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STEPHEN HAWKING is widely
believed to be one of the world’sgreatest minds: a brilliant theoreticalphysicist whose work helped toreconfigure models of the universeand to redefine what’s in it. Imaginesitting in a room listening to Hawkingdiscuss these achievements and placethem in historical context. It would belike hearing Christopher Columbus onthe New World.
This book approaches that. InThe Theory of Everything, Hawkingpresents a series of seven lectures inwhich he lays out, perhaps moreclearly and concisely than ever, thehistory of the universe as we know it.These essays capture not only thebrilliance of Hawking’s mind but hischaracteristic wit as well. Of hisresearch on black holes, whichabsorbed him for more than a decade,he says, “It might seem a bit likelooking for a black cat in a coal cellar. ”
Hawking begins with a historyof ideas about the universe, fromAristotle’s determination that the Earthis round to Hubble’s discovery, over2000 years later, that the universe isexpanding. Using that as a launchingpad, he explores the reaches ofmodern physics, including theories onthe origin of the universe (e.g., the bigbang), the nature of black holes, andspace-time. Finally, he poses thequestions left unanswered by modernphysics, especially how to combine allthe partial theories into a “unified
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In this series of lectures I shall try to give anoutline of what we think is the history of theuniverse from the big bang to black holes. Inthe first lecture I shall briefly review past ideasabout the universe and how we got to our pre-sent picture. One might call this the history ofthe history of the universe.
In the second lecture I shall describe howboth Newton’s and Einstein’s theories of gravityled to the conclusion that the universe could notbe static; it had to be either expanding or con-tracting. This, in turn, implied that there musthave been a time between ten and twenty billionyears ago when the density of the universe wasinfinite.This is called the big bang. It would havebeen the beginning of the universe.
In the third lecture I shall talk about blackholes. These are formed when a massive star oran even larger body collapses in on itself underits own gravitational pull. According to Einstein’sgeneral theory of relativity, anyone foolishenough to fall into a black hole will be lost for-ever. They will not be able to come out of theblack hole again. Instead, history, as far as theyare concerned, will come to a sticky end at a
XII
singularity. However, general relativity is a classi-cal theory—that is, it doesn’t take into accountthe uncertainty principle of quantum mechanics.
In the fourth lecture I shall describe howquantum mechanics allows energy to leak out ofblack holes. Black holes aren’t as black as theyare painted.
In the fifth lecture I shall apply quantum me-chanical ideas to the big bang and the origin ofthe universe. This leads to the idea that space-time may be finite in extent but without bound-ary or edge. It would be like the surface of theEarth but with two more dimensions.
In the sixth lecture I shall show how thisnew boundary proposal could explain why thepast is so different from the future, even thoughthe laws of physics are time symmetric.
Finally, in the seventh lecture I shall describehow we are trying to find a unified theory thatwill include quantum mechanics, gravity, and allthe other interactions of physics. If we achievethis, we shall really understand the universe andour position in it.
First Lecture
IDEAS ABOUT THEUNIVERSE
3
As long ago as 340 b.c. Aristotle, in hisbook On the Heavens, was able to putforward two good arguments for believ-ing that the Earth was a round ball rather than aflat plate. First, he realized that eclipses of themoon were caused by the Earth coming betweenthe sun and the moon. The Earth’s shadow onthe moon was always round, which would betrue only if the Earth was spherical. If the Earthhad been a flat disk, the shadow would havebeen elongated and elliptical, unless the eclipsealways occurred at a time when the sun was di-rectly above the center of the disk.
Second, the Greeks knew from their travelsthat the Pole Star appeared lower in the skywhen viewed in the south than it did in morenortherly regions. From the difference in the ap-parent position of the Pole Star in Egypt andGreece, Aristotle even quoted an estimate thatthe distance around the Earth was four hundredthousand stadia. It is not known exactly whatlength a stadium was, but it may have beenabout two hundred yards. This would makeAristotle’s estimate about twice the currently ac-cepted figure.
The Greeks even had a third argument thatthe Earth must be round, for why else does onefirst see the sails of a ship coming over the hori-zon and only later see the hull? Aristotle thoughtthat the Earth was stationary and that the sun,the moon, the planets, and the stars moved in cir-cular orbits about the Earth. He believed this be-cause he felt, for mystical reasons, that the Earthwas the center of the universe and that circularmotion was the most perfect.
This idea was elaborated by Ptolemy in thefirst century a.d. into a complete cosmologicalmodel. The Earth stood at the center, surroundedby eight spheres, which carried the moon, thesun, the stars, and the five planets known at thetime: Mercury,Venus, Mars, Jupiter, and Saturn.Theplanets themselves moved on smaller circles at-tached to their respective spheres in order to ac-count for their rather complicated observed pathsin the sky. The outermost sphere carried the so-
called fixed stars, which always stay in the same
}
positions relative to each other but which rotatetogether across the sky. What lay beyond the lastsphere was never made very clear, but it certainlywas not part of mankind’s observable universe.
5
Ptolemy’s model provided a reasonably accu-rate system for predicting the positions of heav-enly bodies in the sky. But in order to predictthese positions correctly, Ptolemy had to makean assumption that the moon followed a paththat sometimes brought it twice as close to theEarth as at other times. And that meant that themoon had sometimes to appear twice as big as itusually does. Ptolemy was aware of this flaw butnevertheless his model was generally, althoughnot universally, accepted. It was adopted by theChristian church as the picture of the universethat was in accordance with Scripture. It had thegreat advantage that it left lots of room outsidethe sphere of fixed stars for heaven and hell.
A much simpler model, however, was pro-posed in 1514 by a Polish priest, NicholasCopernicus. At first, for fear of being accused ofheresy, Copernicus published his model anony-mously. His idea was that the sun was stationaryat the center and that the Earth and the planetsmoved in circular orbits around the sun. Sadly forCopernicus, nearly a century passed before thisidea was to be taken seriously. Then two as-tronomers—the German, Johannes Kepler, and
the Italian, Galileo Galilei—started publicly tosupport the Copernican theory, despite the factthat the orbits it predicted did not quite matchthe ones observed. The death of the Aristotelian-Ptolemaic theory came in 1609. In that yearGalileo started observing the night sky with atelescope, which had just been invented.
When he looked at the planet Jupiter, Galileofound that it was accompanied by several smallsatellites, or moons, which orbited around it.Thisimplied that everything did not have to orbit di-rectly around the Earth as Aristotle and Ptolemyhad thought. It was, of course, still possible to be-lieve that the Earth was stationary at the centerof the universe, but that the moons of Jupitermoved on extremely complicated paths aroundthe Earth, giving the appearance that they or-bited Jupiter. However, Copernicus’s theory wasmuch simpler.
At the same time, Kepler had modifiedCopernicus’s theory, suggesting that the planetsmoved not in circles, but in ellipses. The predic-tions now finally matched the observations. Asfar as Kepler was concerned, elliptical orbitswere merely an ad hoc hypothesis—and a rather
7
repugnant one at that because ellipses wereclearly less perfect than circles. Having discov-ered, almost by accident, that elliptical orbits fit-ted the observations well, he could not reconcilewith his idea that the planets were made to orbitthe sun by magnetic forces.
An explanation was provided only muchlater, in 1687, when Newton published hisPrincipia Mathematica Naturalis Causae.This was probably the most important singlework ever published in the physical sciences.In it, Newton not only put forward a theory ofhow bodies moved in space and time, but healso developed the mathematics needed to ana-lyze those motions. In addition, Newton postu-lated a law of universal gravitation. This saidthat each body in the universe was attracted to-ward every other body by a force which wasstronger the more massive the bodies and thecloser they were to each other. It was the sameforce which caused objects to fall to theground. The story that Newton was hit on thehead by an apple is almost certainly apoc-ryphal. All Newton himself ever said was thatthe idea of gravity came to him as he sat in a
contemplative mood, and was occasioned bythe fall of an apple.
Newton went on to show that, according tohis law, gravity causes the moon to move in an el-liptical orbit around the Earth and causes theEarth and the planets to follow elliptical pathsaround the sun. The Copernican model got rid ofPtolemy’s celestial spheres, and with them theidea that the universe had a natural boundary.The fixed stars did not appear to change theirrelative positions as the Earth went around thesun. It therefore became natural to suppose thatthe fixed stars were objects like our sun butmuch farther away. This raised a problem.Newton realized that, according to his theory ofgravity, the stars should attract each other; so, itseemed they could not remain essentially mo-tionless. Would they not all fall together at somepoint?
In a letter in 1691 to Richard Bentley, an-other leading thinker of his day, Newton arguedthat this would indeed happen if there wereonly a finite number of stars. But he reasonedthat if, on the other hand, there were an infinitenumber of stars distributed more or less uni-
9
formly over infinite space, this would not hap-pen because there would not be any centralpoint for them to fall to. This argument is an in-stance of the pitfalls that one can encounterwhen one talks about infinity.
In an infinite universe, every point can be re-garded as the center because every point has aninfinite number of stars on each side of it. Thecorrect approach, it was realized only muchlater, is to consider the finite situation in whichthe stars all fall in on each other. One then askshow things change if one adds more starsroughly uniformly distributed outside this re-gion. According to Newton’s law, the extra starswould make no difference at all to the originalones, and so the stars would fall in just as fast. Wecan add as many stars as we like, but they willstill always collapse in on themselves. We nowknow it is impossible to have an infinite staticmodel of the universe in which gravity is alwaysattractive.
It is an interesting reflection on the generalclimate of thought before the twentieth centurythat no one had suggested that the universewas expanding or contracting. It was generally
accepted that either the universe had existed for-ever in an unchanging state or that it had beencreated at a finite time in the past, more or less aswe observe it today. In part, this may have beendue to people’s tendency to believe in eternaltruths as well as the comfort they found in thethought that even though they may grow old anddie, the universe is unchanging.
Even those who realized that Newton’s the-ory of gravity showed that the universe couldnot be static did not think to suggest that itmight be expanding. Instead, they attempted tomodify the theory by making the gravitationalforce repulsive at very large distances. This didnot significantly affect their predictions of themotions of the planets. But it would allow an in-finite distribution of stars to remain in equilib-rium, with the attractive forces between nearbystars being balanced by the repulsive forces fromthose that were farther away.
However, we now believe such an equilib-rium would be unstable. If the stars in someregion got only slightly near each other, theattractive forces between them would becomestronger and would dominate over the repulsive
11
forces. This would mean that the stars wouldcontinue to fall toward each other. On the otherhand, if the stars got a bit farther away from eachother, the repulsive forces would dominate anddrive them farther apart.
Another objection to an infinite static uni-verse is normally ascribed to the Germanphilosopher Heinrich Olbers. In fact, variouscontemporaries of Newton had raised the prob-lem, and the Olbers article of 1823 was not eventhe first to contain plausible arguments on thissubject. It was, however, the first to be widelynoted. The difficulty is that in an infinite staticuniverse nearly every line or side would end onthe surface of a star. Thus one would expect thatthe whole sky would be as bright as the sun,even at night. Olbers’s counterargument wasthat the light from distant stars would bedimmed by absorption by intervening matter.However, if that happened, the intervening mat-ter would eventually heat up until it glowed asbrightly as the stars.
The only way of avoiding the conclusion thatthe whole of the night sky should be as bright asthe surface of the sun would be if the stars had
not been shining forever, but had turned on atsome finite time in the past. In that case, the ab-sorbing matter might not have heated up yet, orthe light from distant stars might not yet havereached us. And that brings us to the questionof what could have caused the stars to haveturned on in the first place.
The Beginning of theUniverse
The beginning of the universe had, of course,been discussed for a long time. According to anumber of early cosmologies in the Jewish/Christian/Muslim tradition, the universe startedat a finite and not very distant time in the past.One argument for such a beginning was the feel-ing that it was necessary to have a first cause toexplain the existence of the universe.
Another argument was put forward by St.Augustine in his book, The City of God. Hepointed out that civilization is progressing, andwe remember who performed this deed or de-veloped that technique. Thus man, and so alsoperhaps the universe, could not have been
13
around all that long. For otherwise we wouldhave already progressed more than we have.
