tia¢ural course of things, survive to the
distant future. But the Voyager record is on itywat of the solar system. The erosion in
interstellar space - chiefly cosmic rays and imp@octiust grains - is so slow that the
information on the record will last a billion yeadenes and brains and books encode
information differently and persist through timedéterent rates. But the persistence of the
memory of the human species will be far longehmitnpressed metal grooves on the
Voyager interstellar record.

The Voyager message is traveling with agoniziogvekess. The fastest object ever
launched by the human species, it will still tades of thousands of years to go the
distance to the nearest star. Any television prognéll traverse in hours the distance that
Voyager has covered in years. A television transioisthat has just finished being aired
will, in only a few hours, overtake the Voyager speraft in the region of Saturn and
beyond and speed outward to the stars. If it isibedhat way, the signal will reach Alpha
Centauri in a little more than four years. If, sodezades or centuries hence, anyone out
there in space hears our television broadcastgpé khey will think well of us, a product of
fifteen billion years of cosmic evolution, the ldt@nsmogrification of matter into
consciousness. Our intelligence has recently pealvigs with awesome powers. It is not yet
clear that we have the wisdom to avoid our own-de#ftruction. But many of us are trying
very hard. We hope that very soon in the perspediwcosmic time we will have unified
our planet peacefully into an organization cherigithe life of every living creature on it
and will be ready to take that next great stefpetbome part of a galactic society of
communicating civilizations.



CHAPTER XII

Encyclopaedia Galactica

‘What are you? From where did you come? | have mgsen anything like you.’
The Creator Raven looked at Man and was . . . sagbto find that this strange
new being was so much like himself.

- An Eskimo creation myth

Heaven is founded,
Earth is founded,
Who now shall be alive, oh gods?
- The Aztec chronicleThe History of the Kingdoms

I know some will say, we are a little too bold hese Assertions of the Planets, and
that we mounted hither by many Probabilities, ohelach, if it chanced to be false,
and contrary to our Supposition, would, like a Fadindation, ruin the whole
Building, and make it fall to the ground. But .supposing the Earth, as we did, one
of the Planets of equal dignity and honor with i, who would venture to say,
that nowhere else were to be found any that enjthgdylorious sight of Nature’s
Opera? Or if there were any Fellow-Spectatorsywetvere the only ones that had
dived deep to the secrets and knowledge of it?

- Christiaan Huygens iNew Conjectures Concerning the Planetary World&jfTh

Inhabitants and Productions. 1690

The author of Nature . . . has made it impossitteut to have any communication
from this earth with the other great bodies ofuheserse, in our present state; and
it is highly possible that he has likewise cutaffcommunication betwixt the other
planets, and betwixt the different systems . . .dlgerve, in all of them, enough to
raise our curiosity, but not to satisfy it . . diies not appear to be suitable to the
wisdom that shines throughout all nature, to suppbat we should see so far, and
have our curiosity so much raised . . . only tallsappointed at the end . . . This,
therefore, naturally leads us to consider our presite as only the dawn or
beginning of our existence, and as a state of pa¢ipa or probation for farther
advancement . . .

- Colin Maclaurin, 1748

There cannot be a language more universal and sirage, more free from errors
and obscurities . . . more worthy to express thariable relations of natural things
[than mathematics]. It interprets [all phenomenaite same language, as if to
attest the unity and simplicity of the plan of tr@verse, and to make still more
evident that unchangeable order which presidesalaatural causes.

- Joseph FourieAnalytic Theory of Heatl822



We have launched four ships to the stars, Piorideed 11 and Voyagers 1 and 2. They
are backward and primitive craft, moving, compaethe immense interstellar distances,
with the slowness of a race in a dream. But irftiwere we will do better. Our ships will
travel faster. There will be designated interstadlgjectives, and sooner or later our
spacecraft will have human crews. In the Milky Waglaxy there must be many planets
millions of years older than Earth, and some thatxlions of years older. Should we not
have been visited? In all the billions of yearssithe origin of our planet, has there not
been even once a strange craft from a distanizatibn surveying our world from above,
and slowly settling down to the surface to be o= by iridescent dragonflies, incurious
reptiles, screeching primates or wondering humaing?idea is natural enough. It has
occurred to everyone who has contemplated, evaraltgsthe question of intelligent life
in the universe. But has it happened in fact? Thieal issue is the quality of the purported
evidence, rigorously and skeptically scrutinizetbt what sounds plausible, not the
unsubstantiated testimony of one or two self-psddseyewitnesses. By this standard there
are no compelling cases of extraterrestrial visitgtdespite all the claims about UFOs and
ancient astronauts which sometimes make it seehothalanet is awash in uninvited
guests. | wish it were otherwise. There is sometimresistible about the discovery of even
a token, perhaps a complex inscription, but, bgsah a key to the understanding of an
alien and exaotic civilization. It is an appeal wettans have felt before.

In 1801 a physicist named Joseph Fourier* wapthtect of adepartemenof
France called Isére. While inspecting the schaolss province, Fourier discovered an
eleven-year-old boy whose remarkable intellectféandfor oriental languages had already
earned him the admiring attention of scholars. Eeounvited him home for a chat. The boy
was fascinated by Fourier’s collection of Egyptatifacts, collected during the
Napoleonic expedition where he had been responfibleataloging the astronomical
monuments of that ancient civilization. The hieygdic inscriptions roused the boy’s
sense of wonder. ‘But what do they mean?’ he askiEhody knows,” was the reply. The
boy’s name was Jean Francgois Champollion. Firethéynystery of language no one could
read, he became a superb linguist and passionateigrsed himself in ancient Egyptian
writing. France at that time was flooded with Eggptartifacts, stolen by Napoleon and
later made available to Western scholars. The ggor of the expedition was published,
and devoured by the young Champollion. As an a@iigmpollion succeeded; fulfilling
his childhood ambition, he provided a brilliant g=rment of the ancient Egyptian
hieroglyphics. But it was not until 1828, twentysea years after his meeting with Fourier,
that Champollion first set foot in Egypt, the lamithis dreams, and sailed upstream from
Cairo, following the course of the Nile, paying hage to the culture he had worked so
hard to understand. It was an expedition in timésg to an alien civilization:

The evening of the 16th we finally arrived at Deradd here was magnificent
moonlight and we were only an hour away from theples: Could we resist the
temptation? | ask the coldest of you mortals! Treednd leave immediately were
the orders of the moment: alone and without guidesarmed to the teeth we



crossed the fields . . . the Temple appeared &i l&st . . . One could well measure
it but to give an idea of it would be impossibleisithe union of grace and majesty
in the highest degree. We stayed there two houesstasy, running through the
huge rooms . . . and trying to read the exterisciiptions in the moonlight. We did
not return to the boat until three in the morniogly to return to the Temple at
seven . .. What had been magnificent in the mghnlvas still so when the
sunlight revealed to us all the details . . . WE&iumope are only dwarfs and no
nation, ancient or modern, has conceived the ataffitecture on such a sublime,
great, and imposing style, as the ancient Egyptiaihey ordered everything to be
done for people who are a hundred feet high.

* Fourier is now famous for his study of the progtgn of heat in solids, used today to understand
the surface properties of the planets, and foimvisstigation of waves and other periodic moti@branch
of mathematics known as Fourier analysis.

On the walls and columns of Karnak, at Denderarysvieere in Egypt, Champollion
delighted to find that he could read the inscripsi@imost effortlessly. Many before him
had tried and failed to decipher the lovely hieypgics, a word that means ‘sacred
carvings.” Some scholars had believed them to lkiadhof picture code, rich in murky
metaphor, mostly about eyeballs and wavy linestlégeoumblebees and birds - especially
birds. Confusion was rampant. There were thosedeaniced that the Egyptians were
colonists from ancient China. There were those edrluded the opposite. Enormous
folio volumes of spurious translations were pul@ghOne interpreter glanced at the
Rosetta stone, whose hieroglyphic inscription viies tstill undeciphered, and instantly
announced its meaning. He said that the quick tiecipent enabled him ‘to avoid the
systematic errors which invariably arise from praed reflection.’ You get better results,
he argued, by not thinking too much. As with tharsk for extraterrestrial life today, the
unbridled speculation of amateurs had frightenedynmaiofessionals out of the field.

Champollion resisted the idea of hieroglyphs atopial metaphors. Instead, with
the aid of a brilliant insight by the English phgist Thomas Young, he proceeded
something like this: The Rosetta stone had beeowened in 1799 by a French soldier
working on the fortifications of the Nile Delta tovof Rashid, which the Europeans,
largely ignorant of Arabic, called Rosetta. It veaslab from an ancient temple, displaying
what seemed clearly to be the same message indiffeent writings: in hieroglyphics at
top, in a kind of cursive hieroglyphic called deman the middle, and, the key to the
enterprise, in Greek at the bottom. Champolliono wifas fluent in ancient Greek, read that
the stone had been inscribed to commemorate tlomabon of Ptolemy V Epiphanes, in
the spring of the year 196 B.C. On this occasi@nkihg released political prisoners,
remitted taxes, endowed temples, forgave rebatse@sed military preparedness and, in
short, did all the things that modern rulers do mileey wish to stay in office.

The Greek text mentions Ptolemy many times. lghbyithe same positions in the
hieroglyphic text is a set of symbols surroundedibyval or cartouche. This,
Champollion reasoned, very probably also denotelei®y. If so, the writing could not be
fundamentally pictographic or metaphorical; ratmeost of the symbols must stand for



letters or syllables. Champollion also had the gmes of mind to count up the number of
Greek words and the number of individual hierogk/phwhat were presumably equivalent
texts. There were many fewer of the former, agagygssting that the hieroglyphs were
mainly letters and syllables. But which hieroglymasrespond to which letters?
Fortunately, Champollion had available to him aell, which had been excavated at
Philae, that included the hieroglyphic equivalenthe Greek name Cleopatra. Ptolemy
begins with P; the first symbol in the cartoucha square. Cleopatra has for its fifth letter
a P, and in the Cleopatra cartouche in the fifthigpm is the same square. P it is. The
fourth letter in Ptolemy is an L. It is representscthe lion. The second letter of Cleopatra
is an L and, in hieroglyphics, here is a lion agdine eagle is an A, appearing twice in
Cleopatra, as it should. A clear pattern is emerdtiygyptian hieroglyphics are, in
significant part, a simple substitution cipher. Bot every hieroglyph is a letter or syllable.
Someare pictographs. The end of the Ptolemy cartouche m#arer-living, beloved of

the god Ptah.” The semicircle and egg at the er@edpatra are a conventional ideogram
for ‘daughter of Isis.” This mix of letters and fmgraphs caused some grief for earlier
interpreters.

In retrospect it sounds almost easy. But it h&drianany centuries to figure out,
and there was a great deal more to do, espeasthei decipherment of the hieroglyphs of
much earlier times. The cartouches were the kdyinvthe key, almost as if the pharaohs
of Egypt had circled their own names to make thageasier for the Egyptologists two
thousand years in the future. Champollion walked@neat Hypostyle Hall at Karnak and
casually read the inscriptions, which had mystigedryone else, answering the question
he had posed as a child to Fourier. What a joyustrhave been to open this one-way
communication channel with another civilization permit a culture that had been mute for
millennia to speak of its history, magic, medicirgigion, politics and philosophy.

Today we are again seeking messages from an amacidrexotic civilization, this
time hidden from us not only in time but also irase. If we should receive a radio
message from an extraterrestrial civilization, heawld it possibly be understood?
Extraterrestrial intelligence will be elegant, cdey internally consistent and utterly alien.
Extraterrestrials would, of course, wish to makeessage sent to us as comprehensible as
possible. But how could they? Is there in any semsmterstellar Rosetta stone? We
believe there is. We believe there is a commonuagg that all technical civilizations, no
matter how different, must have. That common laggua science and mathematics. The
laws of Nature are the same everywhere. The patterthe spectra of distant stars and
galaxies are the same as those for the Sun opfoopriate laboratory experiments: not
only do the same chemical elements exist everywihdires universe, but also the same
laws of quantum mechanics that govern the absaorptiml emission of radiation by atoms
apply everywhere as well. Distant galaxies reva\about one another follow the same
laws of gravitational physics as govern the mobban apple falling to Earth, or Voyager
on its way to the stars. The patterns of Natureesaegywhere the same. An interstellar
message, intended to be understood by an emerigifigation; should be easy to decode.

