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And so some day,


The mighty ramparts of the mighty universe


Ringed round with hostile force,


Will yield and face decay and come crumbling to ruin.


—Lucretius, De Rerum Natura





PREFACE
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When I was a student in the early 1960s, there was intense interest in the problem of the origin of the universe. The big-bang theory, which dated from the 1920s but had been considered seriously only since the 1950s, was well known but far from convincing. The rival steady-state theory, which did away with a cosmic origin altogether, was still the most fashionable scenario in some quarters. Then came the discovery of the cosmic background heat radiation by Robert Penzias and Arno Wilson in 1965, and the subject was transformed. This, surely, was clear evidence for a hot, violent, abrupt origin of the universe.


Cosmologists feverishly worked through the implications of the discovery. How hot was the universe one million years after the big bang? One year after? One second? What sort of physical processes would have occurred in that primeval inferno? Might there be relics from the dawn of creation retaining an imprint of the extreme conditions that must then have prevailed?


I well remember attending a lecture on cosmology in 1968. The professor finished by reviewing the big-bang theory in the light of the discovery of the background heat radiation. “Some theoreticians have given an account of the chemical composition of the universe based on the nuclear processes that occurred during the first three minutes after the big bang,” he related with a smile. Everyone in the audience laughed uproariously. It seemed absurdly ambitious to try to describe the state of the universe just moments after it had come into existence. Even the seventeenth-century archbishop James Ussher, whose study of the minutiae of biblical chronology led him to declare that the universe was created on October 23, 4004 B.C., did not have the temerity to catalog the precise sequence of events during the first three minutes.


Such is the pace of scientific progress that barely a decade after the discovery of the cosmic background heat radiation, the first three minutes had become standard fare for students. Textbooks were written on the subject. Then in 1977 the American physicist and cosmologist Steven Weinberg published a best-selling book aptly titled The First Three Minutes. It proved to be a landmark in popular science publishing. Here was one of the world’s experts providing the general public with a detailed and totally convincing account of processes that occurred mere moments after the big bang.


While the public was catching up with these heady developments, the scientists themselves were moving on. Attention began to shift from what had become known as the early universe—meaning minutes or so after the big bang—to the very early universe—an almost infinitesimal fraction of a second after the beginning. Another decade or so later and the British mathematical physicist Stephen Hawking was confidently able to describe, in A Brief History of Time, the latest ideas about the first trillion-trillion-trillionth of a second. The laughter ending that lecture in 1968 now seems rather hollow.


With the big-bang theory well established in both the popular and the scientific mind, more and more thought is being given to the future of the universe. We have a good idea how the universe began, but how will it end? What can we say about its ultimate fate? Will the universe finish with a bang or a whimper—indeed, will it ever end at all? And what of us? Can humanity or our descendants, be they robotic or flesh and blood, survive for all eternity?


It is impossible not to be curious about such matters, even though Armageddon may not be just around the corner. Our struggle for survival on planet Earth, which is currently beset by man-made crises, is placed in a welcome new context when we are forced to reflect on the cosmological dimension of our existence. The Last Three Minutes is the story of the future of the universe, as best we can predict it, based on the latest thinking by some well-known physicists and cosmologists. It is not all apocalyptic. In fact, the future holds the promise of unprecedented potential for development and richness of experience. But we cannot ignore the fact that what can come to exist can also cease to exist.


This book is intended for the general reader. No prior knowledge of science or mathematics is necessary. From time to time, however, I need to discuss very large or very small numbers, and it helps to use a compact mathematical notation known as the powers of ten to represent them. The number one hundred billion, for example, when written out in full, is 100,000,000,000, which is rather cumbersome. There are eleven zeros after the 1 in this number, so we can represent it by writing 1011—in words, “ten to the eleventh power.” Similarly, one million is 106 and one trillion is 1012. And so on. Remember, however, that this notation tends to camouflage the rate at which these numbers grow: 1012 is a hundred times bigger than 1010; it is a much bigger number, even though it looks almost the same. Powers of ten, used negatively, can also represent very small numbers: thus the fraction one-billionth, or 1/1,000,000,000, becomes 10-9 (“ten to the minus nine”), because there are nine zeros after the 1 on the bottom of the fraction.


Finally, I should like to warn the reader that this book is necessarily highly speculative. While most of the ideas to be presented are based on our best current understanding of science, futurology cannot enjoy the same status as other scientific endeavors. Nevertheless, the temptation to speculate about the ultimate destiny of the cosmos is irresistible. It is in this spirit of open-minded inquiry that I have written this book. The basic scenario of a universe originating in a big bang, then expanding and cooling toward some final state of physical degeneration, or perhaps collapsing catastrophically, is fairly well established scientifically. What is far less certain, however, are the dominant physical processes that may occur over the immense time scales involved. Astronomers have a clear idea of the general fate of ordinary stars, and are becoming increasingly confident that they understand the basic properties of neutron stars and black holes; but if the universe endures for many trillions of years or more, there may be subtle physical effects about which we can only conjecture that eventually become very important.