St. Augustine accepted a date of about 5000b.c. for the creation of the universe according tothe book of Genesis. It is interesting that this isnot so far from the end of the last Ice Age, about10,000 b.c., which is when civilization really be-gan. Aristotle and most of the other Greekphilosophers, on the other hand, did not like theidea of a creation because it made too much ofdivine intervention.They believed, therefore, thatthe human race and the world around it had ex-isted, and would exist, forever. They had alreadyconsidered the argument about progress, de-scribed earlier, and answered it by saying thatthere had been periodic floods or other disastersthat repeatedly set the human race right back tothe beginning of civilization.
When most people believed in an essentiallystatic and unchanging universe, the question ofwhether or not it had a beginning was really oneof metaphysics or theology. One could accountfor what was observed either way. Either the uni-verse had existed forever, or it was set in motionat some finite time in such a manner as to look as
though it had existed forever. But in 1929, EdwinHubble made the landmark observation thatwherever you look, distant stars are movingrapidly away from us. In other words, the uni-verse is expanding. This means that at earliertimes objects would have been closer together.In fact, it seemed that there was a time about tenor twenty thousand million years ago when theywere all at exactly the same place.
This discovery finally brought the questionof the beginning of the universe into the realmof science. Hubble’s observations suggested thatthere was a time called the big bang when theuniverse was infinitesimally small and, therefore,infinitely dense. If there were events earlier thanthis time, then they could not affect what hap-pens at the present time. Their existence can beignored because it would have no observationalconsequences.
One may say that time had a beginning at thebig bang, in the sense that earlier times simplycould not be defined. It should be emphasizedthat this beginning in time is very different fromthose that had been considered previously. Inan unchanging universe, a beginning in time is
IDEAS ABOUT THE UNIVERSE
15
something that has to be imposed by some beingoutside the universe. There is no physical neces-sity for a beginning. One can imagine that Godcreated the universe at literally any time in thepast. On the other hand, if the universe is ex-panding, there may be physical reasons whythere had to be a beginning. One could still be-lieve that God created the universe at the instantof the big bang. He could even have created it ata later time in just such a way as to make it lookas though there had been a big bang. But itwould be meaningless to suppose that it was cre-ated before the big bang. An expanding universedoes not preclude a creator, but it does place lim-its on when He might have carried out his job.
Second Lecture
THE EXPANDINGUNIVERSE
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Our sun and the nearby stars are all partof a vast collection of stars called theMilky Way galaxy. For a long time it wasthought that this was the whole universe. It wasonly in 1924 that the American astronomerEdwin Hubble demonstrated that ours was notthe only galaxy. There were, in fact, many others,with vast tracks of empty space between them.In order to prove this he needed to determinethe distances to these other galaxies. We can de-termine the distance of nearby stars by observ-ing how they change position as the Earth goesaround the sun. But other galaxies are so faraway that, unlike nearby stars, they really do ap-pear fixed. Hubble was forced, therefore, to useindirect methods to measure the distances.
Now the apparent brightness of a star de-pends on two factors—luminosity and how farit is from us. For nearby stars we can measureboth their apparent brightness and their dis-tance, so we can work out their luminosity.Conversely, if we knew the luminosity of starsin other galaxies, we could work out their dis-tance by measuring their apparent brightness.Hubble argued that there were certain types of
stars that always had the same luminosity whenthey were near enough for us to measure. If,therefore, we found such stars in anothergalaxy, we could assume that they had the sameluminosity. Thus, we could calculate the dis-tance to that galaxy. If we could do this for anumber of stars in the same galaxy, and our cal-culations always gave the same distance, wecould be fairly confident of our estimate. In thisway, Edwin Hubble worked out the distances tonine different galaxies.
We now know that our galaxy is only one ofsome hundred thousand million that can be seenusing modern telescopes, each galaxy itself con-taining some hundred thousand million stars. Welive in a galaxy that is about one hundred thou-sand light-years across and is slowly rotating; thestars in its spiral arms orbit around its centerabout once every hundred million years. Our sunis just an ordinary, average-sized, yellow star, nearthe outer edge of one of the spiral arms. We havecertainly come a long way since Aristotle andPtolemy, when we thought that the Earth wasthe center of the universe.
21
Stars are so far away that they appear to us tobe just pinpoints of light. We cannot determinetheir size or shape. So how can we tell differenttypes of stars apart? For the vast majority ofstars, there is only one correct characteristic fea-ture that we can observe—the color of theirlight. Newton discovered that if light from thesun passes through a prism, it breaks up into itscomponent colors—its spectrum—like in a rain-bow. By focusing a telescope on an individualstar or galaxy, one can similarly observe the spec-trum of the light from that star or galaxy.Different stars have different spectra, but the rel-ative brightness of the different colors is alwaysexactly what one would expect to find in thelight emitted by an object that is glowing redhot. This means that we can tell a star’s tempera-ture from the spectrum of its light. Moreover, wefind that certain very specific colors are missingfrom stars’ spectra, and these missing colors mayvary from star to star. We know that each chemi-cal element absorbs the characteristic set of veryspecific colors. Thus, by matching each of thosewhich are missing from a star’s spectrum, we can
determine exactly which elements are present inthe star’s atmosphere.
In the 1920s, when astronomers began tolook at the spectra of stars in other galaxies, theyfound something most peculiar: There were thesame characteristic sets of missing colors as forstars in our own galaxy, but they were all shiftedby the same relative amount toward the red endof the spectrum. The only reasonable explanationof this was that the galaxies were moving awayfrom us, and the frequency of the light wavesfrom them was being reduced, or red-shifted, bythe Doppler effect. Listen to a car passing on theroad. As the car is approaching, its engine soundsat a higher pitch, corresponding to a higher fre-quency of sound waves; and when it passes andgoes away, it sounds at a lower pitch. The behav-ior of light or radial waves is similar. Indeed, thepolice made use of the Doppler effect to mea-sure the speed of cars by measuring the fre-quency of pulses of radio waves reflected offthem.
In the years following his proof of the exis-tence of other galaxies, Hubble spent his timecataloging their distances and observing their
23
spectra. At that time most people expected thegalaxies to be moving around quite randomly,and so expected to find as many spectra whichwere blue-shifted as ones which were red-shifted. It was quite a surprise, therefore, to findthat the galaxies all appeared red-shifted. Everysingle one was moving away from us. More sur-prising still was the result which Hubble pub-lished in 1929: Even the size of the galaxy’s redshift was not random, but was directly propor-tional to the galaxy’s distance from us. Or, inother words, the farther a galaxy was, the faster itwas moving away. And that meant that the uni-verse could not be static, as everyone previouslythought, but was in fact expanding. The distancebetween the different galaxies was growing allthe time.
The discovery that the universe was expand-ing was one of the great intellectual revolutionsof the twentieth century. With hindsight, it iseasy to wonder why no one had thought of it be-fore. Newton and others should have realizedthat a static universe would soon start to con-tract under the influence of gravity. But supposethat, instead of being static, the universe was
expanding. If it was expanding fairly slowly, theforce of gravity would cause it eventually to stopexpanding and then to start contracting. How-ever, if it was expanding at more than a certaincritical rate, gravity would never be strongenough to stop it, and the universe would con-tinue to expand forever. This is a bit like whathappens when one fires a rocket upward fromthe surface of the Earth. If it has a fairly lowspeed, gravity will eventually stop the rocket andit will start falling back. On the other hand, if therocket has more than a certain critical speed—about seven miles a second—gravity will not bestrong enough to pull it back, so it will keepgoing away from the Earth forever.
This behavior of the universe could havebeen predicted from Newton’s theory of gravityat any time in the nineteenth, the eighteenth, oreven the late seventeenth centuries. Yet so strongwas the belief in a static universe that it per-sisted into the early twentieth century. Evenwhen Einstein formulated the general theory ofrelativity in 1915, he was sure that the universehad to be static. He therefore modified his theoryto make this possible, introducing a so-called cos-
25
mological constant into his equations.This was anew “antigravity” force, which, unlike otherforces, did not come from any particular source,but was built into the very fabric of space-time.His cosmological constant gave space-time an in-built tendency to expand, and this could bemade to exactly balance the attraction of all thematter in the universe so that a static universewould result.
Only one man, it seems, was willing to takegeneral relativity at face value. While Einstein andother physicists were looking for ways of avoidinggeneral relativity’s prediction of a nonstatic uni-verse, the Russian physicist Alexander Friedmanninstead set about explaining it.
The Friedmann Models
The equations of general relativity, which deter-mined how the universe evolves in time, are toocomplicated to solve in detail. So whatFriedmann did, instead, was to make two verysimple assumptions about the universe: that theuniverse looks identical in whichever directionwe look, and that this would also be true if we
were observing the universe from anywhereelse. On the basis of general relativity and thesetwo assumptions, Friedmann showed that weshould not expect the universe to be static. Infact, in 1922, several years before Edwin Hubble’sdiscovery, Friedmann predicted exactly whatHubble found.
The assumption that the universe looks thesame in every direction is clearly not true in re-ality. For example, the other stars in our galaxyform a distinct band of light across the nightsky called the Milky Way. But if we look at dis-tant galaxies, there seems to be more or less thesame number of them in each direction. So theuniverse does seem to be roughly the same inevery direction, provided one views it on alarge scale compared to the distance betweengalaxies.
For a long time this was sufficient justifica-tion for Friedmann’s assumption—as a rough ap-proximation to the real universe. But more re-cently a lucky accident uncovered the fact thatFriedmann’s assumption is in fact a remarkablyaccurate description of our universe. In 1965,two American physicists, Arno Penzias and
27
Robert Wilson, were working at the Bell Labs inNew Jersey on the design of a very sensitive mi-crowave detector for communicating with orbit-ing satellites. They were worried when theyfound that their detector was picking up morenoise than it ought to, and that the noise did notappear to be coming from any particular direc-tion. First they looked for bird droppings on theirdetector and checked for other possible mal-functions, but soon ruled these out. They knewthat any noise from within the atmospherewould be stronger when the detector is notpointing straight up than when it is, because theatmosphere appears thicker when looking at anangle to the vertical.
The extra noise was the same whichever di-rection the detector pointed, so it must havecome from outside the atmosphere. It was alsothe same day and night throughout the year, eventhough the Earth was rotating on its axis and or-biting around the sun.This showed that the radi-ation must come from beyond the solar system,and even from beyond the galaxy, as otherwise itwould vary as the Earth pointed the detector indifferent directions.
In fact, we know that the radiation musthave traveled to us across most of the observableuniverse. Since it appears to be the same in dif-ferent directions, the universe must also be thesame in every direction, at least on a large scale.We now know that whichever direction we lookin, this noise never varies by more than one partin ten thousand. So Penzias and Wilson had un-wittingly stumbled across a remarkably accurateconfirmation of Friedmann’s first assumption.
At roughly the same time, two Americanphysicists at nearby Princeton University, BobDicke and Jim Peebles, were also taking an inter-est in microwaves. They were working on a sug-gestion made by George Gamow, once a studentof Alexander Friedmann, that the early universeshould have been very hot and dense, glowingwhite hot. Dicke and Peebles argued that weshould still be able to see this glowing, becauselight from very distant parts of the early universewould only just be reaching us now. However,the expansion of the universe meant that thislight should be so greatly red-shifted that itwould appear to us now as microwave radiation.Dicke and Peebles were looking for this radiation
29
when Penzias and Wilson heard about their workand realized that they had already found it. Forthis, Penzias and Wilson were awarded the NobelPrize in 1978, which seems a bit hard on Dickeand Peebles.
Now at first sight, all this evidence that theuniverse looks the same whichever direction welook in might seem to suggest there is somethingspecial about our place in the universe. In par-ticular, it might seem that if we observe all othergalaxies to be moving away from us, then wemust be at the center of the universe. There is,however, an alternative explanation: The uni-verse might also look the same in every directionas seen from any other galaxy. This, as we haveseen, was Friedmann’s second assumption.