We do not expect an advanced technical civilizatin any other planet in our solar
system. If one were only a little behind us - 10,§@ars, say - it would have no advanced
technology at all. If it were only a little aheafdus - we who are already exploring the solar



system - its representatives should by now be A@ereommunicate with other
civilizations, we require a method adequate notetlydor interplanetary distances but for
interstellar distances. Ideally, the method shd@dnexpensive, so that a huge amount of
information could be sent and received at verlelitbst; fast, so an interstellar dialogue is
rendered possible; and obvious, so any technolbgiéization, no matter what its
evolutionary path, will discover it early. Surpngly, there is such a method. It is called
radio astronomy.

The largest semi-steerable radio/radar observaiotie planet Earth is the Arecibo
facility, which Cornell University operates for thational Science Foundation. In the
remote hinterland of the island of Puerto Ricds 805 meters (a thousand feet) across, its
reflecting surface a section of a sphere laid dowan pre-existing bowl-shaped valley. It
receives radio waves from the depths of spacesfoguhem onto the feed arm antenna
high above the dish, which is in turn electronigalbnnected to the control room, where
the signal is analyzed. Alternatively, when thes$ebpe is used as a radar transmitter, the
feed arm can broadcast a signal into the dish,wtatiects it into space. The Arecibo
Observatory has been used both to search forigestl signals from civilizations in space
and, just once, to broadcast a message - to Mdi3tant globular cluster of stars, so that
our technical capability to engage in both sidearointerstellar dialogue would be clear, at
least to us.

In a period of a few weeks, the Arecibo Obserwatmuld transmit to a comparable
observatory on a planet of a nearby star all oBheyclopaedia BritannicaRadio waves
travel at the speed of light, 10,000 times fadtanta message attached to our fastest
interstellar spaceship. Radio telescopes geneénat@rrow frequency ranges, signals so
intense they can be detected over immense intiarstistances. The Arecibo Observatory
could communicate with an identical radio telescope planet 15,000 light-years away,
halfway to the center of the Milky Way Galaxy, iewnew precisely where to point it. And
radio astronomy is a natural technology. Virtuaiy planetary atmosphere, no matter
what its composition, should be partially transpate radio waves. Radio messages are
not much absorbed or scattered by the gas betweestars, just as a San Francisco radio
station can be heard easily in Los Angeles evemwh®og there has reduced the visibility
at optical wavelengths to a few kilometers. Theeeraany natural cosmic radio sources
having nothing to do with intelligent life - pulsaand quasars, the radiation belts of planets
and the outer atmospheres of stars; from almospkmet there are bright radio sources to
discover early in the local development of radivasomy. Moreover, radio represents a
large fraction of the electromagnetic spectrum. feghnology able to detect radiation of
anywavelength would fairly soon stumble on the rgoiet of the spectrum.

There may be other effective methods of commuiniocdhat have substantial merit:
interstellar spacecraft; optical or infrared laserdsed neutrinos; modulated gravity
waves; or some other kind of transmission that Wenet discover for a thousand years.
Advanced civilizations may have graduated far bey@aio for their own communications.
But radio is powerful, cheap, fast and simple. Thal/know that a backward civilization
like ours,, wishing to receive messages from thessks likely to turn first to radio
technology. Perhaps they will have to wheel theéoréelescopes out of the Museum of
Ancient Technology. If we were to receive a radiessage we would know that there



would be at the very least one thing we could &d&ut: radio astronomy.

But is there anyone out there to talk to? Withiedtor half a trillion stars in our
Milky Way Galaxy alone, could ours be the only @eeompanied by an inhabited planet?
How much more likely it is that technical civilizahs are a cosmic commonplace, that the
Galaxy is pulsing and humming with advanced soesetand, therefore, that the nearest
such culture is not so very far away - perhapsstratting from antennas established on a
planet of a naked-eye star just next door. Peridyen we look up at the sky at night, near
one of those faint pinpoints of light is a world which someone quite different from us is
then glancing idly at a star we call the Sun artéréaining, for just a moment, an
outrageous speculation.

It is very hard to be sure. There may be sevepediments to the evolution of a
technical civilization. Planets may be rarer thanthink. Perhaps the origin of life is not so
easy as our laboratory experiments suggest. Pethagvolution of advanced life forms is
improbable. Or it may be that complex life form®kre readily, but intelligence and
technical societies require an unlikely set of calences - just as the evolution of the
human species depended on the demise of the dnscasad the ice-age recession of the
forests in whose trees our ancestors screechedimuiglwondered. Or perhaps
civilizations arise repeatedly, inexorably, on inrerable planets in the Milky Way, but are
generally unstable; so all but a tiny fraction an@ble to survive their technology and
succumb to greed and ignorance, pollution and aneigr.

It is possible to explore this great issue furtéyed make a crude estimate of N, the
number of advanced technical civilizations in treda®y. We define an advanced
civilization as one capable of radio astronomy .sTibj of course, a parochial if essential
definition. There may be countless worlds on whighinhabitants are accomplished
linguists or superb poets but indifferent radic@sdmers. We will not hear from them. N
can be written as the product or multiplicatioraafumber of factors, each a kind of filter,
every one of which must be sizable for there tétabge number of civilizations:

N+, the number of stars in the Milky Way Galaxy;

fp, the fraction of stars that have planetary systems;

ne, the number of planets in a given system thataotogically suitable for life;

fi, the fraction of otherwise suitable planets onchtife actually arises;

fi, the fraction of inhabited planets on which amliigent form of life evolves;

fe, the fraction of planets inhabited by intelligéetings on which a communicative
technical civilization develops; and

fL, the fraction of a planetary lifetime graced bigehnical civilization.

Written out, the equation reads N =fpffif.f. All the f's are fractions, having values
between 0 and 1; they will pare down the large @@fN-.

To derive N we must estimate each of these quesititWe know a fair amount about the
early factors in the equation, the numbers of statsplanetary systems. We know very
little about the later factors, concerning the atioh of intelligence or the lifetime of



technical societies. In these cases our estimaltilsenittle better than guesses. | invite
you, if you disagree with my estimates below, tckengour own choices and see what
implications your alternative suggestions haveliernumber of advanced civilizations in
the Galaxy. One of the great virtues of this equmtdue originally to Frank Drake of
Cornell, is that it involves subjects ranging fretellar and planetary astronomy to organic
chemistry, evolutionary biology, history, politiaad abnormal psychology. Much of the
Cosmos is in the span of the Drake equation.

We know N, the number of stars in the Milky Way Galaxy, faiwvell, by careful
counts of stars in small but representative regadribe sky. It is a few hundred billion;
some recent estimates place it at 4X"1@ery few of these stars are of the massive
short-lived variety that squander their reservethefmonuclear fuel. The great majority
have lifetimes of billions or more years in whi¢tey are shining stably, providing a
suitable energy source for the origin and evolutibhfe on nearby planets.

There is evidence that planets are a frequentnaganiment of star formation: in
the satellite systems of Jupiter, Saturn and Uranbgh are like miniature solar systems;
in theories of the origin of the planets; in stgddé double stars; in observations of
accretion disks around stars; and in some prelimimaestigations of gravitational
perturbations of nearby stars. Many, perhaps ewast,atars may have planets. We take
the fraction of stars that have planetsat roughly equal to 1/3 . Then the total numliber o
planetary systems in the Galaxy would bé,N 1.3 x 16" (the symbok means
‘approximately equal to’). If each system were &védr about ten planets, as ours does, the
total number of worlds in the Galaxy would be mtiven a trillion, a vast arena for the
cosmic drama.

In our own solar system there are several botiegsmay be suitable for life of
some sort: the Earth certainly, and perhaps Matan&nd Jupiter. Once life originates, it
tends to be very adaptable and tenacious. Therebrusany different environments
suitable for life in a given planetary system. Bahservatively we choose a 2. Then the
number of planets in the Galaxy suitable for liebmes MNon. = 3 x 10"

Experiments show that under the most common cosamiditions the molecular
basis of life is readily made, the building blodtsnolecules able to make copies of
themselves. We are now on less certain grounde timary, for example, be impediments in
the evolution of the genetic code, although I thimk unlikely over billions of years of
primeval chemistry. We choose=f1/3, implying a total number of planets in the il
Way on which life has arisen at least once dsri¥f; = 1 x 107, a hundred billion inhabited
worlds. That in itself is a remarkable conclusiBat we are not yet finished.

The choices ofifand £ are more difficult. On the one hand, many indiliy
unlikely steps had to occur in biological evolut@md human history for our present
intelligence and technology to develop. On the oht@and, there must be many quite
different pathways to an advanced civilization péafied capabilities. Considering the
apparent difficulty in the evolution of large orgsms represented by the Cambrian
explosion, let us choosgxff. = 1/100, meaning that only 1 percent of planetsvbith life
arises eventually produce a technical civilizatibhis estimate represents some middle
ground among the varying scientific opinions. Sdhiek that the equivalent of the step



from the emergence of trilobites to the domesticatf fire goes like a shot in all planetary
systems; others think that, even given ten ordiitbillion years, the evolution of technical
civilizations is unlikely. This is not a subject aich we can do much experimentation as
long as our investigations are limited to a simqgbnet. Multiplying these factors together,
we find Nfpnefififc = 1 x 10, a billion planets on which technical civilizat®have arisen
at least once. But that is very different from sagyihat there are a billion planets on which
technical civilizations now exist. For this, we ratso estimatef

What percentage of the lifetime of a planet iskedrby a technical civilization?
The Earth has harbored a technical civilizatiorrabirized by radio astronomy for only a
few decades out of a lifetime of a few billion yga$o far, then, for our planet fs less
than 1/18, a millionth of a percent. And it is hardly outtb® question that we might
destroy ourselves tomorrow. Suppose this were @ tlypical case, and the destruction so
complete that no other technical civilization tlo¢ human or any other species - were able
to emerge in the five or so billion years remain@fore the Sun dies. Then N =
N-fondfififcfL = 10, and at any given time there would be onlyg $mattering, a handful, a
pitiful few technical civilizations in the Galaxihe steady state number maintained as
emerging societies replace those recently self-iflated. The number N might even be as
small as 1. If civilizations tend to destroy thefaes soon after reaching a technological
phase, there might be no one for us to talk withdouselves. And that we do but poorly.
Civilizations would take billions of years of todus evolution to arise, and then snuff
themselves out in an instant of unforgivable neglec

But consider the alternative, the prospect thétast some civilizations learn to live
with high technology; that the contradictions pobgdhe vagaries of past brain evolution
are consciously resolved and do not lead to sedfrdetion; or that, even if major
disturbances do occur, they are reversed in theesufent billions of years of biological
evolution. Such societies might live to a prospsrold age, their lifetimes measured
perhaps on geological or stellar evolutionary tsnales. If 1 percent of civilizations can
survive technological adolescence, take the prigpkrat this critical historical branch
point and achieve maturity, thens 1/100, N= 10/, and the number of extant civilizations
in the Galaxy is in the millions. Thus, for all czmncern about the possible unreliability of
our estimates of the early factors in the Drakeaéign, which involved astronomy, organic
chemistry and evolutionary biology, the principatartainty comes down to economics
and politics and what, on Earth, we call human reatit seems fairly clear that if
self-destruction is not the overwhelmingly prepaadé fate of galactic civilizations, then
the sky is softly humming with messages from tlagesst

These estimates are stirring. They suggest teatetteipt of a message from space
is, even before we decode it, a profoundly hopgifyh. It means that someone has learned
to live with high technology; that it is possibtegurvive technological adolescence. This
alone, quite apart from the contents of the mesgageides a powerful justification for the
search for other civilizations.

If there are millions of civilizations distributedore or less randomly through the
Galaxy, the distance to the nearest is about twaltad light-years. Even at the speed of
light it would take two centuries for a radio megs#o get from there to here. If we had



initiated the dialogue, it would be as if the quasthad been asked by Johannes Kepler and
the answer received by us. Especially because evetmradio astronomy, must be
comparatively backward, and the transmitting cration advanced, it makes more sense
for us to listen than to send. For a more advaoalization, the positions are, of course,
reversed.