When faced with the problem of our incomplete understanding of nature, all we can do to try and deduce the ultimate fate of the universe is to employ our best existing theories and extrapolate them to their logical conclusions. The problem is that many of the theories having an important bearing on the fate of the universe remain to be tested experimentally. Some of the processes I discuss—for example, gravitational-wave emission, proton decay, and black-hole radiance—are enthusiastically believed by theorists but have not yet been observed. Just as seriously, there will undoubtedly be other physical processes we know nothing about that could dramatically alter the ideas presented here.


These uncertainties become even greater when we consider the possible effects of intelligent life in the universe. Here we enter the realm of science fiction; nevertheless, we cannot ignore the fact that living beings may, over the eons, significantly modify the behavior of physical systems on ever-larger scales. I decided to include the topic of life in the cosmos because for many readers the fascination with the fate of the universe is intimately bound up with their concern for the fate of human beings, or the remote descendants of human beings. We should remember, though, that scientists have no real understanding of the nature of human consciousness, nor of the physical requirements that may permit conscious activity to continue in the far future of the universe.


I should like to thank John Barrow, Frank Tipler, Jason Twamley, Roger Penrose, and Duncan Steel for helpful discussions about the subject matter of this book; the series editor, Jerry Lyons, for his critical reading of the manuscript; and Sara Lippincott, for her excellent work on the final manuscript.





CHAPTER 1
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DOOMSDAY


The date: August 21, 2126. Doomsday.


The place: Earth. Across the planet a despairing population attempts to hide. For billions there is nowhere to go. Some people flee deep underground, desperately seeking out caves and disused mine shafts, or take to the sea in submarines. Others go on the rampage, murderous and uncaring. Most just sit, sullen and bemused, waiting for the end.


High in the sky, a huge shaft of light is etched into the fabric of the heavens. What began as a slender pencil of softly radiating nebulosity has swollen day by day to form a maelstrom of gas boiling into the vacuum of space. At the apex of a vapor trail lies a dark, misshapen, menacing lump. The diminutive head of the comet belies its enormous destructive power. It is closing on planet Earth at a staggering 40,000 miles per hour, 10 miles every second—a trillion tons of ice and rock, destined to strike at seventy times the speed of sound.


Mankind can only watch and wait. The scientists, who have long since abandoned their telescopes in the face of the inevitable, quietly shut down the computers. The endless simulations of disaster are still too uncertain, and their conclusions are too alarming to release to the public anyway. Some scientists have prepared elaborate survival strategies, using their technical knowledge to gain advantage over their fellow citizens. Others plan to observe the cataclysm as carefully as possible, maintaining their role as true scientists to the very end, transmitting data to time capsules buried deep in the Earth. For posterity. . . .


The moment of impact approaches. All over the world, millions of people nervously check their watches. The last three minutes.


Directly above ground zero, the sky splits open. A thousand cubic miles of air are blasted aside. A finger of searing flame wider than a city arcs groundward and fifteen seconds later lances the Earth. The planet shudders with the force of ten thousand earthquakes. A shock wave of displaced air sweeps over the surface of the globe, flattening all structures, pulverizing everything in its path. The flat terrain around the impact site rises in a ring of liquid mountains several miles high, exposing the bowels of the Earth in a crater a hundred miles across. The wall of molten rock ripples outward, tossing the landscape about like a blanket flicked in slow motion.


Within the crater itself, trillions of tons of rock are vaporized. Much more is splashed aloft, some of it flung out into space. Still more is pitched across half a continent to rain down hundreds or even thousands of miles away, wreaking massive destruction on all beneath. Some of the molten ejecta falls into the ocean, raising huge tsunamis that add to the spreading turmoil. A vast column of dusty debris fans out into the atmosphere, blotting out the sun across the whole planet. Now the sunlight is replaced by the sinister, flickering glare of a billion meteors, roasting the ground below with their searing heat, as displaced material plunges back from space into the atmosphere.