We have no scientific evidence for or againstthis assumption. We believe it only on grounds ofmodesty. It would be most remarkable if the uni-verse looked the same in every direction aroundus, but not around other points in the universe.In Friedmann’s model, all the galaxies are movingdirectly away from each other. The situation israther like steadily blowing up a balloon whichhas a number of spots painted on it. As the
balloon expands, the distance between any twospots increases, but there is no spot that can besaid to be the center of the expansion. Moreover,the farther apart the spots are, the faster theywill be moving apart. Similarly, in Friedmann’smodel the speed at which any two galaxies aremoving apart is proportional to the distance be-tween them. So it predicted that the red shift ofa galaxy should be directly proportional to itsdistance from us, exactly as Hubble found.
Despite the success of his model and his pre-diction of Hubble’s observations, Friedmann’swork remained largely unknown in the West. Itbecame known only after similar models werediscovered in 1935 by the American physicistHoward Robertson and the British mathemati-cian Arthur Walker, in response to Hubble’s dis-covery of the uniform expansion of the universe.
Although Friedmann found only one, thereare in fact three different kinds of models thatobey Friedmann’s two fundamental assumptions.In the first kind—which Friedmann found—theuniverse is expanding so sufficiently slowly thatthe gravitational attraction between the differentgalaxies causes the expansion to slow down and
31
eventually to stop. The galaxies then start tomove toward each other and the universe con-tracts. The distance between two neighboringgalaxies starts at zero, increases to a maximum,and then decreases back down to zero again.
In the second kind of solution, the universeis expanding so rapidly that the gravitational at-traction can never stop it, though it does slow itdown a bit. The separation between neighboringgalaxies in this model starts at zero, and eventu-ally the galaxies are moving apart at a steadyspeed.
Finally, there is a third kind of solution, inwhich the universe is expanding only just fastenough to avoid recollapse. In this case the sepa-ration also starts at zero, and increases forever.However, the speed at which the galaxies aremoving apart gets smaller and smaller, althoughit never quite reaches zero.
A remarkable feature of the first kind ofFriedmann model is that the universe is not infi-nite in space, but neither does space have anyboundary. Gravity is so strong that space is bentround onto itself, making it rather like the sur-face of the Earth. If one keeps traveling in a
certain direction on the surface of the Earth, onenever conies up against an impassable barrier orfalls over the edge, but eventually comes back towhere one started. Space, in the first Friedmannmodel, is just like this, but with three dimensionsinstead of two for the Earth’s surface. The fourthdimension—time—is also finite in extent, but itis like a line with two ends or boundaries, a be-ginning and an end. We shall see later that whenone combines general relativity with the uncer-tainty principle of quantum mechanics, it is pos-sible for both space and time to be finite withoutany edges or boundaries.The idea that one couldgo right around the universe and end up whereone started makes good science fiction, but itdoesn’t have much practical significance be-cause it can be shown that the universe wouldrecollapse to zero size before one could getround. You would need to travel faster than lightin order to end up where you started before theuniverse came to an end—and that is not allowed.
But which Friedmann model describes ouruniverse? Will the universe eventually stop ex-panding and start contracting, or will it expandforever? To answer this question we need to
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know the present rate of expansion of the uni-verse and its present average density. If the den-sity is less than a certain critical value, deter-mined by the rate of expansion, the gravitationalattraction will be too weak to halt the expan-sion. If the density is greater than the criticalvalue, gravity will stop the expansion at sometime in the future and cause the universe torecollapse.
We can determine the present rate of expan-sion by measuring the velocities at which othergalaxies are moving away from us, using theDoppler effect. This can be done very accurately.However, the distances to the galaxies are notvery well known because we can only measurethem indirectly. So all we know is that the uni-verse is expanding by between 5 percent and 10percent every thousand million years. However,our uncertainty about the present average den-sity of the universe is even greater.
If we add up the masses of all the stars thatwe can see in our galaxy and other galaxies, thetotal is less than one-hundredth of the amountrequired to halt the expansion of the universe,even in the lowest estimate of the rate of expan-
sion. But we know that our galaxy and othergalaxies must contain a large amount of darkmatter which we cannot see directly, but whichwe know must be there because of the influenceof its gravitational attraction on the orbits ofstars and gas in the galaxies. Moreover, mostgalaxies are found in clusters, and we can simi-larly infer the presence of yet more dark matterin between the galaxies in these clusters by itseffect on the motion of the galaxies. When weadd up all this dark matter, we still get only aboutone-tenth of the amount required to halt the ex-pansion. However, there might be some otherform of matter which we have not yet detectedand which might still raise the average density ofthe universe up to the critical value needed tohalt the expansion.
The present evidence, therefore, suggeststhat the universe will probably expand forever.But don’t bank on it. All we can really be sure ofis that even if the universe is going to recollapse,it won’t do so for at least another ten thousandmillion years, since it has already been expand-ing for at least that long. This should not undulyworry us since by that time, unless we have
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colonies beyond the solar system, mankind willlong since have died out, extinguished alongwith the death of our sun.
The Big Bang
All of the Friedmann solutions have the featurethat at some time in the past, between ten andtwenty thousand million years ago, the distancebetween neighboring galaxies must have beenzero. At that time, which we call the big bang,the density of the universe and the curvature ofspace-time would have been infinite.This meansthat the general theory of relativity—on whichFriedmann’s solutions are based—predicts thatthere is a singular point in the universe.
All our theories of science are formulated onthe assumption that space-time is smooth andnearly flat, so they would all break down at thebig bang singularity, where the curvature ofspace-time is infinite. This means that even ifthere were events before the big bang, one couldnot use them to determine what would happenafterward, because predictability would breakdown at the big bang. Correspondingly, if we
know only what has happened since the bigbang, we could not determine what happenedbeforehand. As far as we are concerned, eventsbefore the big bang can have no consequences,so they should not form part of a scientificmodel of the universe. We should therefore cutthem out of the model and say that time had abeginning at the big bang.
Many people do not like the idea that timehas a beginning, probably because it smacks ofdivine intervention. (The Catholic church, on theother hand, had seized on the big bang modeland in 1951 officially pronounced it to be in ac-cordance with the Bible.) There were a numberof attempts to avoid the conclusion that therehad been a big bang. The proposal that gainedwidest support was called the steady state the-ory. It was suggested in 1948 by two refugeesfrom Nazi-occupied Austria, Hermann Bondi andThomas Gold, together with the Briton FredHoyle, who had worked with them on the devel-opment of radar during the war. The idea wasthat as the galaxies moved away from each other,new galaxies were continually forming in thegaps in between, from new matter that was be-
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ing continually created. The universe wouldtherefore look roughly the same at all times aswell as at all points of space.
The steady state theory required a modifica-tion of general relativity to allow for the contin-ual creation of matter, but the rate that was in-volved was so low—about one particle per cubickilometer per year—that it was not in conflictwith experiment. The theory was a good scien-tific theory, in the sense that it was simple and itmade definite predictions that could be tested byobservation. One of these predictions was thatthe number of galaxies or similar objects in anygiven volume of space should be the same wher-ever and whenever we look in the universe.
In the late 1950s and early 1960s, a survey ofsources of radio waves from outer space was car-ried out at Cambridge by a group of astrono-mers led by Martin Ryle. The Cambridge groupshowed that most of these radio sources must lieoutside our galaxy, and also that there were manymore weak sources than strong ones. They inter-preted the weak sources as being the more dis-tant ones, and the stronger ones as being near.Then there appeared to be fewer sources per
unit volume of space for the nearby sources thanfor the distant ones.
This could have meant that we were at thecenter of a great region in the universe in whichthe sources were fewer than elsewhere. Alterna-tively, it could have meant that the sources weremore numerous in the past, at the time that theradio waves left on their journey to us, than theyare now. Either explanation contradicted the pre-dictions of the steady state theory. Moreover, thediscovery of the microwave radiation by Penziasand Wilson in 1965 also indicated that the uni-verse must have been much denser in the past.The steady state theory therefore had regretfullyto be abandoned.
Another attempt to avoid the conclusionthat there must have been a big bang and, there-fore, a beginning of time, was made by twoRussian scientists, Evgenii Lifshitz and IsaacKhalatnikov, in 1963. They suggested that the bigbang might be a peculiarity of Friedmann’s mod-els alone, which after all were only approxima-tions to the real universe. Perhaps, of all the mod-els that were roughly like the real universe, onlyFriedmann’s would contain a big bang singular-
39
ity. In Friedmann’s models, the galaxies are allmoving directly away from each other. So it is notsurprising that at some time in the past theywere all at the same place. In the real universe,however, the galaxies are not just moving di-rectly away from each other—they also havesmall sideways velocities. So in reality they neednever have been all at exactly the same place,only very close together. Perhaps, then, the cur-rent expanding universe resulted not from a bigbang singularity, but from an earlier contractingphase; as the universe had collapsed, the parti-cles in it might not have all collided, but theymight have flown past and then away from eachother, producing the present expansion of theuniverse. How then could we tell whether thereal universe should have started out with a bigbang?
What Lifshitz and Khalatnikov did was tostudy models of the universe which wereroughly like Friedmann’s models but which tookaccount of the irregularities and random veloci-ties of galaxies in the real universe.They showedthat such models could start with a big bang,even though the galaxies were no longer always
moving directly away from each other. But theyclaimed that this was still only possible in certainexceptional models in which the galaxies wereall moving in just the right way They arguedthat since there seemed to be infinitely moreFriedmann-like models without a big bang singu-larity than there were with one, we should con-clude that it was very unlikely that there hadbeen a big bang. They later realized, however,that there was a much more general class ofFriedmann-like models which did have singulari-ties, and in which the galaxies did not have to bemoving in any special way. They therefore with-drew their claim in 1970.
The work of Lifshitz and Khalatnikov wasvaluable because it showed that the universecould have had a singularity—a big bang—if thegeneral theory of relativity was correct. How-ever, it did not resolve the crucial question: Doesgeneral relativity predict that our universeshould have the big bang, a beginning of time?The answer to this came out of a completely dif-ferent approach started by a British physicist,Roger Penrose, in 1965. He used the way lightcones behave in general relativity, and the fact
THE EXPANDING UNIVERSE
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that gravity is always attractive, to show that astar that collapses under its own gravity istrapped in a region whose boundary eventuallyshrinks to zero size. This means that all the mat-ter in the star will be compressed into a regionof zero volume, so the density of matter and thecurvature of space-time become infinite. In otherwords, one has a singularity contained within aregion of space-time known as a black hole.
At first sight, Penrose’s result didn’t have any-thing to say about the question of whether therewas a big bang singularity in the past. However,at the time that Penrose produced his theorem, Iwas a research student desperately looking for aproblem with which to complete my Ph.D. the-sis. I realized that if one reversed the direction oftime in Penrose’s theorem so that the collapsebecame an expansion, the conditions of his theo-rem would still hold, provided the universe wereroughly like a Friedmann model on large scalesat the present time. Penrose’s theorem hadshown that any collapsing star must end in a sin-gularity; the time-reversed argument showed thatany Friedmann-like expanding universe musthave begun with a singularity. For technical
reasons, Penrose’s theorem required that the uni-verse be infinite in space. So I could use it toprove that there should be a singularity only ifthe universe was expanding fast enough to avoidcollapsing again, because only that Friedmannmodel was infinite in space.
During the next few years I developed newmathematical techniques to remove this andother technical conditions from the theoremsthat proved that singularities must occur. The fi-nal result was a joint paper by Penrose and my-self in 1970, which proved that there must havebeen a big bang singularity provided only thatgeneral relativity is correct and that the universecontains as much matter as we observe.
There was a lot of opposition to our work,partly from the Russians, who followed the partyline laid down by Lifshitz and Khalatnikov, andpartly from people who felt that the whole ideaof singularities was repugnant and spoiled thebeauty of Einstein’s theory. However, one cannotreally argue with the mathematical theorem. So itis now generally accepted that the universe musthave a beginning.
Third Lecture
BLACK HOLES
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The term black hole is of very recentorigin. It was coined in 1969 by theAmerican scientist John Wheeler as agraphic description of an idea that goes back atleast two hundred years. At that time there weretwo theories about light. One was that it wascomposed of particles; the other was that it wasmade of waves. We now know that really boththeories are correct. By the wave/particle dualityof quantum mechanics, light can be regarded asboth a wave and a particle. Under the theory thatlight was made up of waves, it was not clear howit would respond to gravity. But if light werecomposed of particles, one might expect them tobe affected by gravity in the same way that can-nonballs, rockets, and planets are.