We are at the earliest stages of our radio sdarabther civilizations in space. In an
optical photograph of a dense star field, thereharedreds of thousands of stars. By our
more optimistic estimates, one of them is thediten advanced civilization. But which
one? Toward which stars should we point our raglestopes? Of the millions of stars that
may mark the location of advanced civilizations,veee so far examined by radio no more
than thousands. We have made about one-tenth gfeycent of the required effort. But a
serious, rigorous, systematic search will come s®be preparatory steps are now
underway, both in the United States and in the @dynion. It is comparatively
inexpensive: the cost of a single naval vessehtgffmediate size - a modern destroyer, say
- would pay for a decade-long program in the sefockxtraterrestrial intelligence.

Benevolent encounters have not been the rulenmanthistory, where transcultural
contacts have been direct and physical, quiteriffiefrom the receipt of a radio signal, a
contact as light as a kiss. Still, it is instruetto examine one or two cases from our past, if
only to calibrate our expectations: Between theetiraf the American and the French
Revolutions, Louis XVI of France outfitted an exjeuh to the Pacific Ocean, a voyage
with scientific, geographic, economic and natiostatiobjectives. The commander was the
Count of La Pérouse, a noted explorer who had folaghthe United States in its War of
Independence. In July 1786, almost a year afténgetail, he reached the coast of Alaska,
a place now called Lituya Bay. He was delightechwlite harbor and wrote: ‘Not a port in
the universe could afford more conveniences.’ is é€xemplary location, La Pérouse

perceived some savages, who made signs of frigmdspidisplaying and waving
white mantles, and different skins. Several ofdhroes of these Indians were
fishing in the Bay . . . [We were] continually somnded by the canoes of the
savages, who offered us fish, skins of otters dhdranimals, and different little
articles of their dress in exchange for our iroo.0lir great surprise, they appeared
well accustomed to traffic, and bargained with uthas much skill as any
tradesman of Europe.

The Native Americans drove increasingly harder disxg) To La Pérouse’s annoyance,
they also resorted to pilferage, largely of iroeabs, but once of the uniforms of French
naval officers hidden under their pillows as thesrevsleeping one night surrounded by
armed guards - a feat worthy of Harry Houdini. léadise followed his royal orders to
behave peaceably but complained that the nativa®eited our forbearance inexhaustible.’
He was disdainful of their society. But no seridasnage was done by either culture to the
other. After reprovisioning his two ships La Pémgailed out of Lituya Bay, never to
return. The expedition was lost in the South Paaifil788; La Pérouse and all but one of
the members of his crew perished.*



* When La Pérouse was mustering the ship’s compafyance, there were many bright and eager
young men who applied but were turned down. Ortberh was a Corsican artillery officer named Napoleo
Bonaparte. It was an interesting branch point ehistory of the world. If La Pérouse had accepted
Bonaparte, the Rosetta stone might never havefoeed, Champollion might never have decrypted
Egyptian hieroglyphics, and in many more import@&spects our recent history might have been changed
significantly.

Exactly a century later Cowee, a chief of the Tiinglated to the Canadian
anthropologist G. T. Emmons a story of the firsetimgy of his ancestors with the white
man, a narrative handed down by word of mouth ofifye Tlingit possessed no written
records, nor had Cowee ever heard of La PérouseisTh paraphrase of Cowee’s story:

Late one spring a large party of Tlingit ventureaortd to Yakutat to trade for
copper. Iron was even more precious, but it wabtamoable. In entering Lituya
Bay four canoes were swallowed by the waves. Astneivors made camp and
mourned for their lost companions two strange dbjentered the Bay. No one
knew what they were. They seemed to be great lldk with immense white
wings. The Tlingit believed the world had been teddy a great bird which often
assumed the form of a raven, a bird which had fteed&un, the Moon, and the
stars from boxes in which they had been imprisoifiedook upon the Raven was
to be turned to stone. In their fright, the Tlinfhgd into the forest and hid. But after
a while, finding that no harm had come to thenmewa nore enterprising souls crept
out and rolled leaves of the skunk cabbage intdectalescopes, believing that this
would prevent being turned to stone. Through thaklcabbage, it seemed that the
great birds were folding their wings and that fleck small black messengers arose
from their bodies and crawled upon their feathers.

Now one nearly blind old warrior gathered the pedpgether and
announced that his life was far behind him; for¢benmon good he would
determine whether the Raven would turn his childném stone. Putting on his robe
of sea otter fur, he entered his canoe and wadgrhddaward to the Raven. He
climbed upon it and heard strange voices. Withrhaired vision he could barely
make out the many black forms moving before himmhB&gs they were crows.
When he returned safely to his people they crovatexit him, surprised to see him
alive. They touched him and smelled him to seewfas really he. After much
thought the old man convinced himself that it wasthe god-raven that he had
visited, but rather a giant Canoe made by men.bldwek figures were not crows but
people of a different sort. He convinced the Tlingiho then visited the ships and
exchanged their furs for many strange articlesfthiron.

The Tlingit had preserved in oral tradition an eyi recognizable and accurate account of
their first, almost fully peaceable encounter vathalien culture.*

* The account of Cowee, the Tlingit chief, showattaven in a preliterate culture a recognizable
account of contact with an advanced civilization ba preserved for generations. If the Earth hatbe



visited hundreds or thousands of years ago by earmed extraterrestrial civilization, even if trentacted
culture was preliterate, we might well expect twdhaome recognizable form of the encounter prede et
there is not a single case in which a legend rislidhated from earlier pretechnological times can be
understood only in terms of contact with an extratgrial civilization.

If someday we make contact with a more advance@dtextestrial civilization, will
the encounter be largely peaceable, even if lackiogrtain rapport, like that of the French
among the Tlingit, or will it follow some more ghigsprototype, where the society that
was a little more advanced utterly destroyed tlogesp that was technically more
backward? In the early sixteenth century a highlization flourished in central Mexico.
The Aztecs had monumental architecture, elaboesterd-keeping, exquisite art and an
astronomical calendar superior to that of any iroga. Upon viewing the Aztec artifacts
returned by the first Mexican treasure ships, ttistaAlbrecht Direr wrote in August
1520: ‘I have never seen anything heretofore thatdo rejoiced my heart. | have seen . ..
a sun entirely of gold a whole fathom broad [intfaélee Aztec astronomical calendar];
likewise a moon entirely of silver, equally large. also two chambers full of all sorts of
weapons, armor, and other wonderous arms, all aftwik fairer to see than marvels.’
Intellectuals were stunned at the Aztec books, tiwhione of them said, ‘almost resemble
those of the Egyptians.” Hernan Cortés describeit tapital Tenochtitlan as ‘one of the
most beautiful cities in the world . . . The pedplactivities and behavior are on almost as
high a level as in Spain, and as well-organizedaddrly. Considering that these people
are barbarous, lacking knowledge of God and comaatioin with other civilized nations,
it is remarkable to see all that they have.” Twargeafter writing these words, Cortés
utterly destroyed Tenochtitlan along with the i&sthe Aztec civilization. Here is an Aztec
account:

Moctezuma [the Aztec Emperor] was shocked, tedibig what he heard. He was
much puzzled by their food, but what made him alfaist away was the telling of
how the great Lombard gun, at the Spaniards’ condimaxpelled the shot which
thundered as it went off. The noise weakened omeiedl one. Something like a
stone came out of it in a shower of fire and spafke smoke was foul; it had a
sickening, fetid smell. And the shot, which str@ckountain, knocked it to bits -
dissolved it. It reduced a tree to sawdust - the tlisappeared as if they had blown
it away . . . When Moctezuma was told all thiswas terror-struck. He felt faint.
His heart failed him.

Reports continued to arrive: ‘We, are not as stasnthey,” Moctezuma was told.
‘We are nothing compared to them: The Spaniardarég be called ‘the Gods come from
the Heavens.’ Nevertheless, the Aztecs had naalissabout the Spaniards, whom they
described in these words:

They seized upon the gold as if they were monkiénes; faces gleaming. For
clearly their thirst for gold was insatiable; thetgrved for it; they lusted for it; they
wanted to stuff themselves with it as if they wpigs. So they went about fingering,



taking up the streamers of gold, moving them bakfarth, grabbing them to
themselves, babbling, talking gibberish among tledves.

But their insight into the Spanish character ditlhedp them defend themselves. In 1517 a
great comet had been seen in Mexico. Moctezumaiicapby the legend of the return of
the Aztec god Quetzalcoatl as a white-skinned mawvirag across the Eastern sea,
promptly executed his astrologers. They had nalipred the comet, and they had not
explained it. Certain of forthcoming disaster, Mzmtma became distant and gloomy.
Aided by the superstition of the Aztecs and theinsuperior technology, an armed party
of 400 Europeans and their native allies in the #&21 entirely vanquished and utterly
destroyed a high civilization of a million peopléhe Aztecs had never seen a horse; there
were none in the New World. They had not applied metallurgy to warfare. They had
not invented firearms. Yet the technological gapneen them and the Spaniards was not
very great, perhaps a few centuries.

We must be the most backward technical societig@rGalaxy. Any society still
more backward would not have radio astronomy atféate doleful experience of cultural
conflict on Earth were the galactic standard, &se we would already have been
destroyed, perhaps with some passing admiratioresged for Shakespeare, Bach and
Vermeer. But this has not happened. Perhaps altentions are uncompromisingly benign,
more like La Pérouse than Cortés. Or might it lespite all the pretensions about UFOs
and ancient astronauts, that our civilization hatsyet been discovered?

On the one hand, we have argued that if even 8 faion of technical
civilizations learn to live with themselves andhwteapons of mass destruction, there
should now be an enormous number of advancedzatiins in the Galaxy. We already
have slow interstellar flight, and think fast irgesllar flight a possible goal for the human
species. On the other hand, we maintain that ikeve credible evidence for the Earth
being visited, now or ever. Is this not a contradic? If the nearest civilization is, say, 200
light-years away, it takes only 200 years to getrfithere to here at close to the speed of
light. Even at 1 percent or a tenth of a percerthefspeed of light, beings from nearby
civilizations could have come during the tenurdianity on Earth. Why are they not
here? There are many possible answers. Althougimst contrary to the heritage of
Aristarchus and Copernicus, perhaps we are the 3mne technical civilization must be
the first to emerge in the history of the Galaxgriiaps we are mistaken in our belief that at
least occasional civilizations avoid self-destroictiPerhaps there is some unforeseen
problem to interstellar spaceflight - althoughspéeds much less than the velocity of light
it is difficult to see what such an impediment ntigk. Or perhaps they are here, but in
hiding because of sonmiex Galacticasome ethic of noninterference with emerging
civilizations. We can imagine them, curious angdssionate, observing us, as we would
watch a bacterial culture in a dish of agar, tedatne whether, this year again, we
manage to avoid self-destruction.

But there is another explanation that is consistgtt everything we know. If a
great many years ago an advanced interstellar fgyanggcivilization emerged 200
light-years away, it would have no reason to thhmkre was something special about the



Earth unless it had been here already. No artiflstiman technology, not even our radio
transmissions, has had time, even traveling aspleed of light, to go 200 light-years. From
their point of view, all nearby star systems areemar less equally attractive for
exploration or colonization.*

* There may be many motivations to go to the stéiur Sun or a nearby star were about to go
supernova, a major program of interstellar spagietflimight suddenly become attractive. If we weng/ve
advanced, the discovery that the galactic coreimasnently to explode might even generate seriaterést
in transgalactic or intergalactic spaceflight. Smoemic violence occurs sufficiently often that ramlc
spacefaring civilizations may not be uncommon. Esertheir arrival here remains unlikely.

An emerging technical civilization, after explorirtg home planetary system and
developing interstellar spaceflight, would slowhdaentatively begin exploring the nearby
stars. Some stars would have no suitable plarnpetghaps they would all be giant gas
worlds, or tiny asteroids. Others would carry atoamage of suitable planets, but some
would be already inhabited, or the atmosphere wbalgoisonous or the climate
uncomfortable. In many cases the colonists migheha change - or as we would
parochially say, terraform - a world to make it quiately clement. The reengineering of a
planet will take time. Occasionally, an alreadyaile world would be found and
colonized. The utilization of planetary resourcedhsat new interstellar spacecraft could be
constructed locally would be a slow process. Evahta second-generation mission of
exploration and colonization would take off towatdrs where no one had yet been. And
in this way a civilization might slowly wend its wiike a vine among the worlds.