The preceding scenario is based on the prediction that comet Swift-Tuttle will hit the earth on August 21, 2126. If it were to, global devastation would undoubtedly follow, destroying human civilization. When this comet paid us a visit in 1993, early calculations suggested that a collision in 2126 was a distinct possibility. Since then, revised calculations indicate that the comet will in fact miss Earth by two weeks: a close shave, but we can breathe easily. However, the danger won’t go away entirely. Sooner or later Swift-Tuttle, or an object like it, will hit the Earth. Estimates suggest that 10,000 objects half a kilometer or more in diameter move on Earth-intersecting orbits. These astromomical interlopers originate in the frigid outer reaches of the solar system. Some are the remains of comets that have become trapped by the gravitational fields of the planets, others come from the asteroid belt that lies between Mars and Jupiter. Orbital instability causes a continual traffic of these small but lethal bodies into and out of the inner solar system, constituting an ever-present menace to Earth and our sister planets.


Many of these objects are capable of causing more damage than all the world’s nuclear weapons put together. It is only a matter of time before one strikes. When it does, it will be bad news for people. There will be an abrupt and unprecedented interruption in the history of our species. But for the Earth such an event is more or less routine. Cometary or asteroid impacts of this magnitude occur, on average, every few million years. It is widely believed that one or more such events caused the extinction of the dinosaurs sixty-five million years ago. It could be us next time.


Belief in Armageddon is deep-rooted in most religions and cultures. The biblical book of Revelation gives a vivid account of the death and destruction that lie in store for us:


Then there came flashes of lightning, rumblings, peals of thunder, and a severe earthquake. No earthquake like it has ever occurred since man has been on Earth, so tremendous was the quake. . . . The cities of the nations collapsed. . . . Every island fled away and the mountains could not be found. From the sky huge hailstones of about a hundred pounds each fell upon men. And they cursed God on account of the plague of hail, because the plague was so terrible.


There are certainly lots of nasty things that could happen to Earth, a puny object in a universe pervaded by violent forces, yet our planet has remained hospitable to life for at least three and a half billion years. The secret of our success on planet Earth is space. Lots of it. Our solar system is a tiny island of activity in an ocean of emptiness. The nearest star (after the sun) lies more than four light-years away. To get some idea of how far that is, consider that light traverses the ninety-three million miles from the sun in only eight and a half minutes. In four years, it travels more than twenty trillion miles.


The sun is a typical dwarf star, lying in a typical region of our galaxy, the Milky Way. The galaxy contains about a hundred billion stars, ranging in mass from a few percent to a hundred times the mass of the sun. These objects, together with a lot of gas clouds and dust and an uncertain number of comets, asteroids, planets, and black holes, slowly orbit the galactic center. Such a huge collection of bodies may give the impression that the galaxy is a very crowded system, until account is taken of the fact that the visible part of the Milky Way measures about a hundred thousand light-years across. It is shaped like a plate, with a central bulge; a few spiral arms made up of stars and gas are strung out around it. Our sun is located in one such spiral arm and is about thirty thousand light-years from the middle.


As far as we know, there is nothing very exceptional about the Milky Way. A similar galaxy, called Andromeda, lies about two million light-years away, in the direction of the constellation of that name. It can just be seen with the unaided eye as a fuzzy patch of light. Many billions of galaxies, some spiral, some elliptical, some irregular, adorn the observable universe. The scale of distance is vast. Powerful telescopes can image individual galaxies several billion light-years away. In some cases, it has taken their light longer than the age of the Earth (four and a half billion years) to reach us.


All this space means that cosmic collisions are rare. The greatest threat to Earth is probably from our own backyard. Asteroids do not normally orbit close to Earth; they are largely confined to the belt between Mars and Jupiter. But the huge mass of Jupiter can disturb the asteroids’ orbits, occasionally sending one of them plunging in toward the sun, and thus menacing Earth.


Comets pose another threat. These spectacular bodies are believed to originate in an invisible cloud situated about a light year from the sun. Here the threat comes not from Jupiter but from passing stars. The galaxy is not static; it rotates slowly, as its stars orbit the galactic nucleus. The sun and its little retinue of planets take about two hundred million years to complete one circuit of the galaxy, and on the way they have many adventures. Nearby stars may brush the cloud of comets, displacing a few toward the sun. As the comets plunge through the inner solar system, the sun evaporates some of their volatile material, and the solar wind blows it out in a long streamer—the famous cometary tail. Very rarely, a comet will collide with the Earth during its sojourn in the inner solar system. The comet does the damage, but the passing star must bear the responsibility. Fortunately, the huge distances between the stars insulate us against too many such encounters.


Other objects can also pass our way on their journey around the galaxy. Giant clouds of gas drift slowly by, and though they are more tenuous even than a laboratory vacuum they can drastically alter the solar wind and may affect the heat flow from the sun. Other, more sinister objects may lurk in the inky depths of space: rogue planets, neutron stars, brown dwarfs, black holes—all these and more could come upon us unseen, without warning, and wreak havoc with the solar system.