On this assumption, a Cambridge don, JohnMichell, wrote a paper in 1783 in the Philosoph-ical Transactions of the Royal Society of Lon-don. In it, he pointed out that a star that wassufficiently massive and compact would havesuch a strong gravitational field that light couldnot escape. Any light emitted from the surface ofthe star would be dragged back by the star’sgravitational attraction before it could get very
far. Michell suggested that there might be a largenumber of stars like this. Although we would notbe able to see them because the light from themwould not reach us, we would still feel their grav-itational attraction. Such objects are what wenow call black holes, because that is what theyare—black voids in space.
A similar suggestion was made a few yearslater by the French scientist the Marquis deLaplace, apparently independently of Michell.Interestingly enough, he included it in only thefirst and second editions of his book, The Systemof the World, and left it out of later editions; per-haps he decided that it was a crazy idea. In fact,it is not really consistent to treat light like can-nonballs in Newton’s theory of gravity becausethe speed of light is fixed. A cannonball fired up-ward from the Earth will be slowed down bygravity and will eventually stop and fall back. Aphoton, however, must continue upward at aconstant speed. How, then, can Newtonian grav-ity affect light? A consistent theory of how grav-ity affects light did not come until Einstein pro-posed general relativity in 1915; and even then it
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was a long time before the implications of thetheory for massive stars were worked out.
To understand how a black hole might beformed, we first need an understanding of thelife cycle of a star. A star is formed when a largeamount of gas, mostly hydrogen, starts to col-lapse in on itself due to its gravitational attrac-tion. As it contracts, the atoms of the gas collidewith each other more and more frequently andat greater and greater speeds—the gas heats up.Eventually the gas will be so hot that when thehydrogen atoms collide they no longer bounceoff each other but instead merge with each otherto form helium atoms. The heat released in thisreaction, which is like a controlled hydrogenbomb, is what makes the stars shine. This addi-tional heat also increases the pressure of the gasuntil it is sufficient to balance the gravitationalattraction, and the gas stops contracting. It is abit like a balloon where there is a balance be-tween the pressure of the air inside, which is try-ing to make the balloon expand, and the tensionin the rubber, which is trying to make the bal-loon smaller.
The stars will remain stable like this for along time, with the heat from the nuclear reac-tions balancing the gravitational attraction.Eventually, however, the star will run out of itshydrogen and other nuclear fuels. And paradoxi-cally, the more fuel a star starts off with, thesooner it runs out. This is because the more mas-sive the star is, the hotter it needs to be to bal-ance its gravitational attraction. And the hotter itis, the faster it will use up its fuel. Our sun hasprobably got enough fuel for another five thou-sand million years or so, but more massive starscan use up their fuel in as little as one hundredmillion years, much less than the age of the uni-verse. When the star runs out of fuel, it will startto cool off and so to contract. What might hap-pen to it then was only first understood at theend of the 1920s.
In 1928 an Indian graduate student namedSubrahmanyan Chandrasekhar set sail for Englandto study at Cambridge with the British astronomerSir Arthur Eddington. Eddington was an experton general relativity. There is a story that a jour-nalist told Eddington in the early 1920s that hehad heard there were only three people in the
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world who understood general relativity. Ed-dington replied, “I am trying to think who thethird person is.”
During his voyage from India, Chandrasekharworked out how big a star could be and still sep-arate itself against its own gravity after it hadused up all its fuel. The idea was this: When thestar becomes small, the matter particles get verynear each other. But the Pauli exclusion principlesays that two matter particles cannot have boththe same position and the same velocity. Thematter particles must therefore have very differ-ent velocities. This makes them move away fromeach other, and so tends to make the star ex-pand. A star can therefore maintain itself at a con-stant radius by a balance between the attractionof gravity and the repulsion that arises from theexclusion principle, just as earlier in its life thegravity was balanced by the heat.
Chandrasekhar realized, however, that thereis a limit to the repulsion that the exclusion prin-ciple can provide. The theory of relativity limitsthe maximum difference in the velocities of thematter particles in the star to the speed of light.This meant that when the star got sufficiently
dense, the repulsion caused by the exclusionprinciple would be less than the attraction ofgravity. Chandrasekhar calculated that a cold starof more than about one and a half times the massof the sun would not be able to support itselfagainst its own gravity. This mass is now knownas the Chandrasekhar limit.
This had serious implications for the ulti-mate fate of massive stars. If a star’s mass is lessthan the Chandrasekhar limit, it can eventuallystop contracting and settle down to a possible fi-nal state as a white dwarf with a radius of a fewthousand miles and a density of hundreds of tonsper cubic inch. A white dwarf is supported bythe exclusion principle repulsion between theelectrons in its matter. We observe a large num-ber of these white dwarf stars. One of the first tobe discovered is the star that is orbiting aroundSirius, the brightest star in the night sky.
It was also realized that there was anotherpossible final state for a star also with a limitingmass of about one or two times the mass of thesun, but much smaller than even the whitedwarf. These stars would be supported by theexclusion principle repulsion between the neu-
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trons and protons, rather than between the elec-trons. They were therefore called neutron stars.They would have had a radius of only ten milesor so and a density of hundreds of millions oftons per cubic inch. At the time they were firstpredicted, there was no way that neutron starscould have been observed, and they were not de-tected until much later.
Stars with masses above the Chandrasekharlimit, on the other hand, have a big problemwhen they come to the end of their fuel. In somecases they may explode or manage to throw offenough matter to reduce their mass below thelimit, but it was difficult to believe that this al-ways happened, no matter how big the star. Howwould it know that it had to lose weight? Andeven if every star managed to lose enough mass,what would happen if you added more mass to awhite dwarf or neutron star to take it over thelimit? Would it collapse to infinite density?
Eddington was shocked by the implicationsof this and refused to believe Chandrasekhar’s re-sult. He thought it was simply not possible that astar could collapse to a point. This was the viewof most scientists. Einstein himself wrote a paper
in which he claimed that stars would not shrinkto zero size. The hostility of other scientists, par-ticularly of Eddington, his former teacher and theleading authority on the structure of stars, per-suaded Chandrasekhar to abandon this line ofwork and turn instead to other problems in as-tronomy. However, when he was awarded theNobel Prize in 1983, it was, at least in part, for hisearly work on the limiting mass of cold stars.
Chandrasekhar had shown that the exclu-sion principle could not halt the collapse of astar more massive than the Chandrasekhar limit.But the problem of understanding what wouldhappen to such a star, according to general rela-tivity, was not solved until 1939 by a youngAmerican, Robert Oppenheimer. His result, how-ever, suggested that there would be no obser-vational consequences that could be detectedby the telescopes of the day. Then the war in-tervened and Oppenheimer himself becameclosely involved in the atom bomb project. Andafter the war the problem of gravitational col-lapse was largely forgotten as most scientistswere then interested in what happens on thescale of the atom and its nucleus. In the 1960s,
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however, interest in the large-scale problems ofastronomy and cosmology was revived by agreat increase in the number and range of astro-nomical observations brought about by the ap-plication of modern technology Oppenheimer’swork was then rediscovered and extended by anumber of people.
The picture that we now have from Op-penheimer’s work is as follows:The gravitationalfield of the star changes the paths of light rays inspace-time from what they would have been hadthe star not been present.The light cones, whichindicate the paths followed in space and time byflashes of light emitted from their tips, are bentslightly inward near the surface of the star. Thiscan be seen in the bending of light from distantstars that is observed during an eclipse of thesun. As the star contracts, the gravitational fieldat its surface gets stronger and the light conesget bent inward more. This makes it more diffi-cult for light from the star to escape, and thelight appears dimmer and redder to an observerat a distance.
Eventually, when the star has shrunk to a cer-tain critical radius, the gravitational field at the
surface becomes so strong that the light conesare bent inward so much that the light can nolonger escape. According to the theory of relativ-ity, nothing can travel faster than light. Thus, iflight cannot escape, neither can anything else.Everything is dragged back by the gravitationalfield. So one has a set of events, a region of space-time, from which it is not possible to escape toreach a distant observer. This region is what wenow call a black hole. Its boundary is called theevent horizon. It coincides with the paths of thelight rays that just fail to escape from the blackhole.
In order to understand what you would seeif you were watching a star collapse to form ablack hole, one has to remember that in the the-ory of relativity there is no absolute time. Eachobserver has his own measure of time. The timefor someone on a star will be different from thatfor someone at a distance, because of the gravita-tional field of the star. This effect has been mea-sured in an experiment on Earth with clocks atthe top and bottom of a water tower. Suppose anintrepid astronaut on the surface of the collaps-ing star sent a signal every second, according to
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his watch, to his spaceship orbiting about thestar. At some time on his watch, say eleveno’clock, the star would shrink below the criticalradius at which the gravitational field became sostrong that the signals would no longer reach thespaceship.
His companions watching from the space-ship would find the intervals between successivesignals from the astronaut getting longer andlonger as eleven o’clock approached. However,the effect would be very small before 10:59:59.They would have to wait only very slightly morethan a second between the astronaut’s 10:59:58signal and the one that he sent when his watchread 10:59:59, but they would have to wait for-ever for the eleven o’clock signal. The lightwaves emitted from the surface of the star be-tween 10:59:59 and eleven o’clock, by the astro-naut’s watch, would be spread out over an infi-nite period of time, as seen from the spaceship.
The time interval between the arrival of suc-cessive waves at the spaceship would get longerand longer, and so the light from the star wouldappear redder and redder and fainter and fainter.Eventually the star would be so dim that it could
no longer be seen from the spaceship. All thatwould be left would be a black hole in space.Thestar would, however, continue to exert the samegravitational force on the spaceship. This is be-cause the star is still visible to the spaceship, atleast in principle. It is just that the light from thesurface is so red-shifted by the gravitational fieldof the star that it cannot be seen. However, thered shift does not affect the gravitational field ofthe star itself. Thus, the spaceship would con-tinue to orbit the black hole.
The work that Roger Penrose and I did be-tween 1965 and 1970 showed that, according togeneral relativity, there must be a singularity ofinfinite density within the black hole. This israther like the big bang at the beginning of time,only it would be an end of time for the collaps-ing body and the astronaut. At the singularity, thelaws of science and our ability to predict the fu-ture would break down. However, any observerwho remained outside the black hole would notbe affected by this failure of predictability, be-cause neither light nor any other signal canreach them from the singularity.
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This remarkable fact led Roger Penrose topropose the cosmic censorship hypothesis,which might be paraphrased as “God abhors anaked singularity.” In other words, the singulari-ties produced by gravitational collapse occuronly in places like black holes, where they aredecently hidden from outside view by an eventhorizon. Strictly, this is what is known as theweak cosmic censorship hypothesis: protect ob-servers who remain outside the black hole fromthe consequences of the breakdown of pre-dictability that occurs at the singularity. But itdoes nothing at all for the poor unfortunate as-tronaut who falls into the hole. Shouldn’t Godprotect his modesty as well?
There are some solutions of the equations ofgeneral relativity in which it is possible for ourastronaut to see a naked singularity. He may beable to avoid hitting the singularity and insteadfall through a “worm hole” and come out in an-other region of the universe. This would offergreat possibilities for travel in space and time,but unfortunately it seems that the solutions mayall be highly unstable. The least disturbance, such
as the presence of an astronaut, may changethem so that the astronaut cannot see the singu-larity until he hits it and his time comes to anend. In other words, the singularity always lies inhis future and never in his past.
The strong version of the cosmic censorshiphypothesis states that in a realistic solution, thesingularities always lie either entirely in the fu-ture, like the singularities of gravitational col-lapse, or entirely in the past, like the big bang. Itis greatly to be hoped that some version of thecensorship hypothesis holds, because close tonaked singularities it may be possible to travelinto the past. While this would be fine for writersof science fiction, it would mean that no one’slife would ever be safe. Someone might go intothe past and kill your father or mother beforeyou were conceived.
In a gravitational collapse to form a blackhole, the movements would be dammed by theemission of gravitational waves. One wouldtherefore expect that it would not be too longbefore the black hole would settle down to a sta-tionary state. It was generally supposed that thisfinal stationary state would depend on the de-
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tails of the body that had collapsed to form theblack hole. The black hole might have any shapeor size, and its shape might not even be fixed, butinstead be pulsating.