It is possible that at some later time with thardd higher orders of colonies
developing new worlds, another independent expandiilization would be discovered.
Very likely mutual contact would already have beesde by radio or other remote means.
The new arrivals might be a different sort of cadébisociety. Conceivably two expanding
civilizations with different planetary requirementsuld ignore each other, their filigree
patterns of expansion intertwining, but not cotitig. They might cooperate in the
exploration of a province of the Galaxy. Even nganibilizations could spend millions of
years in such separate or joint colonial venturéisaut ever stumbling upon our obscure
solar system.

No civilization can possibly survive to an intefltdr spacefaring phase unless it
limits its numbers. Any society with a marked patign explosion will be forced to
devote all its energies and technological skillsetxing and caring for the population on
its home planet. This is a very powerful conclusiowl is in no way based on the
idiosyncrasies of a particular civilization. On golgnet, no matter what its biology or
social system, an exponential increase in popuiatii swallow every resource.
Conversely, any civilization that engages in sesimierstellar exploration and colonization
must have exercised zero population growth or seimgtvery close to it for many
generations. But a civilization with a low poputatigrowth rate will take a long time to
colonize many worlds, even if the strictures oridgmpulation growth are eased after
reaching some lush Eden.

My colleague William Newman and | have calculateat if a million years ago a



spacefaring civilization with a low population gritwate emerged two hundred light-years
away and spread outward, colonizing suitable waaldag the way, their survey starships
would be entering our solar system only about rdwt.a million years is a very long

period of time. If the nearest civilization is y@er than this, they would not have reached
us yet. A sphere two hundred light-years in radimstains 200,000 suns and perhaps a
comparable number of worlds suitable for colonaatit is only after 200,000 other

worlds have been colonized that, in the usual @afshings, our solar system would be
accidentally discovered to harbor an indigenousization.

What does it mean for a civilization to be a roifliyears old? We have had radio
telescopes and spaceships for a few decades;abuni¢al civilization is a few hundred
years old, scientific ideas of a modern cast atfesusand, civilization in general a few tens
of thousands of years; human beings evolved omthiget only a few million years ago.

At anything like our present rate of technical pesg, an advanced civilization millions of
years old is as much beyond us as we are beyondhaldaby or a macaque. Would we
even recognize its presence? Would a society éiomiyears in advance of us be interested
in colonization or interstellar spaceflight? Pedpdere a finite lifespan for a reason.
Enormous progress in the biological and medicarsms might uncover that reason and
lead to suitable remedies. Could it be that wesarmterested in spaceflight because it is a
way of perpetuating ourselves beyond our own fifie8? Might a civilization composed of
essentially immortal beings consider interstelbguleration fundamentally childish? It may
be that we have not been visited because theattrewn abundantly in the expanse of
space, so that before a nearby civilization arriitdsas altered its exploratory motivations
or evolved into forms indetectable to us.

A standard motif in science fiction and UFO liter@ assumes extraterrestrials
roughly as capable as we. Perhaps they have aattiffeort of spaceship or ray gun, but in
battle - and science fiction loves to portray lestthetween civilizations - they and we are
rather evenly matched. In fact, there is almostimence that two galactic civilizations will
interact at the same level. In any confrontatiore will always utterly dominate the other.
A million years is a great many. If an advancedligation were to arrive in our solar
system, there would be nothing whatever we couldltmut it. Their science and
technology would be far beyond ours. It is poirglesworry about the possible malevolent
intentions of an advanced civilization with whom meght make contact. It is more likely
that the mere fact they have survived so long m#@shave learned to live with
themselves and others. Perhaps our fears aboatexéstrial contact are merely a
projection of our own backwardness, an expressi@uoguilty conscience about our past
history: the ravages that have been visited otizations only slightly more backward
than we. We remember Columbus and the Arawaksg¢€arid the Aztecs, even the fate of
the Tlingit in the generations after La Pérouse.rédfeember and we worry. But if an
interstellar armada appears in our skies, | predéectvill be very accommodating.

A very different kind of contact is much more like the case we have already
discussed in which we receive a rich, complex ngsgarobably by radio, from another
civilization in space, but do not make, at leastaavhile, physical contact with them. In
this case there is no way for the transmittingliaation to know whether we have received
the message. If we find the contents offensiveighfening, we are not obliged to reply.



But if the message contains valuable informatibe,donsequences for our own civilization
will be stunning - insights on alien science araht®logy, art, music, politics, ethics,
philosophy and religion, and most of all, a profduteprovincialization of the human
condition. We will know what else is possible.

Because we will share scientific and mathematitaghts with any other
civilization, | believe that understanding the nstellar message will be the easiest part of
the problem. Convincing the U.S. Congress and then€il of Ministers of the U.S.S.R. to
fund a search for extraterrestrial intelligencthis hard part.* In fact, it may be that
civilizations can be divided into two great categsr one in which the scientists are unable
to convince nonscientists to authorize a searckxXtaplanetary intelligence, in which
energies are directed exclusively inward, in whiohventional perceptions remain
unchallenged and society falters and retreats frenstars; and another category in which
the grand vision of contact with other civilizat®is shared widely, and a major search is
undertaken.

* Or other national organs. Consider this pronoumeet from a British Defence Department
spokesman as reported in the Lon@rserverfor February 26, 1978: ‘Any messages transmittethfouter
space are the responsibility of the BBC and the Béfice. It is their responsibility to track doviliegal
broadcasts.’

This is one of the few human endeavors where eVailuae is a success. If we
were to carry out a rigorous search for extraténigdsadio signals encompassing millions
of stars and heard nothing, we would concludedhictic civilizations were at best
extremely rare, a calibration of our place in thésarse. It would speak eloquently of how
rare are the living things of our planet, and wauhdlerscore, as nothing else in human
history has, the individual worth of every humainige If we were to succeed, the history
of our species and our planet would be changedéore

It would be easy for extraterrestrials to makeiaambiguously artificial interstellar
message. For example, the first ten prime numbeusnbers divisible only by themselves
and by one -are 1, 2, 3,5, 7, 11, 13, 17, 19]t28 extremely unlikely that any natural
physical process could transmit radio messagesromng prime numbers only. If we
received such a message we would deduce a ciwlizatt there that was at least fond of
prime numbers. But the most likely case is tharstellar communication will be a kind of
palimpsest, like the palimpsests of ancient wrigdrsrt of papyrus or stone who
superimposed their messages on top of preexistespages. Perhaps at an adjacent
frequency or a faster timing, there would be anothessage, which would turn out to be a
primer, an introduction to the language of intdtataliscourse. The primer would be
repeated again and again because the transmittitigation would have no way to know
when we turned in on the message. And then, déeplee palimpsest, underneath the
announcement signal and the primer, would be thiemessage. Radio technology permits
that message to be inconceivably rich. Perhaps wieetuned in, we would find ourselves
in the midst of Volume 3,267 of tlencyclopaedia Galactica

We would discover the nature of other civilizasoithere would be many of them,
each composed of organisms astonishingly diffeiremt anything on this planet. They



would view the universe somewhat differently. Theguld have different arts and social
functions. They would be interested in things weang¢hought of. By comparing our
knowledge with theirs, we would grow immeasuragd with our newly acquired
information sorted into a computer memory, we wdgdable to see which sort of
civilization lived where in the Galaxy. Imagine age galactic computer, a repository,
more or less up-to-date, of information on the reand activities of all the civilizations in
the Milky Way Galaxy, a great library of life ingiCosmos. Perhaps among the contents of
theEncyclopaedia Galacticwill be a set of summaries of such civilizatiotise
information enigmatic, tantalizing, evocative - p\ater we succeed in translating it.
Eventually, taking as much time as we wished, wald/decide to reply. We would
transmit some information about ourselves - justliBsics at first - as the start of a long
interstellar dialogue which we would begin but whibecause of the vast distances of
interstellar space and the finite velocity of lighould be continued by our remote
descendants. And someday, on a planet of soméstantistar, a being very different from
any of us would request a printout from the laggBtion of theEncyclopaedia Galactica
and acquire a little information about the newesiety to join the community of galactic
civilizations.



CHAPTER XiIll

Who Speaks for Earth?

To what purpose should | trouble myself in seargluat the secrets of the stars,
having death or slavery continually before my eyes?
- A question put to Pythagoras by Anaximenes (6.B(.), according to
Montaigne

How vast those Orbs must be, and how inconsidethlddEarth, the Theatre upon
which all our mighty Designs, all our Navigatioasd all our Wars are transacted,
is when compared to them. A very fit consideratiemg] matter of Reflection, for
those Kings and Princes who sacrifice the Livesoofmany People, only to flatter
their Ambition in being Masters of some pitiful cer of this small Spot.
- Christiaan Huygen®yew Conjectures Concerning the Planetary World&ifTh
Inhabitants and Productiong. 1690

‘To the entire world,” added our Father the Surgivle my light and my radiance; |
give men warmth when they are cold; | cause thelds to fructify and their cattle
to multiply; each day that passes | go around thedato secure a better knowledge
of men’s needs and to satisfy those neEddow my examplé
- An Inca myth recorded in ‘The Royal Commentar@sGarcilaso de la Vega,
1556

We look back through countless millions of yeard aee the great will to live
struggling out of the intertidal slime, strugglirgm shape to shape and from
power to power, crawling and then walking confidgnipon the land, struggling
generation after generation to master the air,pongedown into the darkness of the
deep; we see it turn upon itself in rage and huagdrreshape itself anew, we
watch it draw nearer and more akin to us, expanditaporating itself, pursuing its
relentless inconceivable purpose, until at lastaches us and its being beats
through our brains and arteries . . . It is possiblbelieve that all the past is but the
beginning of a beginning, and that all that is had been is but the twilight of the
dawn. It is possible to believe that all that theenan mind has ever accomplished is
but the dream before the awakening . . . Out of. oulineage, minds will spring,
that will reach back to us in our littleness to wnas better than we know ourselves.
A day will come, one day in the unending successiaiays, when beings, beings
who are now latent in our thoughts and hidden inloas, shall stand upon this
earth as one stands upon a footstool, and shalhland reach out their hands
amidst the stars.

- H. G. Wells, ‘The Discovery of the Futur&Jature 65 326 (1902)

The Cosmos was discovered only yesterday. Forlomilears it was clear to everyone



that there were no other places than the Eartm Ththe last tenth of a percent of the
lifetime of our species, in the instant betweersfaichus and ourselves, we reluctantly
noticed that we were not the center and purposleeot/niverse, but rather lived on a tiny
and fragile world lost in immensity and eternityiftthg in a great cosmic ocean dotted
here and there with a hundred billion galaxies abdlion trillion stars. We have bravely
tested the waters and have found the ocean tokig,lresonant with our nature.
Something in us recognizes the Cosmos as homer&\faade of stellar ash. Our origin
and evolution have been tied to distant cosmic svdine exploration of the Cosmos is a
voyage of self-discovery.

As the ancient mythmakers knew, we are the chilégally of the sky and the
Earth. In our tenure on this planet we have accatadldangerous evolutionary baggage,
hereditary propensities for aggression and risbmission to leaders and hostility to
outsiders, which place our survival in some questigut we have also acquired
compassion for others, love for our children andahildren’s children, a desire to learn
from history, and a great soaring passionate igeeice - the clear tools for our continued
survival and prosperity. Which aspects of our reatill prevail is uncertain, particularly
when our vision and understanding and prospectbared exclusively to the Earth - or,
worse, to one small part of it. But up there inithenensity of the Cosmos, an inescapable
perspective awaits us. There are not yet any obwsans of extraterrestrial intelligence
and this makes us wonder whether civilizations tikes always rush implacably, headlong,
toward self-destruction. National boundaries areevadent when we view the Earth from
space. Fanatical ethnic or religious or nationalustnisms are a little difficult to maintain
when we see our planet as a fragile blue creseeimd to become an inconspicuous point
of light against the bastion and citadel of thesst@ravel is broadening.

There are worlds on which life has never ariséreré are worlds that have been
charred and ruined by cosmic catastrophes. Weoatenhite: we are alive; we are
powerful; the welfare of our civilization and oyegies is in our hands. If we do not speak
for Earth, who will? If we are not committed to awn survival, who will be?