Or the threat could be more insidious. Some astronomers believe that the sun may belong to a double-star system, in common with a great many other stars in the galaxy. If it exists, our companion star—dubbed Nemesis, or the Death Star—is too dim and too far away to have been discovered yet. But in its slow orbit around the sun it could still make its presence felt gravitationally, by periodically disturbing distant comets and sending some plunging Earthward to produce a series of devastating impacts. Geologists have found that wholesale ecological destruction does indeed occur periodically—about every thirty million years.


Looking farther afield, astronomers have observed entire galaxies in apparent collision. What chance is there that the Milky Way will be smashed by another galaxy? There is some evidence, in the very rapid movement of certain stars, that the Milky Way may have already been disrupted by collisions with small nearby galaxies. However, the collision of two galaxies does not necessarily spell disaster for their constituent stars. Galaxies are so sparsely populated that they can merge into one another without individual stellar collisions.


Most people are fascinated by the prospect of Doomsday—the sudden, spectacular destruction of the world. But violent death is less of a threat than slow decay. There are many ways in which Earth could gradually become inhospitable. Slow ecological degradation, climatic change, a small variation in the heat output of the sun—all these could threaten our comfort, if not survival, on our fragile planet. Such changes, however, will take place over thousands or even millions of years, and humanity may be able to combat them using advanced technology. The gradual onset of a new ice age, for example, would not spell total disaster for our species, given the time available to reorganize our activities. One can speculate that technology will continue to advance dramatically over the coming millennia; if so, it is tempting to believe that human beings, or their descendants, will gain control over ever-larger physical systems and may eventually be in a position to avert disasters even on an astronomical scale.


Can humanity, in principle, survive forever? Possibly. But we shall see that immortality does not come easily and may yet prove to be impossible. The universe itself is subject to physical laws that impose upon it a life cycle of its own: birth, evolution, and—perhaps—death. Our own fate is entangled inextricably with the fate of the stars.





CHAPTER 2
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THE DYING UNIVERSE


In the year 1856, the German physicist Hermann von Helmholtz made what is probably the most depressing prediction in the history of science. The universe, Helmholtz claimed, is dying. The basis of this apocalyptic pronouncement was the so-called second law of thermodynamics. Originally formulated in the early nineteenth century as a rather technical statement about the efficiency of heat engines, the second law of thermodynamics (now often termed simply “the second law”) was soon recognized as having universal significance—indeed, literally cosmic consequences.


In its simplest version, the second law states that heat flows from hot to cold. This is, of course, a familiar and obvious property of physical systems. We see it at work whenever we cook a meal or let a hot cup of coffee cool: the heat flows from the region with the higher temperature to that with the lower temperature. There is no mystery about this. Heat manifests itself in matter in the form of molecular agitation. In a gas, such as air, the molecules rush around chaotically and collide. Even in a solid body the atoms jiggle vigorously about. The hotter the body, the more energetic the molecular agitation will be. If two bodies of different temperature are brought into contact, the more vigorous molecular agitation in the hot body soon spreads to the molecules of the cooler body.
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FIGURE 2.1


The arrow of time. The melting ice cube defines a directionality in time: heat flows from the warm water into the cold ice. A movie showing the sequence (iii), (ii), (i) would soon be recognized as a trick. This asymmetry is characterized by a quantity called entropy, which rises as the ice melts.


Because heat flow is unidirectional, the process is lopsided in time. A movie showing heat flowing spontaneously from cold to hot would look as silly as a river flowing uphill or raindrops rising to the clouds. So we can identify a fundamental directionality to heat flow, often represented by an arrow pointing from past to future. This “arrow of time” indicates the irreversible nature of thermodynamic processes and has fascinated physicists for a hundred and fifty years. (See figure 2.1).


The work of Helmholtz, Rudolf Clausius, and Lord Kelvin led to the recognition of the significance of a quantity called entropy for characterizing irreversible change in thermodynamics. In the simple case of a hot body in contact with a cold body, the entropy can be defined as heat energy divided by temperature. Consider a small quantity of heat flowing from the hot body into the cold body. The hot body will lose some entropy and the cold body will gain some. Because the same quantity of heat energy is involved but the temperatures differ, the entropy gained by the cold body will be greater than that lost by the hot body. Thus the total entropy of the whole system—hot body plus cold body—rises. One statement of the second law of thermodynamics is then that the entropy of such a system should never fall, for to do so would imply that some heat had gone spontaneously from cold to hot.