However, in 1967, the study of black holeswas revolutionized by a paper written in Dublinby Werner Israel. Israel showed that any blackhole that is not rotating must be perfectly roundor spherical. Its size, moreover, would dependonly on its mass. It could, in fact, be described bya particular solution of Einstein’s equations thathad been known since 1917, when it had beenfound by Karl Schwarzschild shortly after the dis-covery of general relativity. At first, Israel’s resultwas interpreted by many people, including Israelhimself, as evidence that black holes would formonly from the collapse of bodies that were per-fectly round or spherical. As no real body wouldbe perfectly spherical, this meant that, in general,gravitational collapse would lead to naked singu-larities. There was, however, a different interpre-tation of Israel’s result, which was advocated byRoger Penrose and John Wheeler in particular.This was that a black hole should behave like aball of fluid. Although a body might start off in an
unspherical state, as it collapsed to form a blackhole it would settle down to a spherical statedue to the emission of gravitational waves.Further calculations supported this view and itcame to be adopted generally.
Israel’s result had dealt only with the case ofblack holes formed from nonrotating bodies. Onthe analogy with a ball of fluid, one would ex-pect that a black hole made by the collapse of arotating body would not be perfectly round. Itwould have a bulge round the equator caused bythe effect of the rotation. We observe a smallbulge like this in the sun, caused by its rotationonce every twenty-five days or so. In 1963, RoyKerr, a New Zealander, had found a set of black-hole solutions of the equations of general relativ-ity more general than the Schwarzschild solu-tions. These “Kerr” black holes rotate at aconstant rate, their size and shape dependingonly on their mass and rate of rotation. If the ro-tation was zero, the black hole was perfectlyround and the solution was identical to theSchwarzschild solution. But if the rotation wasnonzero, the black hole bulged outward near itsequator. It was therefore natural to conjecture
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that a rotating body collapsing to form a blackhole would end up in a state described by theKerr solution.
In 1970, a colleague and fellow research stu-dent of mine, Brandon Carter, took the first steptoward proving this conjecture. He showed that,provided a stationary rotating black hole had anaxis of symmetry, like a spinning top, its size andshape would depend only on its mass and rate ofrotation. Then, in 1971,1 proved that any station-ary rotating black hole would indeed have suchan axis of symmetry. Finally, in 1973, DavidRobinson at Kings College, London, used Carter’sand my results to show that the conjecture hadbeen correct: Such a black hole had indeed to bethe Kerr solution.
So after gravitational collapse a black holemust settle down into a state in which it couldbe rotating, but not pulsating. Moreover, its sizeand shape would depend only on its mass andrate of rotation, and not on the nature of thebody that had collapsed to form it. This result be-came known by the maxim “A black hole has nohair.” It means that a very large amount of infor-mation about the body that has collapsed must
be lost when a black hole is formed, because af-terward all we can possibly measure about thebody is its mass and rate of rotation. The signifi-cance of this will be seen in the next lecture.Theno-hair theorem is also of great practical impor-tance because it so greatly restricts the possibletypes of black holes. One can therefore make de-tailed models of objects that might contain blackholes, and compare the predictions of the mod-els with observations.
Black holes are one of only a fairly smallnumber of cases in the history of science wherea theory was developed in great detail as a math-ematical model before there was any evidencefrom observations that it was correct. Indeed,this used to be the main argument of opponentsof black holes. How could one believe in objectsfor which the only evidence was calculationsbased on the dubious theory of general relativity?
In 1963, however, Maarten Schmidt, an as-tronomer at the Mount Palomar Observatory inCalifornia, found a faint, starlike object in the di-rection of the source of radio waves called3C273—that is, source number 273 in the thirdCambridge catalog of radio sources. When he
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measured the red shift of the object, he found itwas too large to be caused by a gravitationalfield: If it had been a gravitational red shift, theobject would have to be so massive and so nearto us that it would disturb the orbits of planets inthe solar system.This suggested that the red shiftwas instead caused by the expansion of the uni-verse, which in turn meant that the object was avery long way away And to be visible at such agreat distance, the object must be very brightand must be emitting a huge amount of energy.
The only mechanism people could think ofthat would produce such large quantities of en-ergy seemed to be the gravitational collapse notjust of a star but of the whole central region of agalaxy. A number of other similar “quasi-stellarobjects,” or quasars, have since been discovered,all with large red shifts. But they are all too faraway, and too difficult, to observe to provide con-clusive evidence of black holes.
Further encouragement for the existence ofblack holes came in 1967 with the discovery bya research student at Cambridge, Jocelyn Bell, ofsome objects in the sky that were emitting regu-lar pulses of radio waves. At first, Jocelyn and
her supervisor, Anthony Hewish, thought thatmaybe they had made contact with an alien civi-lization in the galaxy. Indeed, at the seminar atwhich they announced their discovery, I rememberthat they called the first four sources to be foundLGM 1-4, LGM standing for “Little Green Men.”
In the end, however, they and everyone elsecame to the less romantic conclusion that theseobjects, which were given the name pulsars,were in fact just rotating neutron stars. Theywere emitting pulses of radio waves because of acomplicated indirection between their magneticfields and surrounding matter. This was bad newsfor writers of space westerns, but very hopefulfor the small number of us who believed in blackholes at that time. It was the first positive evi-dence that neutron stars existed. A neutron starhas a radius of about ten miles, only a few timesthe critical radius at which a star becomes ablack hole. If a star could collapse to such a smallsize, it was not unreasonable to expect that otherstars could collapse to even smaller size and be-come black holes.
How could we hope to detect a black hole,as by its very definition it does not emit any
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light? It might seem a bit like looking for a blackcat in a coal cellar. Fortunately, there is a way,since as John Michell pointed out in his pio-neering paper in 1783, a black hole still exerts agravitational force on nearby objects. Astron-omers have observed a number of systems inwhich two stars orbit around each other, at-tracted toward each other by gravity. They alsoobserved systems in which there is only one vis-ible star that is orbiting around some unseencompanion.
One cannot, of course, immediately con-clude that the companion is a black hole. Itmight merely be a star that is too faint to beseen. However, some of these systems, like theone called Cygnus X-l, are also strong sources ofX rays. The best explanation for this phenome-non is that the X rays are generated by matterthat has been blown off the surface of the visiblestar. As it falls toward the unseen companion, itdevelops a spiral motion—rather like water run-ning out of a bath—and it gets very hot, emittingX rays. For this mechanism to work, the unseenobject has to be very small, like a white dwarf,neutron star, or black hole.
Now, from the observed motion of the visi-ble star, one can determine the lowest possiblemass of the unseen object. In the case of CygnusX-l, this is about six times the mass of the sun.According to Chandrasekhar’s result, this is toomuch for the unseen object to be a white dwarf.It is also too large a mass to be a neutron star. Itseems, therefore, that it must be a black hole.
There are other models to explain Cygnus X-lthat do not include a black hole, but they are allrather far-fetched. A black hole seems to be theonly really natural explanation of the observa-tions. Despite this, I have a bet with Kip Thorneof the California Institute of Technology that infact Cygnus X-l does not contain a black hole.This is a form of insurance policy for me. I havedone a lot of work on black holes, and it wouldall be wasted if it turned out that black holes donot exist. But in that case, I would have the con-solation of winning my bet, which would bringme four years of the magazine Private Eye. Ifblack holes do exist, Kip will get only one year ofPenthouse, because when we made the bet in1975, we were 80 percent certain that Cygnuswas a black hole. By now I would say that we are
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about 95 percent certain, but the bet has yet tobe settled.
There is evidence for black holes in a num-ber of other systems in our galaxy, and for muchlarger black holes at the centers of other galaxiesand quasars. One can also consider the possibil-ity that there might be black holes with massesmuch less than that of the sun. Such black holescould not be formed by gravitational collapse,because their masses are below the Chandra-sekhar mass limit. Stars of this low mass can sup-port themselves against the force of gravity evenwhen they have exhausted their nuclear fuel. So,low-mass black holes could form only if matterwere compressed to enormous densities by verylarge external pressures. Such conditions couldoccur in a very big hydrogen bomb.The physicistJohn Wheeler once calculated that if one took allthe heavy water in all the oceans of the world,one could build a hydrogen bomb that wouldcompress matter at the center so much that ablack hole would be created. Unfortunately, how-ever, there would be no one left to observe it.
A more practical possibility is that such low-mass black holes might have been formed in the
high temperatures and pressures of the veryearly universe. Black holes could have beenformed if the early universe had not been per-fectly smooth and uniform, because then a smallregion that was denser than average could becompressed in this way to form a black hole. Butwe know that there must have been some irreg-ularities, because otherwise the matter in theuniverse would still be perfectly uniformly dis-tributed at the present epoch, instead of beingclumped together in stars and galaxies.
Whether or not the irregularities required toaccount for stars and galaxies would have led tothe formation of a significant number of theseprimordial black holes depends on the' details ofthe conditions in the early universe. So if wecould determine how many primordial blackholes there are now, we would learn a lot aboutthe very early stages of the universe. Primordialblack holes with masses more than a thousandmillion tons—the mass of a large mountain—could be detected only by their gravitational in-fluence on other visible matter or on the expan-sion of the universe. However, as we shall learnin the next lecture, black holes are not really
BLACK HOLES
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black after all: They glow like a hot body, and thesmaller they are, the more they glow. So, para-doxically, smaller black holes might actually turnout to be easier to detect than large ones.
>
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Before 1970, my research on general rela-tivity had concentrated mainly on thequestion of whether there had been abig bang singularity. However, one evening inNovember of that year, shortly after the birth ofmy daughter, Lucy, I started to think about blackholes as I was getting into bed. My disabilitymade this rather a slow process, so I had plentyof time. At that date there was no precise defini-tion of which points in space-time lay inside ablack hole and which lay outside.
I had already discussed with Roger Penrosethe idea of defining a black hole as the set ofevents from which it was not possible to escapeto a large distance. This is now the generally ac-cepted definition. It means that the boundary ofthe black hole, the event horizon, is formed byrays of light that just fail to get away from theblack hole. Instead, they stay forever, hovering onthe edge of the black hole. It is like running awayfrom the police and managing to keep one stepahead but not being able to get clear away.
Suddenly I realized that the paths of theselight rays could not be approaching one another,because if they were, they must eventually run
into each other. It would be like someone elserunning away from the police in the opposite di-rection. You would both be caught or, in thiscase, fall into a black hole. But if these light rayswere swallowed up by the black hole, then theycould not have been on the boundary of theblack hole. So light rays in the event horizon hadto be moving parallel to, or away from, each other.
Another way of seeing this is that the eventhorizon, the boundary of the black hole, is likethe edge of a shadow. It is the edge of the light ofescape to a great distance, but, equally, it is theedge of the shadow of impending doom. And ifyou look at the shadow cast by a source at a greatdistance, such as the sun, you will see that therays of light on the edge are not approachingeach other. If the rays of light that form the eventhorizon, the boundary of the black hole, cannever approach each other, the area of the eventhorizon could stay the same or increase withtime. It could never decrease, because that wouldmean that at least some of the rays of light in theboundary would have to be approaching eachother. In fact, the area would increase whenevermatter or radiation fell into the black hole.
Also, suppose two black holes collided andmerged together to form a single black hole.Then the area of the event horizon of the finalblack hole would be greater than the sum of theareas of the event horizons of the original blackholes. This nondecreasing property of the eventhorizon’s area placed an important restriction onthe possible behavior of black holes. I was so ex-cited with my discovery that I did not get muchsleep that night.
The next day I rang up Roger Penrose. Heagreed with me. I think, in fact, that he had beenaware of this property of the area. However, hehad been using a slightly different definition of ablack hole. He had not realized that the bound-aries of the black hole according to the two defi-nitions would be the same, provided the blackhole had settled down to a stationary state.
The Second Law ofThermodynamics
The nondecreasing behavior of a black hole’sarea was very reminiscent of the behavior of aphysical quantity called entropy, which measures
the degree of disorder of a system. It is a matterof common experience that disorder will tend toincrease if things are left to themselves; one hasonly to leave a house without repairs to see that.One can create order out of disorder—for exam-ple, one can paint the house. However, that re-quires expenditure of energy, and so decreasesthe amount of ordered energy available.