The human species is now undertaking a great kettat if successful will be as
important as the colonization of the land or thecagat from the trees. We are haltingly,
tentatively breaking the shackles of Earth - metajehlly, in confronting and taming the
admonitions of those more primitive brains withsy physically, in voyaging to the planets
and listening for the messages from the stars.éltves enterprises are linked indissolubly.
Each, | believe, is a necessary condition for tieo But our energies are directed far
more toward war. Hypnotized by mutual mistrust, @tmever concerned for the species
or the planet, the nations prepare for death. Aewhbse what we are doing is so horrifying,
we tend not to think of it much. But what we do nohsider we are unlikely to put right.

Every thinking person fears nuclear war, and etecfinological state plans for it.
Everyone knows it is madness, and every natiorahascuse. There is a dreary chain of
causality: The Germans were working on the bonthebeginning of World War II; so
the Americans had to make one first: If the Amergchad one, the Soviets had to have one,
and then the British, the French, the Chineselrttiens, the Pakistanis. . . By the end of
the twentieth century many nations had collectedeau weapons. They were easy to
devise. Fissionable material could be stolen fratiear reactors. Nuclear weapons



became almost a home handicraft industry.

The conventional bombs of World War 1l were caltddckbusters. Filled with
twenty tons of TNT, they could destroy a city bloél the bombs dropped on all the cities
in World War Il amounted to some two million tomspo megatons, of TNT - Coventry and
Rotterdam, Dresden and Tokyo, all the death thaédsfrom the skies between 1939 and
1945: a hundred thousand blockbusters, two megaBynthe late twentieth century, two
megatons was the energy released in the explo$@siagle more or less humdrum
thermonuclear bomb: one bomb with the destructivee of the Second World War. But
there are tens of thousands of nuclear weaponthdBginth decade of the twentieth
century the strategic missile and bomber forceb®fSoviet Union and the United States
were aiming warheads at over 15,000 designatedtgarijyo place on the planet was safe.
The energy contained in these weapons, geniesatii gatiently awaiting the rubbing of
the lamps, was far more than 10,000 megatonswiblhithe destruction concentrated
efficiently, not over six years but over a few hgua blockbuster for every family on the
planet, a World War Il every second for the lengitla lazy afternoon.

The immediate causes of death from nuclear ateekhe blast wave, which can
flatten heavily reinforced buildings many kilomet@way, the firestorm, the gamma rays
and the neutrons, which effectively fry the insidépassersby. A school girl who survived
the American nuclear attack on Hiroshima, the ettemitended the Second World War,
wrote this first-hand account:

Through a darkness like the bottom of hell, | cdud@r the voices of the other
students calling for their mothers. And at the bafsthe bridge, inside a big cistern
that had been dug out there, was a mother weepahding above her head a naked
baby that was burned red all over its body. Andtlaomother was crying and
sobbing as she gave her burned breast to her mathe cistern the students stood
with only their heads above the water, and thetr hands, which they clasped as
they imploringly cried and screamed, calling fagittparents. But every single
person who passed was wounded, all of them, ame s no one, there was no
one to turn to for help. And the singed hair ontieads of the people was frizzled
and whitish and covered with dust. They did notegpgo be human, not creatures
of this world.

The Hiroshima explosion, unlike the subsequent Nakjeexplosion, was an air burst high
above the surface, so the fallout was insignificBoit on March 1, 1954, a thermonuclear
weapons test at Bikini in the Marshall Islands dated at higher yield than expected. A
great radioactive cloud was deposited on the tiolf af Rongalap, 150 kilometers away,
where the inhabitants likened the explosion toShe rising in the West. A few hours later,
radioactive ash fell on Rongalap like snow. Therage dose received was only about 175
rads, a little less than half the dose neededlitarkiaverage person. Being far from the
explosion, not many people died. Of course, theeadive strontium they ate was
concentrated in their bones, and the radioactigmewas concentrated in their thyroids.
Two-thirds of the children and one-third of the ksliater developed thyroid abnormalities,



growth retardation or malignant tumors. In compénsathe Marshall Islanders received
expert medical care.

The yield of the Hiroshima bomb was only thirtd@otons, the equivalent of
thirteen thousand tons of TNT. The Bikini test gliglas fifteen megatons. In a full nuclear
exchange, in the paroxysm of thermonuclear warethevalent of a million Hiroshima
bombs would be dropped all over the world. At theoshima death rate of some hundred
thousand people killed per equivalent thirteentkitoweapon, this would be enough to kill
a hundred billion people. But there were less finanbillion people on the planet in the
late twentieth century. Of course, in such an ergkanot everyone would be killed by the
blast and the firestorm, the radiation and thetdll although fallout does last for a longish
time: 90 percent of the strontium 90 will decayByears 90 percent of the cesium 137,
in 100years 90 percent of the iodine 131 amly a month

The survivors would witness more subtle consegeen€ the war. A full nuclear
exchange would burn the nitrogen in the uppercainyerting it to oxides of nitrogen,
which would in turn destroy a significant amountloé ozone in the high atmosphere,
admitting an intense dose of solar ultraviolet atidn.* The increased ultraviolet flux
would last for years. It would produce skin canmeaferentially in light-skinned people.
Much more important, it would affect the ecologyooir planet in an unknown way.
Ultraviolet light destroys crops. Many microorganswould be killed; we do not know
which ones or how many, or what the consequencgitroe. The organisms killed might,
for all we know, be at the base of a vast ecoldgigeamid at the top of which totter we.

* The process is similar to, but much more dangetban, the destruction of the ozone layer by the
fluorocarbon propellants in aerosol spray cansciwhiave accordingly been banned by a number afmsti
and to that invoked in the explanation of the estion of the dinosaurs by a supernova explosioawadozen
light-years away.

The dust put into the air in a full nuclear exchamgbuld reflect sunlight and cool
the Earth a little. Even a little cooling can haleastrous agricultural consequences. Birds
are more easily killed by radiation than insectagRes of insects and consequent further
agricultural disorders are a likely consequenceuaiear war. There is also another kind of
plague to worry about: the plague bacillus is endegih over the Earth. In the late
twentieth century humans did not much die of plagnet because it was absent, but
because resistance was high. However, the radiptamfuced in a nuclear war, among its
many other effects, debilitates the body’s immugalal system, causing a deterioration of
our ability to resist disease. In the longer tetimeye are mutations, new varieties of
microbes and insects, that might cause still furgreblems for any human survivors of a
nuclear holocaust; and perhaps after a while, where has been enough time for the
recessive mutations to recombine and be expressadand horrifying varieties of humans.
Most of these mutations, when expressed, woulethal. A few would not. And then
there would be other agonies: the loss of lovedptie legions of the burned, the blind
and the mutilated; disease, plague, long-livedaactive poisons in the air and water; the
threat of tumors and stillbirths and malformed dteh; the absence of medical care; the
hopeless sense of a civilization destroyed for ingttthe knowledge that we could have



prevented it and did not.

L. F. Richardson was a British meteorologist iegted in war. He wished to
understand its causes. There are intellectual lpEr@letween war and weather. Both are
complex. Both exhibit regularities, implying thaely are not implacable forces but natural
systems that can be understood and controlledn@lerstand the global weather you must
first collect a great body of meteorological datay must discover how the weather
actually behaves. Our approach must be the sarokafison decided, if we are to
understand warfare. So, for the years between 4881945, he collected data on the
hundreds of wars that had then been fought on oo planet.

Richardson’s results were published posthumouséybook calledhe Statistics of
Deadly QuarrelsBecause he was interested in how long you hadtofor a war that
would claim a specified number of victims, he defiran index, M, the magnitude of a war,
a measure of the number of immediate deaths iesadswar of magnitude M = 3 might
be merely a skirmish, killing only a thousand peod#). M = 5 or M = 6 denote more
serious wars, where a hundred thousand) @0a million (18) people are killed. World
Wars | and Il had larger magnitudes. He found thatmore people killed in a war, the less
likely it was to occur, and the longer before yooud witness it, just as violent storms
occur less frequently than cloudbursts. From hia dee can construct a graph which shows
how long on the average during the past centuryaamalf you would have to wait to
witness the war of magnitude M.

Richardson proposed that if you continue the ctoweery small values of M, all
the way to M = 0, it roughly predicts the worldwitieidence of murder; somewhere in the
world someone is murdered every five minutes. liddial killings and wars on the largest
scale are, he said, two ends of a continuum, aroleh curve. It follows, not only in a
trivial sense but also | believe in a very deepcpsiogical sense, that war is murder writ
large. When our well-being is threatened, wheniltusions about ourselves are challenged,
we tend - some of us at least - to fly into murderages. And when the same
provocations are applied to nation states, they,dometimes fly into murderous rages,
egged on often enough by those seeking personarpawprofit. But as the technology of
murder improves and the penalties of war increaggeat many people must be made to
fly into murderous rages simultaneously for a majar to be mustered. Because the
organs of mass communication are often in the hahtle state, this can commonly be
arranged. (Nuclear war is the exception. It cafriggered by a very small number of
people.)

We see here a conflict between our passions aatlissometimes called our better
natures; between the deep, ancient reptilian pdheobrain, the R-complex, in charge of
murderous rages, and the more recently evolved nadisnmand human parts of the brain,
the limbic system and the cerebral cortex. Whendnsiived in small groups, when our
weapons were comparatively paltry, even an enragedor could kill only a few. As our
technology improved, the means of war also improtethe same brief intervale also
have improved. We have tempered our anger, fricstrand despair with reason. We have
ameliorated on a planetary scale injustices thist @tently were global and endemic. But
our weapons can now Kkill billions. Have we improvast enough? Are we teaching reason
as effectively as we can? Have we courageouslyestutie causes of war?



What is often called the strategy of nuclear detese is remarkable for its reliance
on the behavior of our nonhuman ancestors. HersgiKger, a contemporary politician,
wrote: ‘Deterrence depends, above all, on psychodbgriteria. For purposes of deterrence,
a bluff taken seriously is more useful than a sevithreat interpreted as a bluff.” Truly
effective nuclear bluffing, however, includes ocoaal postures of irrationality, a
distancing from the horrors of nuclear war. Thems pbtential enemy is tempted to submit
on points of dispute rather than unleash a globafrontation, which the aura of
irrationality has made plausible. The chief dangfeadopting a credible pose of
irrationality is that to succeed in the pretense lgave to be very good. After a while, you
get used to it. It becomes pretense no longer.

The global balance of terror, pioneered by thetéthStates and the Soviet Union,
holds hostage the citizens of the Earth. Eachdiide's limits on the permissible behavior
of the other. The potential enemy is assured thheilimit is transgressed, nuclear war
will follow. However, the definition of the limitltanges from time to time. Each side must
be quite confident that the other understands ¢welimits. Each side is tempted to
increase its military advantage, but not in skstg a way as seriously to alarm the other.
Each side continually explores the limits of thieewts tolerance, as in flights of nuclear
bombers over the Arctic wastes; the Cuban missis¢the testing of anti-satellite
weapons; the Vietnam and Afghanistan wars - a fetwes from a long and dolorous list.
The global balance of terror is a very delicatebeé. It depends on things not going
wrong, on mistakes not being made, on the reptgassions not being seriously aroused.

And so we return to Richardson. In his diagramlaldine is the waiting time for a
war of magnitude M - that is, the average time veeil have to wait to witness a war that
kills 10" people (where M represents the number of zerdestag one in our usual
exponential arithmetic). Also shown, as a vertlzal at the right of the diagram, is the
world population in recent years, which reached lmti®n people (M = 9) around 1835
and is now about 4.5 billion people (M = 9.7). Whke Richardson curve crosses the
vertical bar we have specified the waiting timétmomsday: how many years until the
population of the Earth is destroyed in some gneat With Richardson’s curve and the
simplest extrapolation for the future growth of theman population, the two curves do not
intersect until the thirtieth century or so, andoDwsday is deferred.

But World War Il was of magnitude 7.7: some fiftyllion military personnel and
noncombatants were killed. The technology of deatranced ominously. Nuclear
weapons were used for the first time. There ik litidication that the motivations and
propensities for warfare have diminished since, laotth conventional and nuclear
weaponry has become far more deadly. Thus, thefttpe Richardson curve is shifting
downward by an unknown amount. If its new posiiesomewhere in the shaded region of
the figure, we may have only another few decadésDdoomsday. A more detailed
comparison of the incidence of wars before and 4845 might help to clarify this
guestion. It is of more than passing concern.