A more thoroughgoing analysis enables this law to be generalized to all closed systems: the entropy never falls. If the system includes a refrigerator, which can transfer heat from cold to hot, totaling the entropy of the whole system must take into account the energy expended in running the refrigerator. The process of expenditure will itself increase the entropy. It is then always the case that the entropy created by running the refrigerator more than offsets the reduction in entropy resulting from the transfer of heat from cold to hot. In natural systems, too, such as those involving biological organisms or the formation of crystals, the entropy of one part of the system often falls, but this fall is always paid for by a compensatory rise in entropy in another part of the system. Overall, the entropy never goes down.


If the universe as a whole can be considered as a closed system, on the basis that there is nothing “outside” it, then the second law of thermodynamics makes an important prediction: the total entropy of the universe never decreases. In fact, it goes on rising remorselessly. A good example lies right on our cosmic doorstep—the sun, which continuously pours heat into the cold depths of space. The heat goes off into the universe, never to return; this is a spectacularly irreversible process.


An obvious question is, Can the entropy of the universe go on rising forever? Imagine a hot body and a cold body brought into contact inside a thermally sealed container. Heat energy flows from hot to cold and the entropy rises, but eventually the cold body will warm up and the hot body will cool down so that they reach the same temperature. When that state is achieved, there will be no further heat transfer. The system inside the container will have reached a uniform temperature—a stable state of maximum entropy referred to as thermodynamic equilibrium. No further change is expected, as long as the system remains isolated; but if the bodies are disturbed in some way—say, by introducing more heat from outside the container—then further thermal activity will occur, and the entropy will rise to a higher maximum.


What do these basic thermodynamic ideas tell us about astronomical and cosmological change? In the case of the sun and most other stars, the outflow of heat can continue for many billions of years, but it is not inexhaustible. A normal star’s heat is generated by nuclear processes in its interior. As we shall see, the sun will eventually run out of fuel, and unless overtaken by events it will cool until it reaches the same temperature as the surrounding space.


Although Hermann von Helmholtz knew nothing of nuclear reactions (the source of the sun’s immense energy was a mystery at that time), he understood the general principle that all physical activity in the universe tends toward a final state of thermodynamic equilibrium, or maximum entropy, following which nothing of value is likely to happen for all eternity. This one-way slide toward equilibrium became known to the early thermodynamicists as the “heat death” of the universe. Individual systems, it was conceded, might be revitalized by external disturbances, but the universe itself had no “outside” by definition, so nothing could prevent an all-encompassing heat death. It seemed inescapable.


The discovery that the universe was dying as an inexorable consequence of the laws of thermodynamics had a profoundly depressing effect on generations of scientists and philosophers. Bertrand Russell, for example, was moved to write the following gloomy assessment in his book Why I Am Not a Christian:


All the labours of the ages, all the devotion, all the inspiration, all the noonday brightness of human genius, are destined to extinction in the vast death of the solar system, and . . . the whole temple of man’s achievement must inevitably be buried beneath the debris of a universe in ruins—all these things, if not quite beyond dispute, are yet so nearly certain that no philosophy which rejects them can hope to stand. Only within the scaffolding of these truths, only on the firm foundation of unyielding despair, can the soul’s habitation henceforth be safely built.


Many other writers have concluded from the second law of thermodynamics and its implication of a dying universe that the universe is pointless and human existence ultimately futile. I shall return to this bleak assessment in later chapters and discuss whether or not it is misconceived.


The prediction of a final cosmic heat death not only says something about the future of the universe but also implies something important about the past. It is clear that if the universe is irreversibly running down at a finite rate, then it cannot have existed forever. The reason is simple: if the universe were infinitely old, it would have died already. Something that runs down at a finite rate obviously cannot have existed for eternity. In other words, the universe must have come into existence a finite time ago.


It is remarkable that this profound conclusion was not properly grasped by the scientists of the nineteenth century. The idea of the universe originating abruptly in a big bang had to await astronomical observations in the 1920s, but a definite genesis at some moment in the past seems to have been strongly suggested already, on purely thermodynamic grounds.
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FIGURE 2.2


Olbers’ paradox. Imagine an unchanging universe populated by randomly scattered stars at a uniform average density. Shown is a selection of stars occupying a thin spherical shell of space centered on Earth. (The stars outside the shell have been omitted from the picture.) Light from the stars in this shell contributes to the total flux of starlight falling on Earth. The intensity of light from a given star will diminish as the square of the shell’s radius. However, the total number of stars in the shell will grow in proportion to the square of the shell’s radius. Therefore these two factors cancel each other out, and the total luminosity of the shell is independent of its radius. In an infinite universe, there will be an infinity of shells and—apparently—an infinite flux of light reaching Earth.
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