A precise statement of this idea is known asthe second law of thermodynamics. It states thatthe entropy of an isolated system never de-creases with time. Moreover, when two systemsare joined together, the entropy of the combinedsystem is greater than the sum of the entropiesof the individual systems. For example, considera system of gas molecules in a box. The mole-cules can be thought of as little billiard balls con-tinually colliding with each other and bouncingoff the walls of the box. Suppose that initially themolecules are all confined to the left-hand side ofthe box by a partition. If the partition is then re-moved, the molecules will tend to spread outand occupy both halves of the box. At some latertime they could, by chance, all be in the righthalf or all be back in the left half. However, it is
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overwhelmingly more probable that there willbe roughly equal numbers in the two halves.Such a state is less ordered, or more disordered,than the original state in which all the moleculeswere in one half. One therefore says that the en-tropy of the gas has gone up.
Similarly, suppose one starts with two boxes,one containing oxygen molecules and the othercontaining nitrogen molecules. If one joins theboxes together and removes the interveningwall, the oxygen and the nitrogen molecules willstart to mix. At a later time, the most probablestate would be to have a thoroughly uniformmixture of oxygen and nitrogen moleculesthroughout the two boxes. This state would beless ordered, and hence have more entropy, thanthe initial state of two separate boxes.
The second law of thermodynamics has arather different status than that of other laws ofscience. Other laws, such as Newton’s law ofgravity, for example, are absolute law—that is,they always hold. On the other hand, the secondlaw is a statistical law—that is, it does not hold al-ways, just in the vast majority of cases.The prob-ability of all the gas molecules in our box being
found in one half of the box at a later time ismany millions of millions to one, but it couldhappen.
However, if one has a black hole around,there seems to be a rather easier way of violatingthe second law: Just throw some matter with alot of entropy, such as a box of gas, down theblack hole. The total entropy of matter outsidethe black hole would go down. One could, ofcourse, still say that the total entropy, includingthe entropy inside the black hole, has not gonedown. But since there is no way to look insidethe black hole, we cannot see how much en-tropy the matter inside it has. It would be nice,therefore, if there was some feature of the blackhole by which observers outside the black holecould tell its entropy; this should increase when-ever matter carrying entropy fell into the blackhole.
Following my discovery that the area of theevent horizon increased whenever matter fellinto a black hole, a research student at Prince-ton named Jacob Bekenstein suggested that thearea of the event horizon was a measure of theentropy of the black hole. As matter carrying
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entropy fell into the black hole, the area of theevent horizon would go up, so that the sum ofthe entropy of matter outside black holes andthe area of the horizons would never go down.
This suggestion seemed to prevent the sec-ond law of thermodynamics from being violatedin most situations. However, there was one fatalflaw: If a black hole has entropy, then it oughtalso to have a temperature. But a body with anonzero temperature must emit radiation at acertain rate. It is a matter of common experiencethat if one heats up a poker in the fire, it glowsred hot and emits radiation. However, bodies atlower temperatures emit radiation, too; one justdoes not normally notice it because the amountis fairly small. This radiation is required in orderto prevent violations of the second law. So blackholes ought to emit radiation, but by their verydefinition, black holes are objects that are notsupposed to emit anything. It therefore seemedthat the area of the event horizon of a black holecould not be regarded as its entropy.
In fact, in 1972 I wrote a paper on this subjectwith Brandon Carter and an American colleague,Jim Bardeen. We pointed out that, although there
were many similarities between entropy and thearea of the event horizon, there was this appar-ently fatal difficulty. I must admit that in writingthis paper I was motivated partly by irritationwith Bekenstein, because I felt he had misusedmy discovery of the increase of the area of theevent horizon. However, it turned out in the endthat he was basically correct, though in a mannerhe had certainly not expected.
Black Hole Radiation
In September 1973, while I was visiting Moscow,I discussed black holes with two leading So-viet experts, Yakov Zeldovich and Alexander Star-obinsky. They convinced me that, according tothe quantum mechanical uncertainty principle,rotating black holes should create and emit par-ticles. I believed their arguments on physicalgrounds, but I did not like the mathematical wayin which they calculated the emission. I there-fore set about devising a better mathematicaltreatment, which I described at an informal sem-inar in Oxford at the end of November 1973. Atthat time I had not done the calculations to find
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out how much would actually be emitted. I wasexpecting to discover just the radiation thatZeldovich and Starobinsky had predicted fromrotating black holes. However, when I did the cal-culation, I found, to my surprise and annoyance,that even nonrotating black holes should appar-ently create and emit particles at a steady rate.
At first I thought that this emission indicatedthat one of the approximations I had used wasnot valid. I was afraid if Bekenstein found outabout it, he would use it as a further argument tosupport his ideas about the entropy of blackholes, which I still did not like. However, themore I thought about it, the more it seemed thatthe approximations really ought to hold. Butwhat finally convinced me that the emission wasreal was that the spectrum of the emitted parti-cles was exactly that which would be emitted bya hot body.
The black hole was emitting particles at ex-actly the correct rate to prevent violations of thesecond law.
Since then, the calculations have been re-peated in a number of different forms by otherpeople. They all confirm that a black hole ought
to emit particles and radiation as if it were a hotbody with a temperature that depends only onthe black hole’s mass: the higher the mass, thelower the temperature. One can understand thisemission in the following way: What we think ofas empty space cannot be completely empty be-cause that would mean that all the fields, such asthe gravitational field and the electromagneticfield, would have to be exactly zero. However,the value of a field and its rate of change withtime are like the position and velocity of a parti-cle. The uncertainty principle implies that themore accurately one knows one of these quanti-ties, the less accurately one can know the other.
So in empty space the field cannot be fixedat exactly zero, because then it would have botha precise value, zero, and a precise rate ofchange, also zero. Instead, there must be a cer-tain minimum amount of uncertainty, or quan-tum fluctuations, in the value of a field. One canthink of these fluctuations as pairs of particlesof light or gravity that appear together at sometime, move apart, and then come together againand annihilate each other. These particles arecalled virtual particles. Unlike real particles, they
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cannot be observed directly with a particle de-tector. However, their indirect effects, such assmall changes in the energy of electron orbitsand atoms, can be measured and agree with thetheoretical predictions to a remarkable degreeof accuracy.
By conservation of energy, one of the part-ners in a virtual particle pair Will have positiveenergy and the other partner will have negativeenergy. The one with negative energy is con-demned to be a short-lived virtual particle. This isbecause real particles always have positive en-ergy in normal situations. It must therefore seekout its partner and annihilate it. However, thegravitational field inside a black hole is so strongthat even a real particle can have negative en-ergy there.
It is therefore possible, if a black hole is pres-ent, for the virtual particle with negative energyto fall into the black hole and become a real par-ticle. In this case it no longer has to annihilate itspartner; its forsaken partner may fall into theblack hole as well. But because it has positive en-ergy it is also possible for it to escape to infinityas a real particle. To an observer at a distance, it
will appear to have been emitted from the blackhole. The smaller the black hole, the less far theparticle with negative energy will have to go be-fore it becomes a real particle. Thus, the rate ofemission will be greater, and the apparent tem-perature of the black hole will be higher.
The positive energy of the outgoing radia-tion would be balanced by a flow of negative en-ergy particles into the black hole. By Einstein’s fa-mous equation E = me2, energy is equivalent tomass. A flow of negative energy into the blackhole therefore reduces its mass. As the black holeloses mass, the area of its event horizon getssmaller, but this decrease in the entropy of theblack hole is more than compensated for by theentropy of the emitted radiation, so the secondlaw is never violated.
Black Hole Explosions
The lower the mass of the black hole, the higherits temperature is. So as the black hole losesmass, its temperature and rate of emission in-crease. It therefore loses mass more quickly. Whathappens when the mass of the black hole even-
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tually becomes extremely small is not quiteclear. The most reasonable guess is that it woulddisappear completely in a tremendous final burstof emission, equivalent to the explosion of mil-lions of H-bombs.
A black hole with a mass a few times that ofthe sun would have a temperature of only oneten-millionth of a degree above absolute zero.This is much less than the temperature of the mi-crowave radiation that fills the universe, about2.7 degrees above absolute zero—so such blackholes would give off less than they absorb,though even that would be very little. If the uni-verse is destined to go on expanding forever, thetemperature of the microwave radiation willeventually decrease to less than that of such ablack hole.The hole will then absorb less than itemits and will begin to lose mass. But, even then,its temperature is so low that it would take about1066 years to evaporate completely. This is muchlonger than the age of the universe, which is onlyabout 1010 years.
On the other hand, as we learned in the lastlecture, there might be primordial black holeswith a very much smaller mass that were made
by the collapse of irregularities in the very earlystages of the universe. Such black holes wouldhave a much higher temperature and would beemitting radiation at a much greater rate. A pri-mordial black hole with an initial mass of a thou-sand million tons would have a lifetime roughlyequal to the age of the universe. Primordial blackholes with initial masses less than this figurewould already have completely evaporated.However, those with slightly greater masseswould still be emitting radiation in the form ofX rays and gamma rays. These are like waves oflight, but with a much shorter wavelength. Suchholes hardly deserve the epithet black. They re-ally are white hot, and are emitting energy at therate of about ten thousand megawatts.
One such black hole could run ten largepower stations, if only we could harness its out-put. This would be rather difficult, however. Theblack hole would have the mass of a mountaincompressed into the size of the nucleus of anatom. If you had one of these black holes on thesurface of the Earth, there would be no way tostop it falling through the floor to the center ofthe Earth. It would oscillate through the Earth
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and back, until eventually it settled down at thecenter. So the only place to put such a blackhole, in which one might use the energy that itemitted, would be in orbit around the Earth. Andthe only way that one could get it to orbit theEarth would be to attract it there by towing alarge mass in front of it, rather like a carrot infront of a donkey. This does not sound like a verypractical proposition, at least not in the immedi-ate future.
The Search for Primordial
Black Holes
But even if we cannot harness the emission fromthese primordial black holes, what are ourchances of observing them? We could look forthe gamma rays that the primordial black holesemit during most of their lifetime. Although theradiation from most would be very weak be-cause they are far away, the total from all of themmight be detectable. We do, indeed, observe sucha background of gamma rays. However, this back-ground was probably generated by processesother than primordial black holes. One can say
that the observations of the gamma ray back-ground do not provide any positive evidence forprimordial black holes. But they tell us that, onaverage, there cannot be more than three hun-dred little black holes in every cubic light-year inthe universe. This limit means that primordialblack holes could make up at most one millionthof the average mass density in the universe.
With primordial black holes being so scarce,it might seem unlikely that there would be onethat was near enough for us to observe on itsown. But since gravity would draw primordialblack holes toward any matter, they should bemuch more common in galaxies. If they were,say, a million times more common in galaxies,then the nearest black hole to us would probablybe at a distance of about a thousand million kilo-meters, or about as far as Pluto, the farthestknown planet. At this distance it would still bevery difficult to detect the steady emission of ablack hole even if it was ten thousand megawatts.
In order to observe a primordial black hole,one would have to detect several gamma rayquanta coming from the same direction withina reasonable space of time, such as a week.
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Otherwise, they might simply be part of thebackground. But Planck’s quantum principletells us that each gamma ray quantum has a veryhigh energy, because gamma rays have a very highfrequency So to radiate even ten thousandmegawatts would not take many quanta. And toobserve these few quanta coming from the dis-tance of Pluto would require a larger gamma raydetector than any that have been constructed sofar. Moreover, the detector would have to be inspace, because gamma rays cannot penetrate theatmosphere.
Of course, if a black hole as close as Plutowere to reach the end of its life and blow up, itwould be easy to detect the final burst of emis-sion. But if the black hole has been emitting forthe last ten or twenty thousand million years, thechances of it reaching the end of its life withinthe next few years are really rather small. Itmight equally well be a few million years in thepast or future. So in order to have a reasonablechance of seeing an explosion before your re-search grant ran out, you would have to find away to detect any explosions within a distanceof about one light-year. You would still have the
problem of needing a large gamma ray detectorto observe several gamma ray quanta from theexplosion. However, in this case, it would not benecessary to determine that all the quanta camefrom the same direction. It would be enough toobserve that they all arrived within a very shorttime interval to be reasonably confident thatthey were coming from the same burst.