This is merely another way of saying what we havewn for decades: the
development of nuclear weapons and their delivesyesns will, sooner or later, lead to
global disaster. Many of the American and Europ&aigré scientists who developed the
first nuclear weapons were profoundly distressemlitithe demon they had let loose on the



world. They pleaded for the global abolition of lear weapons. But their pleas went
unheeded; the prospect of a national strategicrddga galvanized both the U.S.S.R. and
the United States, and the nuclear arms race began.

In the same period, there was a burgeoning intierrel trade in the devastating
non-nuclear weapons coyly called ‘conventional’tia past twenty-five years, in dollars
corrected for inflation, the annual internationaha trade has gone from $300 million to
much more than $20 billion. In the years betweebs0l&nd 1968, for which good statistics
seem to be available, there were, on the averagdgwide several accidents involving
nuclear weapons per year, although perhaps no thaneone or two accidental nuclear
explosions. The weapons establishments in the Sovien, the United States and other
nations are large and powerful. In the United Stétey include major corporations famous
for their homey domestic manufactures. Accordingrie estimate, the corporate profits in
military weapons procurement are 30 to 50 percigften than in an equally technological
but competitive civilian market. Cost overruns iilitary weapons systems are permitted
on a scale that would be considered unacceptalteiaivilian sphere. In the Soviet Union
the resources, quality, attention and care givenilibary production is in striking contrast
to the little left for consumer goods. Accordingstame estimates, almost half the scientists
and high technologists on Earth are employed &ulpart-time on military matters. Those
engaged in the development and manufacture of vsagiomass destruction are given
salaries, perquisites of power and, where posgplolelic honors at the highest levels
available in their respective societies. The sgcofaveapons development, carried to
especially extravagant lengths in the Soviet Unimplies that individuals so employed
need almost never accept responsibility for thefioas. They are protected and
anonymous. Military secrecy makes the military tinest difficult sector of any society for
the citizens to monitor. If we do not know whatyto®, it is very hard for us to stop them.
And with the rewards so substantial, with the hestiilitary establishments beholden to
each other in some ghastly mutual embrace, thedvdiscovers itself drifting toward the
ultimate undoing of the human enterprise.

Every major power has some widely publicized jicsttion for its procurement and
stockpiling of weapons of mass destruction, ofteriuding a reptilian reminder of the
presumed character and cultural defects of potestiemies (as opposed to us stout
fellows), or of the intentions of others, but newvearselves, to conquer the world. Every
nation seems to have its set of forbidden possésliwnhich its citizenry and adherents
must not at any cost be permitted to think seripabbut. In the Soviet Union these include
capitalism, God, and the surrender of national smgaty; in the United States, socialism,
atheism, and the surrender of national sovereighiythe same all over the world.

How would we explain the global arms race to pakésionate extraterrestrial
observer? How would we justify the most recentalgizing developments of
killer-satellites, particle beam weapons, laseesitron bombs, cruise missiles, and the
proposed conversion of areas the size of modesitices to the enterprise of hiding each
intercontinental ballistic missile among hundretidecoys? Would we argue that ten
thousand targeted nuclear warheads are likelyharere the prospects for our survival?
What account would we give of our stewardship efpglanet Earth? We have heard the
rationales offered by the nuclear superpowers. Wewvwho speaks for the nations. But



who speaks for the human species? Who speaks fthrZEa

About two-thirds of the mass of the human braiim ithe cerebral cortex, devoted
to intuition and reason. Humans have evolved gregsly. We delight in each other’s
company; we care for one another. We cooperateuiéih is built into us. We have
brilliantly deciphered some of the patterns of NatWe have sufficient motivation to
work together and the ability to figure out howdit. If we are willing to contemplate
nuclear war and the wholesale destruction of owgrging global society, should we not
also be willing to contemplate a wholesale restrmct of our societies? From an
extraterrestrial perspective, our global civilipatiis clearly on the edge of failure in the
most important task it faces: to preserve the lared well-being of the citizens of the
planet. Should we not then be willing to explorgorously, in every nation, major changes
in the traditional ways of doing things, a fundanaénedesign of economic, political,
social and religious institutions?

Faced with so disquieting an alternative, we arays tempted to minimize the
seriousness of the problem, to argue that thosewdny about doomsdays are alarmists;
to hold that fundamental changes in our institigiare impractical or contrary to ‘human
nature’, as if nuclear war were practical, or abdre were only one human nature.
Full-scale nuclear war has never happened. Sométisvt taken to imply that it never
will. But we can experience it only once. By thewill be too late to reformulate the
statistics.

The United States is one of the few governmerasabtually supports an agency
devoted to reversing the arms race. But the cortiparaudgets of the Department of
Defense (153 billion dollars per year in 1980) ahthe Arms Control and Disarmament
Agency (0.018 billion dollars per year) remind dghe relative importance we have
assigned to the two activities. Would not a rati@oeiety spend more on understanding
and preventing, than on preparing for, the nextwais possible to study the causes of war.
At present our understanding is meager - probabtabse disarmament budgets have,
since the time of Sargon of Akkad, been somewheted®en ineffective and nonexistent.
Microbiologists and physicians study diseases mdmture people. Rarely are they
rooting for the pathogen. Let us study war aswfete, as Einstein aptly called it, an illness
of childhood. We have reached the point where fn@tion of nuclear arms and resistance
to nuclear disarmament threaten every person oplémet. There are no more special
interests or special cases. Our survival depena®omitting our intelligence and
resources on a massive scale to take charge @vaudestiny, to guarantee that
Richardson’s curve does not veer to the right.

We, the nuclear hostages - all the peoples oE#réh - must educate ourselves
about conventional and nuclear warfare. Then wet gaiscate our governments. We must
learn the science and technology that provide tie @nceivable tools for our survival.
We must be willing to challenge courageously thevemtional social, political, economic
and religious wisdom. We must make every effotinderstand that our fellow humans, all
over the worldare human. Of course, such steps are difficult. BUEiastein many times
replied when his suggestions were rejected as ictipehor as inconsistent with ‘human
nature’: What is the alternative?



Mammals characteristically nuzzle, fondle, huggesar pet, groom and love their young,
behavior essentially unknown among the reptiles.i¢freally true that the R-complex and
limbic systems live in an uneasy truce within ckulks and still partake of their ancient
predilections, we might expect affectionate parentiulgence to encourage our
mammalian natures, and the absence of physicaitiffieto prod reptilian behavior. There
is some evidence that this is the case. In laboragperiments, Harry and Margaret
Harlow found that monkeys raised in cages and phjgiisolated - even though they
could see, hear and smell their simian fellowsvettgped a range of morose, withdrawn,
self-destructive and otherwise abnormal chara¢iesidn humans the same is observed for
children raised without physical affection - usyaii institutions - where they are clearly in
great pain.

The neuropsychologist James W. Prescott has peefba startling cross-cultural
statistical analysis of 400 preindustrial societiad found that cultures that lavish physical
affection on infants tend to be disinclined to eiote. Even societies without notable
fondling of infants develop nonviolent adults, pa®ed sexual activity in adolescents is not
repressed. Prescott believes that cultures witle@digposition for violence are composed of
individuals who have been deprived - during attleag of two critical stages in life,
infancy and adolescence - of the pleasures ofaldg.BVhere physical affection is
encouraged, theft, organized religion and invididisplays of wealth are inconspicuous;
where infants are physically punished, there teadse slavery, frequent killing, torturing
and mutilation of enemies, a devotion to the imiety of women, and a belief in one or
more supernatural beings who intervene in dai#y lif

We do not understand human behavior well enoudpe teure of the mechanisms
underlying these relationships, although we canembuare. But the correlations are
significant. Prescott writes: ‘The percent likeldtbof a society becoming physically
violent if it is physically affectionate toward itsfantsandtolerant of premarital sexual
behavior is 2 percent. The probability of this tielaship occurring by chance is 125,000 to
one. | am not aware of any other developmentabb#ithat has such a high degree of
predictive validity.” Infants hunger for physicdfection; adolescents are strongly driven to
sexual activity. If youngsters had their way, stegemight develop in which adults have
little tolerance for aggression, territorialitytual and social hierarchy (although in the
course of growing up the children might well expade these reptilian behaviors). If
Prescott is right, in an age of nuclear weaponsediedtive contraceptives, child abuse and
severe sexual repression are crimes against huymsfote work on this provocative thesis
is clearly needed. Meanwhile, we can each makesopal and noncontroversial
contribution to the future of the world by huggiogr infants tenderly.

If the inclinations toward slavery and racism, ogigny and violence are connected
- as individual character and human history, as$ agetross-cultural studies, suggest - then
there is room for some optimism. We are surrourierecent fundamental changes in
society. In the last two centuries, abject slavetith us for thousands of years or more, has
been almost eliminated in a stirring planet-wideotation. Women, patronized for
millennia, traditionally denied real political aedonomic power, are gradually becoming,
even in the most backward societies, equal partmginsmen. For the first time in modern
history, major wars of aggression were stoppedypbeicause of the revulsion felt by the



citizens of the aggressor nations. The old exhortatto nationalist fervor and jingoist
pride have begun to lose their appeal. Perhapsibea# rising standards of living,
children are being treated better worldwide. Inyanfew decades, sweeping global
changes have begun to move in precisely the diresteeded for human survival. A new
consciousness is developing which recognizes tkearne one species.

‘Superstition [is] cowardice in the face of the Die,” wrote Theophrastus, who lived
during the founding of the Library of Alexandria.@ihhabit a universe where atoms are
made in the centers of stars; where each secdmaliagnd suns are born; where life is
sparked by sunlight and lightning in the airs aredess of youthful planets; where the raw
material for biological evolution is sometimes magehe explosion of a star halfway
across the Milky Way; where a thing as beautifuhamlaxy is formed a hundred billion
times - a Cosmos of quasars and quarks, snowfke$ireflies, where there may be black
holes and other universes and extraterrestridizations whose radio messages are at this
moment reaching the Earth. How pallid by compariganthe pretensions of superstition
and pseudoscience; how important it is for us teye and understand science, that
characteristically human endeavor.

Every aspect of Nature reveals a deep mysteryarahes our sense of wonder and
awe. Theophrastus was right. Those afraid of tiieeuse as it really is, those who pretend
to nonexistent knowledge and envision a Cosmosoetion human beings will prefer the
fleeting comforts of superstition. They avoid ratttean confront the world. But those with
the courage to explore the weave and structudeeo€bsmos, even where it differs
profoundly from their wishes and prejudices, wingtrate its deepest mysteries.

There is no other species on Earth that doesazidnis, so far, entirely a human
invention, evolved by natural selection in the beakcortex for one simple reason: it
works. It is not perfect. It can be misused. ibidy a tool. But it is by far the best tool we
have, self-correcting, ongoing, applicable to eti@ng. It has two rules. First: there are no
sacred truths; all assumptions must be criticalgn@ined; arguments from authority are
worthless. Second: whatever is inconsistent wighféitts must be discarded or revised. We
must understand the Cosmos as it is and not cohfuset is with how we wish it to be.
The obvious is sometimes false; the unexpectednmesmes true. Humans everywhere
share the same goals when the context is largegandund the study of the Cosmos
provides the largest possible context. Presentadjlmldture is a kind of arrogant newcomer.
It arrives on the planetary stage following foudanhalf billion years of other acts, and
after looking about for a few thousand years deslaself in possession of eternal truths.
But in a world that is changing as fast as ouiis,itha prescription for disaster. No nation,
no religion, no economic system, no body of knowkeds likely to have all the answers
for our survival. There must be many social systérmaswould work far better than any
now in existence. In the scientific tradition, aask is to find them.

Only once before in our history was there the peanaf a brilliant scientific civilization.
Beneficiary of the lonian Awakening, it had itsadel at the Library of Alexandria, where
2,000 years ago the best minds of antiquity estlhéd the foundations for the systematic
study of mathematics, physics, biology, astrondiitarature, geography and medicine: We



build on those foundations still. The Library wamstructed and supported by the
Ptolemys, the Greek kings who inherited the Egyppiartion of the empire of Alexander
the Great. From the time of its creation in thedtuentury B.C. until its destruction seven
centuries later, it was the brain and heart ofath@ent world.

Alexandria was the publishing capital of the plai@¥ course, there were no
printing presses then. Books were expensive; emeeyof them was copied by hand. The
Library was the repository of the most accuratae®m the world. The art of critical
editing was invented there. The Old Testament cato@s to us mainly from the Greek
translations made in the Alexandrian Library. Thelémys devoted much of their
enormous wealth to the acquisition of every Gresdkb as well as works from Africa,
Persia, India, Israel and other parts of the wdrtdlemy Ill Euergetes wished to borrow
from Athens the original manuscripts or officiadtet copies of the great ancient tragedies
of Sophocles, Aeschylus and Euripides. To the Atres) these were a kind of cultural
patrimony - something like the original handwritiapies and first folios of Shakespeare
might be in England. They were reluctant to letrrenuscripts out of their hands even for
a moment. Only after Ptolemy guaranteed their nefvith an enormous cash deposit did
they agree to lend the plays. But Ptolemy valueddhscrolls more than gold or silver. He
forfeited the deposit gladly and enshrined, as Wwelimight, the originals in the Library.
The outraged Athenians had to content themselvitstiag copies that Ptolemy, only a
little shamefacedly, presented to them. Rarelyahstaite so avidly supported the pursuit of
knowledge.

The Ptolemys did not merely collect establisheovdedge; they encouraged and
financed scientific research and so generated mewledge. The results were amazing:
Eratosthenes accurately calculated the size dEéndh, mapped it, and argued that India
could be reached by sailing westward from SpaippHichus anticipated that stars come
into being, slowly move during the course of celatsirand eventually perish; it was he
who first catalogued the positions and magnitudeélestars to detect such changes.
Euclid produced a textbook on geometry from whiagmhans learned for twenty-three
centuries, a work that was to help awaken the sfiemterest of Kepler, Newton and
Einstein. Galen wrote basic works on healing arat@any which dominated medicine until
the Renaissance. There were, as we have noted, otfzerg.

Alexandria was the greatest city the Western whdd ever seen. People of all
nations came there to live, to trade, to learna@ygiven day, its harbors were thronged
with merchants, scholars and tourists. This wasyamhere Greeks, Egyptians, Arabs,
Syrians, Hebrews, Persians, Nubians, Phoenicitalgns, Gauls and Iberians exchanged
merchandise and ideas. It is probably here thatvtivd cosmopolitarrealized its true
meaning - citizen, not just of a nation, but of @@smos.* To be a citizen of the
Cosmos. ..

* The wordcosmopolitarwas first invented by Diogenes, the rationalistqggopher and critic of
Plato.

Here clearly were the seeds of the modern worldaMghevented them from taking
root and flourishing? Why instead did the West $denthrough a thousand years of



darkness until Columbus and Copernicus and theitecoporaries rediscovered the work
done in Alexandria? | cannot give you a simple arsBut | do know this: there is no
record, in the entire history of the Library, tlaaty of its illustrious scientists and scholars
ever seriously challenged the political, economid eeligious assumptions of their society.
The permanence of the stars was questioned; thegus slavery was not. Science and
learning in general were the preserve of a prieitetew. The vast population of the city
had not the vaguest notion of the great discovégigag place within the Library. New
findings were not explained or popularized. Theeagsh benefited them little. Discoveries
in mechanics and steam technology were appliedlyn@irthe perfection of weapons, the
encouragement of superstition, the amusement gskifihe scientists never grasped the
potential of machines to free people.* The gretdliectual achievements of antiquity had
few immediate practical applications. Science neagtured the imagination of the
multitude. There was no counterbalance to stagmatitopessimism, to the most abject
surrenders to mysticism. When, at long last, thé came to burn the Library down, there
was nobody to stop them.

* With the single exception of Archimedes, who digrhis stay at the Alexandrian Library invented
the water screw, which is used in Egypt to this fdethe irrigation of cultivated fields. But evée
considered such mechanical contrivances far betleattlignity of science.

The last scientist who worked in the Library wasahematician, astronomer,
physicist and the head of the Neoplatonic schoghidbsophy - an extraordinary range of
accomplishments for any individual in any age. H@me was Hypatia. She was born in
Alexandria in 370. At a time when women had fewiamt and were treated as property,
Hypatia moved freely and unselfconsciously throtrghitional male domains. By all
accounts she was a great beauty. She had mangssuitiorejected all offers of marriage.
The Alexandria of Hypatia’s time - by then long enédRoman rule - was a city under grave
strain. Slavery had sapped classical civilizatibiiovitality. The growing Christian
Church was consolidating its power and attemptingradicate pagan influence and culture.
Hypatia stood at the epicenter of these mightyaddorces. Cyril, the Archbishop of
Alexandria, despised her because of her closedsi@p with the Roman governor, and
because she was a symbol of learning and sciereeh were largely identified by the
early Church with paganism. In great personal dgrgfee continued to teach and publish,
until, in the year 415, on her way to work she weisupon by a fanatical mob of Cyril’s
parishioners. They dragged her from her chariog odf her clothes, and, armed with
abalone shells, flayed her flesh from her bones.rel@ains were burned, her works
obliterated, her name forgotten. Cyril was madaiats

The glory of the Alexandrian Library is a dim memdts last remnants were
destroyed soon after Hypatia’'s death. It was Hseifentire civilization had undergone some
self-inflicted brain surgery, and most of its mermasy discoveries, ideas and passions were
extinguished irrevocably. The loss was incalculalriesome cases, we know only the
tantalizing titles of the works that were destrayladmost cases, we know neither the titles
nor the authors. We do know that of the 123 pldyS8aphocles in the Library, only seven
survived. One of those severOsdipus RexSimilar numbers apply to the works of



Aeschylus and Euripides. It is a little as if th@yosurviving works of a man named
William Shakespeare wefeoriolanusandA Winter’'s Tale but we had heard that he had
written certain other plays, unknown to us but apptly prized in his time, works entitled
Hamlet Macbeth Julius CaesarKing Lear, Romeo and Juliet

Of the physical contents of that glorious Libraot a single scroll remains. In
modern Alexandria few people have a keen appreciathuch less a detailed knowledge,
of the Alexandrian Library or of the great Egyptinilization that preceded it for
thousands of years. More recent events, otherraliitmperatives have taken precedence.
The same is true all over the world. We have omdyrhost tenuous contact with our past.
And yet just a stone’s throw from the remains & 8erapaeum are reminders of many
civilizations: enigmatic sphinxes from pharaonigygy a great column erected to the
Roman Emperor Diocletian by a provincial flunky fast altogether permitting the citizens
of Alexandria to starve to death; a Christian churoany minarets; and the hallmarks of
modern industrial civilization - apartment housagomobiles, streetcars, urban slums, a
microwave relay tower. There are a million threaids the past intertwined to make the
ropes and cables of the modern world.

Our achievements rest on the accomplishments,008@enerations of our human
predecessors, all but a tiny fraction of whom amneless and forgotten. Every now and
then we stumble on a major civilization, such asdhcient culture of Ebla, which
flourished only a few millennia ago and about whigh knew nothing. How ignorant we
are of our own past! Inscriptions, papyruses, bdwks-bind the human species and permit
us to hear those few voices and faint cries ofowathers and sisters, our ancestors. And
what a joy of recognition when we realize how likethey were!

We have in this book devoted attention to someuofancestors whose names have
not been lost: Eratosthenes, Democritus, Aristaschiypatia, Leonardo, Kepler, Newton,
Huygens, Champollion, Humason, Goddard, Einsteilhfrom Western culture because
the emerging scientific civilization on our plam@mainly a Western civilization; but every
culture - China, India, West Africa, Mesoamerides made its major contributions to our
global society and had its seminal thinkers. Thioteghnological advances in
communication our planet is in the final stagebahg bound up at breakneck pace into a
single global society. If we can accomplish thegnation of the Earth without obliterating
cultural differences or destroying ourselves, wk knidve accomplished a great thing.

Near the site of the Alexandrian Library theréoday a headless sphinx sculpted in
the time of the pharaoh Horemheb, in the EighteBytiasty, a millennium before
Alexander. Within easy view of that leonine bodwisodern microwave relay tower.
Between them runs an unbroken thread in the higtbtlye human species. From sphinx to
tower is an instant of cosmic time - a moment mfifteen or so billion years that have
elapsed since the Big Bang. Almost all record efptassage of the universe from then to
now has been scattered by the winds of time. Tigeage of cosmic evolution has been
more thoroughly ravaged than all the papyrus stinlthe Alexandrian Library. And yet
through daring and intelligence we have stolennagimpses of that winding path along
which our ancestors and we have traveled.

For unknown ages after the explosive outpouringnafter and energy of the Big
Bang, the Cosmos was without form. There were haxgss, no planets, no life. Deep,



impenetrable darkness was everywhere, hydrogensatothe void. Here and there denser
accumulations of gas were imperceptibly growingbgk of matter were condensing -
hydrogen raindrops more massive than suns. Wittgsd globes of gas was first kindled
the nuclear fire latent in matter. A first genesatbf stars was born, flooding the Cosmos
with light. There were in those times not yet atgnpts to receive the light, no living
creatures to admire the radiance of the heaverep Dethe stellar furnaces the alchemy of
nuclear fusion created heavy elements, the ash@gdobgen burning, the atomic building
materials of future planets and lifeforms. Masstars soon exhausted their stores of
nuclear fuel. Rocked by colossal explosions, tletyrned most of their substance back into
the thin gas from which they had once condensetk Hethe dark lush clouds between the
stars, new raindrops made of many elements wenarigy later generations of stars being
born. Nearby, smaller raindrops grew, bodies farlittie to ignite the nuclear fire, droplets
in the interstellar mist on their way to form tHamets. Among them was a small world of
stone and iron, the early Earth.

Congealing and warming, the Earth released thaanet ammonia, water and
hydrogen gases that had been trapped within, fgrthie primitive atmosphere and the
first oceans. Starlight from the Sun bathed andwearthe primeval Earth, drove storms,
generated lightning and thunder. Volcanoes ovegbwith lava. These processes
disrupted molecules of the primitive atmosphere;ftagments fell back together again
into more and more complex forms, which dissolvethe early oceans. After a time the
seas achieved the consistency of a warm, dilutp.ddalecules were organized, and
complex chemical reactions driven, on the surfdagdays. And one day a molecule arose
that quite by accident was able to make crude sapfi@self out of the other molecules in
the broth. As time passed, more elaborate and awmarate self-replicating molecules
arose. Those combinations best suited to furth@icegion were favored by the sieve of
natural selection. Those that copied better prodiucere copies. And the primitive oceanic
broth gradually grew thin as it was consumed bytaasformed into complex
condensations of self-replicating organic molecugmdually, imperceptibly, life had
begun.

Single-celled plants evolved, and life began toegate its own food.
Photosynthesis transformed the atmosphere. Seinwasted. Once free-living forms
banded together to make a complex cell with speedlfunctions. Chemical receptors
evolved, and the Cosmos could taste and smell.d@lted organisms evolved into
multicellular colonies, elaborating their variows{s into specialized organ systems. Eyes
and ears evolved, and now the Cosmos could sebemrdPlants and animals discovered
that the land could support life. Organisms buzzealyled, scuttled, lumbered, glided,
flapped, shimmied, climbed and soared. Colossatbe¢hundered through the steaming
jungles. Small creatures emerged, born live instéanl hard-shelled containers, with a
fluid like the early oceans coursing through theiins. They survived by swiftness and
cunning. And then, only a moment ago, some smhadiraal animals scampered down from
the trees. They became upright and taught thenms#teeuse of tools, domesticated other
animals, plants and fire, and devised language .afheof stellar alchemy was now
emerging into consciousness. At an ever-accelgratice, it invented writing, cities, art
and science, and sent spaceships to the planethasthrs. These are some of the things



that hydrogen atoms do, given fifteen billion yeafgosmic evolution.

It has the sound of epic myth, and rightly. Busisimply a description of cosmic
evolution as revealed by the science of our time.ané difficult to come by and a danger
to ourselves. But any account of cosmic evoluti@kes it clear that all the creatures of the
Earth, the latest manufactures of the galactic égyein industry, are beings to be cherished.
Elsewhere there may be other equally astonishargstnutations of matter, so wistfully we
listen for a humming in the sky.

We have held the peculiar notion that a persaooiety that is a little different
from us, whoever we are, is somehow strange orrgizto be distrusted or loathed. Think
of the negative connotations of words lédéen or outlandish And yet the monuments and
cultures of each of our civilizations merely re@neisdifferent ways of being human. An
extraterrestrial visitor, looking at the differesa@mong human beings and their societies,
would find those differences trivial compared te 8imilarities. The Cosmos may be
densely populated with intelligent beings. But Bregwinian lesson is clear: There will be
no humans elsewhere. Only here. Only on this sphafiet. We are a rare as well as an
endangered species. Every one of us is, in theicqemmspective, precious. If a human
disagrees with you, let him live. In a hundredibiilgalaxies, you will not find another.