One gamma ray detector that might be capa-ble of spotting primordial black holes is the en-tire Earth’s atmosphere. (We are, in any case, un-likely to be able to build a larger detector.) Whena high-energy gamma ray quantum hits the atomsin our atmosphere, it creates pairs of electronsand positrons. When these hit other atoms, theyin turn create more pairs of electrons andpositrons. So one gets what is called an electronshower. The result is a form of light calledCerenkov radiation. One can therefore detectgamma ray bursts by looking for flashes of lightin the night sky.
Of course, there are a number of other phe-nomena, such as lightning, which can also giveflashes in the sky. However, one could distinguishgamma ray bursts from such effects by observing
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flashes simultaneously at two or more thor-oughly widely separated locations. A search likethis has been carried out by two scientists fromDublin, Neil Porter and Trevor Weekes, using tele-scopes in Arizona. They found a number offlashes but none that could be definitely ascribedto gamma ray bursts from primordial black holes.
Even if the search for primordial black holesproves negative, as it seems it may, it will still giveus important information about the very earlystages of the universe. If the early universe hadbeen chaotic or irregular, or if the pressure ofmatter had been low, one would have expected itto produce many more primordial black holesthan the limit set by our observations of thegamma ray background. It is only if the early uni-verse was very smooth and uniform, and with ahigh pressure, that one can explain the absenceof observable numbers of primordial black holes.
General Relativity andQuantum Mechanics
Radiation from black holes was the first exampleof a prediction that depended on both of the
great theories of this century, general relativityand quantum mechanics. It aroused a lot of op-position initially because it upset the existingviewpoint: “How can a black hole emit any-thing?” When I first announced the results of mycalculations at a conference at the RutherfordLaboratory near Oxford, I was greeted with gen-eral incredulity. At the end of my talk the chair-man of the session, John G. Taylor from KingsCollege, London, claimed it was all nonsense. Heeven wrote a paper to that effect.
However, in the end most people, includingJohn Taylor, have come to the conclusion thatblack holes must radiate like hot bodies if ourother ideas about general relativity and quantummechanics are correct. Thus even though wehave not yet managed to find a primordial blackhole, there is fairly general agreement that if wedid, it would have to be emitting a lot of gammaand X rays. If we do find one, I will get the NobelPrize.
The existence of radiation from black holesseems to imply that gravitational collapse is notas final and irreversible as we once thought. If anastronaut falls into a black hole, its mass will in-
BLACK HOLES AIN’T SO BLACK
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crease. Eventually, the energy equivalent of thatextra mass will be returned to the universe in theform of radiation. Thus, in a sense, the astronautwill be recycled. It would be a poor sort of im-mortality, however, because any personal con-cept of time for the astronaut would almost cer-tainly come to an end as he was crushed out ofexistence inside the black hole. Even the types ofparticle that were eventually emitted by theblack hole would in general be different fromthose that made up the astronaut. The only fea-ture of the astronaut that would survive wouldbe his mass or energy.
The approximations I used to derive theemission from black holes should work wellwhen the black hole has a mass greater than afraction of a gram. However, they will breakdown at the end of the black hole’s life, when itsmass gets very small. The most likely outcomeseems to be that the black hole would just disap-pear, at least from our region of the universe. Itwould take with it the astronaut and any singu-larity there might be inside the black hole. Thiswas the first indication that quantum mechan-ics might remove the singularities that were
predicted by classical general relativity. However,the methods that I and other people were usingin 1974 to study the quantum effects of grav-ity were not able to answer questions such aswhether singularities would occur in quantumgravity.
From 1975 onward, I therefore started to de-velop a more powerful approach to quantumgravity based on Feynman’s idea of a sum overhistories. The answers that this approach sug-gests for the origin and fate of the universe willbe described in the next two lectures. We shallsee that quantum mechanics allows the universeto have a beginning that is not a singularity. Thismeans that the laws of physics need not breakdown at the origin of the universe. The state ofthe universe and its contents, like ourselves, arecompletely determined by the laws of physics,up to the limit set by the uncertainty principle.So much for free will.
Fifth Lecture
THE ORIGIN ANDFATE OF THEUNIVERSE
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Throughout the 1970s I had been workingmainly on black holes. However, in 1981my interest in questions about the originof the universe was reawakened when I attendeda conference on cosmology in the Vatican. TheCatholic church had made a bad mistake withGalileo when it tried to lay down the law on aquestion of science, declaring that the sun wentaround the Earth. Now, centuries later, it had de-cided it would be better to invite a number of ex-perts to advise it on cosmology.
At the end of the conference the participantswere granted an audience with the pope. He toldus that it was okay to study the evolution of theuniverse after the big bang, but we should not in-quire into the big bang itself because that wasthe moment of creation and therefore the workof God.
I was glad then that he did not know the sub-ject of the talk I had just given at the conference.I had no desire to share the fate of Galileo; I havea lot of sympathy with Galileo, partly because Iwas born exactly three hundred years after hisdeath.
The Hot Big Bang Model
In order to explain what my paper was about, Ishall first describe the generally accepted historyof the universe, according to what is known asthe “hot big bang model.” This assumes that theuniverse is described by a Friedmann model,right back to the big bang. In such models onefinds that as the universe expands, the tempera-ture of the matter and radiation in it will godown. Since temperature is simply a measure ofthe average energy of the particles, this coolingof the universe will have a major effect on thematter in it. At very high temperatures, particleswill be moving around so fast that they can es-cape any attraction toward each other caused bythe nuclear or electromagnetic forces. But asthey cooled off, one would expect particles thatattract each other to start to clump together.
At the big bang itself, the universe had zerosize and so must have been infinitely hot. But asthe universe expanded, the temperature of theradiation would have decreased. One second af-ter the big bang it would have fallen to about tenthousand million degrees. This is about a thou-
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sand times the temperature at the center of thesun, but temperatures as high as this are reachedin H-bomb explosions. At this time the universewould have contained mostly photons, electrons,and neutrinos and their antiparticles, togetherwith some protons and neutrons.
As the universe continued to expand and thetemperature to drop, the rate at which electronsand the electron pairs were being produced incollisions would have fallen below the rate atwhich they were being destroyed by annihilation.So most of the electrons and antielectrons wouldhave annihilated each other to produce more pho-tons, leaving behind only a few electrons.
About one hundred seconds after the bigbang, the temperature would have fallen to onethousand million degrees, the temperature insidethe hottest stars. At this temperature, protons andneutrons would no longer have sufficient energyto escape the attraction of the strong nuclearforce. They would start to combine together toproduce the nuclei of atoms of deuterium, orheavy hydrogen, which contain one proton andone neutron. The deuterium nuclei would thenhave combined with more protons and neutrons
to make helium nuclei, which contained twoprotons and two neutrons. There would also besmall amounts of a couple of heavier elements,lithium and beryllium.
One can calculate that in the hot big bangmodel about a quarter of the protons and neu-trons would have been converted into heliumnuclei, along with a small amount of heavy hy-drogen and other elements. The remaining neu-trons would have decayed into protons, whichare the nuclei of ordinary hydrogen atoms. Thesepredictions agree very well with what is ob-served.
The hot big bang model also predicts thatwe should be able to observe the radiation leftover from the hot early stages. However, the tem-perature would have been reduced to a few de-grees above absolute zero by the expansion ofthe universe. This is the explanation of the mi-crowave background of radiation that was dis-covered by Penzias and Wilson in 1965. We aretherefore thoroughly confident that we have theright picture, at least back to about one secondafter the big bang. Within only a few hours ofthe big bang, the production of helium and other
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elements would have stopped. And after that, forthe next million years or so, the universe wouldhave just continued expanding, without anythingmuch happening. Eventually, once the tempera-ture had dropped to a few thousand degrees, theelectrons and nuclei would no longer have hadenough energy to overcome the electromagneticattraction between them. They would then havestarted combining to form atoms.
The universe as a whole would have con-tinued expanding and cooling. However, in re-gions that were slightly denser than average, theexpansion would have been slowed down byextra gravitational attraction. This would even-tually stop expansion in some regions andcause them to start to recollapse. As they werecollapsing, the gravitational pull of matter out-side these regions might start them rotatingslightly. As the collapsing region got smaller, itwould spin faster—just as skaters spinning onice spin faster as they draw in their arms.Eventually, when the region got small enough, itwould be spinning fast enough to balance theattraction of gravity. In this way, disklike rotat-ing galaxies were born.
As time went on, the gas in the galaxieswould break up into smaller clouds that wouldcollapse under their own gravity. As these con-tracted, the temperature of the gas would in-crease until it became hot enough to startnuclear reactions. These would convert the hydro-gen into more helium, and the heat given offwould raise the pressure, and so stop the cloudsfrom contracting any further. They would remainin this state for a long time as stars like our sun,burning hydrogen into helium and radiating theenergy as heat and light.
More massive stars would need to be hotterto balance their stronger gravitational attraction.This would make the nuclear fusion reactionsproceed so much more rapidly that they woulduse up their hydrogen in as little as a hundredmillion years. They would then contract slightlyand, as they heated up further, would start toconvert helium into heavier elements like car-bon or oxygen. This, however, would not releasemuch more energy, so a crisis would occur, as Idescribed in my lecture on black holes.
What happens next is not completely clear,but it seems likely that the central regions of the
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star would collapse to a very dense state, such asa neutron star or black hole.The outer regions ofthe star may get blown off in a tremendous ex-plosion called a supernova, which would out-shine all the other stars in the galaxy. Some of theheavier elements produced near the end of thestar’s life would be flung back into the gas in thegalaxy. They would provide some of the raw ma-terial for the next generation of stars.
Our own sun contains about 2 percent ofthese heavier elements because it is a second- orthird-generation star. It was formed some fivethousand million years ago out of a cloud of ro-tating gas containing the debris of earlier super-novas. Most of the gas in that cloud went to formthe sun or got blown away. However, a smallamount of the heavier elements collected to-gether to form the bodies that now orbit the sunas planets like the Earth.
Open Questions
This picture of a universe that started off very hotand cooled as it expanded is in agreement withall the observational evidence that we have today.
Nevertheless, it leaves a number of importantquestions unanswered. First, why was the earlyuniverse so hot? Second, why is the universe souniform on a large scale—why does it look thesame at all points of space and in all directions?
Third, why did the universe start out with sonearly the critical rate of expansion to just avoidrecollapse? If the rate of expansion one secondafter the big bang had been smaller by even onepart in a hundred thousand million million, theuniverse would have recollapsed before it everreached its present size. On the other hand, if theexpansion rate at one second had been larger bythe same amount, the universe would have ex-panded so much that it would be effectivelyempty now.
Fourth, despite the fact that the universe isso uniform and homogenous on a large scale, itcontains local lumps such as stars and galaxies.These are thought to have developed from smalldifferences in the density of the early universefrom one region to another. What was the originof these density fluctuations?
The general theory of relativity, on its own,cannot explain these features or answer these
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questions. This is because it predicts that the uni-verse started off with infinite density at the bigbang singularity. At the singularity, general rela-tivity and all other physical laws would breakdown. One cannot predict what would come outof the singularity. As I explained before, thismeans that one might as well cut any events be-fore the big bang out of the theory, because theycan have no effect on what we observe. Space-time would have a boundary—a beginning at thebig bang. Why should the universe have startedoff at the big bang in just such a way as to lead tothe state we observe today? Why is the universeso uniform, and expanding at just the critical rateto avoid recollapse? One would feel happierabout this if one could show that quite a numberof different initial configurations for the universewould have evolved to produce a universe likethe one we observe.
If this is the case, a universe that developedfrom some sort of random initial conditionsshould contain a number of regions that are likewhat we observe. There might also be regionsthat were very different. However, these regionswould probably not be suitable for the formation
of galaxies and stars. These are essential prerequi-sites for the development of intelligent life, at leastas we know it. Thus, these regions would not con-tain any beings to observe that they were different.