Human history can be viewed as a slowly dawningraness that we are members
of a larger group. Initially our loyalties weredarselves and our immediate family, next,
to bands of wandering hunter-gatherers, thenbedrismall settlements, city-states, nations.
We have broadened the circle of those we love. 8Ve Imow organized what are modestly
described as superpowers, which include groupgople from divergent ethnic and
cultural backgrounds working in some sense togetharely a humanizing and
character-building experience. If we are to survoug loyalties must be broadened further,
to include the whole human community, the entienpt Earth. Many of those who run the
nations will find this idea unpleasant. They wébf the loss of power. We will hear much
about treason and disloyalty. Rich nation-statékshave to share their wealth with poor
ones. But the choice, as H. G. Wells once saiddiffarent context, is clearly the universe
or nothing.

A few million years ago there were no humans. Wiilbhe here a few million years
hence? In all the 4.6-billion-year history of olaet, nothing much ever left it. But now,
tiny unmanned exploratory spacecraft from Earthnaoging, glistening and elegant,
through the solar system. We have made a prelimimgmonnaissance of twenty worlds,
among them all the planets visible to the naked ay¢hose wandering nocturnal lights
that stirred our ancestors toward understandingeasthsy. If we survive, our time will be
famous for two reasons: that at this dangerous moofdaechnological adolescence we
managed to avoid self-destruction; and becausestithe epoch in which we began our
journey to the stars.

The choice is stark and ironic. The same rockestars used to launch probes to
the planets are poised to send nuclear warhedtle tmations. The radioactive power
sources on Viking and Voyager derive from the staobnology that makes nuclear
weapons. The radio and radar techniques employeddk and guide ballistic missiles and
defend against attack are also used to monitocanmanand the spacecraft on the planets



and to listen for signals from civilizations nedher stars. If we use these technologies to
destroy ourselves, we surely will venture no moréhe planets and the stars. But the
converse is also true. If we continue to the pliaed the stars, our chauvinisms will be
shaken further. We will gain a cosmic perspectitve. will recognize that our explorations
can be carried out only on behalf of all the peaglthe planet Earth. We will invest our
energies in an enterprise devoted not to deatkolife: the expansion of our
understanding of the Earth and its inhabitantstaadearch for life elsewhere. Space
exploration - unmanned and manned - uses manyedame technological and
organizational skills and demands the same committoevalor and daring as does the
enterprise of war. Should a time of real disarmaraerve before nuclear war, such
exploration would enable the military-industriatasdishments of the major powers to
engage at long last in an untainted enterpriserdsts vested in preparations for war can
relatively easily be reinvested in the exploratdithe Cosmos.

A reasonable - even an ambitious - program of ummad exploration of the planets
is inexpensive. The budget for space sciencesitUtiited States is enormous. Comparable
expenditures in the Soviet Union are a few timegda Together these sums represent the
equivalent of two or three nuclear submarines peade, or the cost overruns on one of the
many weapon systems in a single year. In the laestter of 1979, the program cost of the
U.S. F/A-18 aircraft increased by $5.1 billion, ghd F-16 by $3.4 billion. Since their
inceptions, significantly less has been spent eruttimanned planetary programs of both
the United States and the Soviet Union than has asted shamefully - for example,
between 1970 and 1975, in the U.S. bombing of Calmaban application of national
policy that cost $7 billion. The total cost of assion such as Viking to Mars, or Voyager
to the outer solar system, is less than that ol 8%9-80 Soviet invasion of Afghanistan.
Through technical employment and the stimulatiohigh technology, money spent on
space exploration has an economic multiplier effécie study suggests that for every
dollar spent on the planets, seven dollars aremetito the national economy. And yet
there are many important and entirely feasible imnssthat have not been attempted
because of lack of funds - including roving vehsde wander across the surface of Mars, a
comet rendezvous, Titan entry probes and a fulessarch for radio signals from other
civilizations in space.

The cost of major ventures into space - permabase¢s on the Moon or human
exploration of Mars, say - is so large that thely mot, | think, be mustered in the very near
future unless we make dramatic progress in nueedrconventional’ disarmament. Even
then there are probably more pressing needs hesadh. But | have no doubt that, if we
avoid self-destruction, we will sooner or laterfpem such missions. It is almost
impossible to maintain a static society. Therekid of psychological compound interest:
even a small tendency toward retrenchment, a tgranvay from the Cosmos, adds up over
many generations to a significant decline. And @vsely, even a slight commitment to
ventures beyond the Earth - to what we might ediér Columbus, ‘the enterprise of the
stars’ - builds over many generations to a sigaiftchuman presence on other worlds, a
rejoicing in our participation in the Cosmos.

Some 3.6 million years ago, in what is now nomhEanzania, a volcano erupted,
the resulting cloud of ash covering the surroundiaigannahs. In 1979, the



paleoanthropologist Mary Leakey found in that asdtgrints - the footprints, she believes,
of an early hominid, perhaps an ancestor of alpt@ple on the Earth today. And 380,000
kilometers away, in a flat dry plain that humanséha a moment of optimism called the
Sea of Tranquility, there is another footprintt ley the first human to walk another world.
We have come far in 3.6 million years, and in 4ligon and in 15 billion.

For we are the local embodiment of a Cosmos grovaelf-awareness. We have
begun to contemplate our origins: starstuff ponaethe stars; organized assemblages of
ten billion billion billion atoms considering the@ution of atoms; tracing the long journey
by which, here at least, consciousness arose.dyalties are to the species and the planet.
Wespeak for Earth. Our obligation to survive is owed just to ourselves but also to that
Cosmos, ancient and vast, from which we spring.



APPENDIX |
Reductio ad Absurdurind the Square Root of Two

The original Pythagorean argument on the irratibpnaf the square root of 2
depended on a kind of argument calleductio ad absurdupa reduction to absurdity: we
assume the truth of a statement, follow its coneeges and come upon a contradiction,
thereby establishing its falsity. To take a modexample, consider the aphorism by the
great twentieth-century physicist, Niels Bohr: “Toygposite of every great idea is another
great idea.’ If the statement were true, its coneages might be at least a little perilous.
For example, consider the opposite of the Goldele,Ru proscriptions against lying or
‘Thou shalt not kill.” So let us consider whetheastB's aphorism is itself a great idea. If so,
then the converse statement, ‘The opposite of eyexgt idea is not a great idea,' must also
be true. Then we have reachecekductio ad absurdunif the converse statement is false,
the aphorism need not detain us long, since idstaelf-confessed as not a great idea.

We present a modern version of the proof of treionality of the square root of 2
using areductio ad absurdurand simple algebra rather than the exclusivebngsrical
proof discovered by the Pythagoreans. The stylegiment, the mode of thinking, is at

least as interesting as the conclusion:
1

A B
1 X
C D

Consider a square in which the sides are 1 ung (@rcentimeter, 1 inch, 1 light-year, it
does not matter). The diagonal line BC dividesdipgare into two triangles, each
containing a right angle. In such right triangkiee; Pythagorean theorem holdét °=x°.

But + =1+ 1 = 2, so%= 2 and we write x = the square root of 2. ¥¢sumethe
square root of 2 is a rational number: The squaseaf 2 = p/q, where p and g are integers,
whole numbers. They can be as big as we like andtzand for any integers we like. We
can certainly require that they have no commorofacif we were to claim the square root
of 2 = 14/10, for example, we would of course et the factor 2 and write p = 7 and
g =5, not p = 14, g = 10. Any common factor in muator or denominator would be
canceled out before we start. There are an infmiteber of p’s and g’s we can choose.
From the square root of 2 = p/q, by squaring Isadks of the equation, we find that 2 =
p?cf, or, by multiplying both sides of the equationdfywe find

p’ = 2cf.
(Equation 1)

p? is then some number multiplied by 2. Therefdrésmn even number. But the square of



any odd number is odd{% 1, 3 =9, § =25, 7 = 49, etc.). So p itself must be even, and
we can write p = 2s, where s is some other intég@stituting for p in Equation (1), we
find

p° = (2sf = 4¢ = 2¢f
Dividing both sides of the last equality by 2, viredf
oF =29

Therefore §is also an even number, and, by the same arguasem¢ just used for p, it
follows that q is even too. But if p and q are beten, both divisible by 2, then they have
not been reduced to their lowest common factortradicting one of our assumptions.
Reductio ad absurdunBut which assumption? The argument cannot begglis that
reduction to common factors is forbidden, that 04&lpermitted and 7/5 is not. So the
initial assumption must be wrong; p and q cannowbele numbers; and the square root of
2 is irrational. In fact, the square root of 2 4142135 ...

What a stunning and unexpected conclusion! Howasliethe proof! But the Pythagoreans
felt compelled to suppress this great discovery.



APPENDIX 2

The Five Pythagorean Solids

A regular polygon (Greek for ‘many-angled’) is aob@imensional figure with some
number, n, of equal sides. So n = 3 is an equdhteangle, n =4 isasquare,n=5is a
pentagon, and so on. A polyhedron (Greek for ‘msidgd’ ) is a three-dimensional figure,
all of whose faces are polygons: a cube, for examwith 6 squares for faces. A simple
polyhedron, or regular solid, is one with no hate&. Fundamental to the work of the
Pythagoreans and of Johannes Kepler was the faicthi#re can be 5 and only 5 regular
solids. The easiest proof comes from a relationdlgpovered much later by Descartes and
by Leonhard Euler which relates the number of faEethe number of edges, E, and the
number of corners or vertices V of a regular solid:

V-E+F=2
(Equation 2)

So for a cube, there are 6 faces (F = 6) and &esrfV =8),and8-E+6=2,14-E =2,
and E = 12; Equation (2) predicts that the cubell?asdges, as it does. A simple geometric
proof of Equation (2) can be found in the book mufant and Robbins in the Bibliography.
From Equation (2) we can prove that there are bwéyregular solids.

Every edge of a regular solid is shared by thessaf two adjacent polygons. Think
again of the cube, where every edge is a boundzvyden two squares. If we count up all
the sides of all the faces of a polyhedron, nFyilehave counted every edge twice. So

nF = 2E
(Equation 3)

Let r represent how many edges meet at each véiexa cube, r = 3. Also, every edge
connects two vertices. If we count up all the wedi, rV, we will similarly have counted
every edge twice. So

v =2E
(Equation 4)

Substituting for V and F in Equation (2) from Eqgoas (3) and (4), we find

2E 2E
_I—_E+T=2

If we divide both sides of this equation by 2E, ewve



(Equation 5)

We know that n is 3 or more, since the simplesyganh is the triangle, with three sides.
We also know that r is 3 or more, since at ledsicBs meet at a given vertex in a
polyhedron. If both n and r westmultaneouslynore than 3, the left-hand side of Equation
(5) would be less than 2/3 and the equation coatda satisfied for any positive value of
E. Thus, by anotheeductio ad absurdurargument, either n =3 and r is 3 or more, or r =
3 and n is 3 or more.
If n = 3, Equation (5) becomes

(1/3) + (1/r) = (1/2) + (1/E), or

1.1
“Ets

(Equation 6)

.y —

So in this case r can equal 3, 4, or 5 only. (Wéfe 6 or more, the equation would be
violated.) Now n = 3, r = 3 designates a solid mal 3 triangles meet at each vertex. By
Equation (6) it has 6 edges; by Equation (3) ithéaces; by Equation (4) it has 4 vertices.
Clearly it is the pyramid or tetrahedron; n = 3,4 is a solid with 8 faces in which 4
triangles meet at each vertex, the octahedronnan@, r = 5 represents a solid with 20
faces in which 5 triangles meet at each vertexidbgahedron.

If r = 3, Equation (5) becomes

N —

1_1
n EV

and by similar arguments n can equal 3, 4, or §.onk 3 is the tetrahedron again; n =4 is
a solid whose faces are 6 squares, the cube; ariglaorresponds to a solid whose faces
are 12 pentagons, the dodecahedron.

There are no other integer values of n and r ptessand therefore there are only 5
regular solids, a conclusion from abstract and tiedunathematics that has had, as we
have seen, the most profound impact on practicalamuaffairs.