When one considers cosmology, one has totake into account the selection principle that welive in a region of the universe that is suitable forintelligent life. This fairly obvious and elemen-tary consideration is sometimes called the an-thropic principle. Suppose, on the other hand,that the initial state of the universe had to bechosen extremely carefully to lead to somethinglike what we see around us. Then the universewould be unlikely to contain any region inwhich life would appear.
In the hot big bang model that I describedearlier, there was not enough time in the earlyuniverse for heat to have flowed from one regionto another. This means that different regions ofthe universe would have had to have started outwith exactly the same temperature in order toaccount for the fact that the microwave back-ground has the same temperature in every direc-tion we look. Also, the initial rate of expansionwould have had to be chosen very precisely for
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the universe not to have recollapsed before now.This means that the initial state of the universemust have been very carefully chosen indeed ifthe hot big bang model was correct right back tothe beginning of time. It would be very difficultto explain why the universe should have begunin just this way, except as the act of a God whointended to create beings like us.
The Inflationary Model
In order to avoid this difficulty with the veryearly stages of the hot big bang model, Alan Guthat the Massachusetts Institute of Technology putforward a new model. In this, many different ini-tial configurations could have evolved to some-thing like the present universe. He suggestedthat the early universe might have had a periodof very rapid, or exponential, expansion.This ex-pansion is said to be inflationary—an analogywith the inflation in prices that occurs to agreater or lesser degree in every country. Theworld record for price inflation was probably inGermany after the first war, when the price of aloaf of bread went from under a mark to millions
of marks in a few months. But the inflation wethink may have occurred in the size of the uni-verse was much greater even than that—a mil-lion million million million million times in onlya tiny fraction of a second. Of course, that wasbefore the present government.
Guth suggested that the universe started outfrom the big bang very hot. One would expectthat at such high temperatures, the strong andweak nuclear forces and the electromagneticforce would all be unified into a single force. Asthe universe expanded, it would cool, and parti-cle energies would go down. Eventually therewould be what is called a phase transition, andthe symmetry between the forces would be bro-ken. The strong force would become differentfrom the weak and electromagnetic forces. Onecommon example of a phase transition is thefreezing of water when you cool it down. Liquidwater is symmetrical, the same at every pointand in every direction. However, when ice crys-tals form, they will have definite positions andwill be lined up in some direction. This breaksthe symmetry of the water.
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In the case of water, if one is careful, one can“supercool” it. That is, one can reduce the tem-perature below the freezing point—0 degreescentigrade—without ice forming. Guth sug-gested that the universe might behave in a simi-lar way: The temperature might drop below thecritical value without the symmetry between theforces being broken. If this happened, the uni-verse would be in an unstable state, with moreenergy than if the symmetry had been broken.This special extra energy can be shown to havean antigravitational effect. It would act just like acosmological constant.
Einstein introduced the cosmological con-stant into general relativity when he was tryingto construct a static model of the universe.However, in this case, the universe would alreadybe expanding.The repulsive effect of this cosmo-logical constant would therefore have made theuniverse expand at an ever-increasing rate. Evenin regions where there were more matter parti-cles than average, the gravitational attraction ofthe matter would have been outweighed by therepulsion of the effective cosmological constant.
Thus, these regions would also expand in an ac-celerating inflationary manner.
As the universe expanded, the matter parti-cles got farther apart. One would be left with anexpanding universe that contained hardly anyparticles. It would still be in the supercooledstate, in which the symmetry between the forcesis not broken. Any irregularities in the universewould simply have been smoothed out by theexpansion, as the wrinkles in a balloon aresmoothed away when you blow it up. Thus, thepresent smooth and uniform state of the uni-verse could have evolved from many differentnonuniform initial states. The rate of expansionwould also tend toward just the critical rateneeded to avoid recollapse.
Moreover, the idea of inflation could alsoexplain why there is so much matter in the uni-verse. There are something like 1,080 particlesin the region of the universe that we can ob-serve. Where did they all come from? The an-swer is that, in quantum theory, particles canbe created out of energy in the form of parti-cle/antiparticle pairs. But that just raises thequestion of where the energy came from. The
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answer is that the total energy of the universeis exactly zero.
The matter in the universe is made out ofpositive energy. However, the matter is all at-tracting itself by gravity. Two pieces of matterthat are close to each other have less energy thanthe same two pieces a long way apart. This is be-cause you have to expend energy to separatethem. You have to pull against the gravitationalforce attracting them together. Thus, in a sense,the gravitational field has negative energy. In thecase of the whole universe, one can show thatthis negative gravitational energy exactly cancelsthe positive energy of the matter. So the total en-ergy of the universe is zero.
Now, twice zero is also zero.Thus, the universecan double the amount of positive matter energyand also double the negative gravitationalenergy without violation of the conservationof energy. This does not happen in the normalexpansion of the universe in which the matterenergy density goes down as the universe getsbigger. It does happen, however, in the inflation-ary expansion, because the energy density of thesupercooled state remains constant while the
universe expands. When the universe doubles insize, the positive matter energy and the negativegravitational energy both double, so the total en-ergy remains zero. During the inflationary phase,the universe increases its size by a very largeamount. Thus, the total amount of energy avail-able to make particles becomes very large. AsGuth has remarked, “It is said that there is nosuch thing as a free lunch. But the universe is theultimate free lunch.”
The End of Inflation
The universe is not expanding in an inflationaryway today. Thus, there had to be some mecha-nism that would eliminate the very large effec-tive cosmological constant. This would changethe rate of expansion from an accelerated one toone that is slowed down by gravity, as we havetoday. As the universe expanded and cooled, onemight expect that eventually the symmetry be-tween the forces would be broken, just as super-cooled water always freezes in the end. The extraenergy of the unbroken symmetry state wouldthen be released and would reheat the universe.
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The universe would then go on to expand andcool, just like the hot big bang model. However,there would now be an explanation of why theuniverse was expanding at exactly the criticalrate and why different regions had the sametemperature.
In Guth’s original proposal, the transition tobroken symmetry was supposed to occur sud-denly, rather like the appearance of ice crystalsin very cold water. The idea was that “bubbles” ofthe new phase of broken symmetry would haveformed in the old phase, like bubbles of steamsurrounded by boiling water. The bubbles weresupposed to expand and meet up with eachother until the whole universe was in the newphase. The trouble was, as I and several otherpeople pointed out, the universe was expandingso fast that the bubbles would be moving awayfrom each other too rapidly to join up. The uni-verse would be left in a very nonuniform state,with some regions having symmetry betweenthe different forces. Such a model of the universewould not correspond to what we see.
In October 19811 went to Moscow for a con-ference on quantum gravity. After the conference,
I gave a seminar on the inflationary model andits problems at the Sternberg AstronomicalInstitute. In the audience was a young Russian,Andrei Linde. He said that the difficulty with thebubbles not joining up could be avoided if thebubbles were very big. In this case, our region ofthe universe could be contained inside a singlebubble. In order for this to work, the changefrom symmetry to broken symmetry must havetaken place very slowly inside the bubble, butthis is quite possible according to grand unifiedtheories.
Linde’s idea of a slow breaking of symmetrywas very good, but I pointed out that his bubbleswould have been bigger than the size of the uni-verse at the time. I showed that instead the sym-metry would have broken everywhere at thesame time, rather than just inside bubbles. Thiswould lead to a uniform universe, like we ob-serve. The slow symmetry breaking model was agood attempt to explain why the universe is theway it is. However, I and several other peopleshowed that it predicted much greater variationsin the microwave background radiation than areobserved. Also, later work cast doubt on whether
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there would have been the right kind of phasetransition in the early universe. A better model,called the chaotic inflationary model, was intro-duced by Linde in 1983. This doesn’t depend onphase transitions, and it can give us the right sizeof variations of the microwave background. Theinflationary model showed that the present stateof the universe could have arisen from quite alarge number of different initial configurations. Itcannot be the case, however, that every initialconfiguration would have led to a universe likethe one we observe. So even the inflationarymodel does not tell us why the initial configura-tion was such as to produce what we observe.Must we turn to the anthropic principle for anexplanation? Was it all just a lucky chance? Thatwould seem a counsel of despair, a negation of allour hopes of understanding the underlying orderof the universe.
Quantum Gravity
In order to predict how the universe should havestarted off, one needs laws that hold at the be-ginning of time. If the classical theory of general
relativity was correct, the singularity theoremshowed that the beginning of time would havebeen a point of infinite density and curvature. Allthe known laws of science would break down atsuch a point. One might suppose that there werenew laws that held at singularities, but it wouldbe very difficult even to formulate laws at suchbadly behaved points and we would have noguide from observations as to what those lawsmight be. However, what the singularity theo-rems really indicate is that the gravitational fieldbecomes so strong that quantum gravitational ef-fects become important: Classical theory is nolonger a good description of the universe. So onehas to use a quantum theory of gravity to discussthe very early stages of the universe. As we shallsee, it is possible in the quantum theory for theordinary laws of science to hold everywhere, in-cluding at the beginning of time. It is not neces-sary to postulate new laws for singularities, be-cause there need not be any singularities in thequantum theory.
We don’t yet have a complete and consistenttheory that combines quantum mechanics andgravity. However, we are thoroughly certain of
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some features that such a unified theory shouldhave. One is that it should incorporate Feyn-man’s proposal to formulate quantum theory interms of a sum over histories. In this approach, aparticle going from A to B does not have just asingle history as it would in a classical theory.Instead, it is supposed to follow every possiblepath in space-time. With each of these histories,there are associated a couple of numbers, onerepresenting the size of a wave and the otherrepresenting its position in the cycle—its phase.
The probability that the particle, say, passesthrough some particular point is found byadding up the waves associated with every pos-sible history that passes through that point.When one actually tries to perform these sums,however, one runs into severe technical prob-lems. The only way around these is the followingpeculiar prescription: One must add up thewaves for particle histories that are not in thereal time that you and I experience but takeplace in imaginary time.
Imaginary time may sound like science fic-tion, but it is in fact a well-defined mathematicalconcept. To avoid the technical difficulties with
Feynman’s sum over histories, one must useimaginary time. This has an interesting effect onspace-time: The distinction between time andspace disappears completely. A space-time inwhich events have imaginary values of the timecoordinate is said to be Euclidean because themetric is positive definite.
In Euclidean space-time there is no differ-ence between the time direction and directionsin space. On the other hand, in real space-time, inwhich events are labeled by real values of thetime coordinate, it is easy to tell the difference.The time direction lies within the light cone, andspace directions lie outside. One can regard theuse of imaginary time as merely a mathematicaldevice—or trick—to calculate answers aboutreal space-time. However, there may be more to itthan that. It may be that Euclidean space-time isthe fundamental concept and what we think ofas real space-time is just a figment of our imagi-nation.
When we apply Feynman’s sum over histo-ries to the universe, the analogue of the historyof a particle is now a complete curved space-time which represents the history of the whole
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universe. For the technical reasons mentionedabove, these curved space-times must be takento be Euclidean. That is, time is imaginary and isindistinguishable from directions in space. To cal-culate the probability of finding a real space-timewith some certain property, one adds up thewaves associated with all the histories in imagi-nary time that have that property. One can thenwork out what the probable history of the uni-verse would be in real time.
The No Boundary Condition
In the classical theory of gravity, which is basedon real space-time, there are only two possibleways the universe can behave. Either it has ex-isted for an infinite time, or else it had a begin-ning at a singularity at some finite time in thepast. In fact, the singularity theorems show itmust be the second possibility. In the quantumtheory of gravity, on the other hand, a third pos-sibility arises. Because one is using Euclideanspace-times, in which the time direction is on thesame footing as directions in space, it is possiblefor space-time to be finite in extent and yet to
have no singularities that formed a boundary oredge. Space-time would be like the surface of theEarth, only with two more dimensions. The sur-face of the Earth is finite in extent but it doesn’thave a boundary or edge. If you sail off into thesunset, you don’t fall off the edge or run into asingularity. I know, because I have been aroundthe world.
If Euclidean space-times direct back to infi-nite imaginary time or else started at a singular-ity, we would have the same problem as in theclassical theory of specifying the initial state ofthe universe. God may know how the universebegan, but we cannot give any particular reasonfor thinking it began one way rather than an-other. On the other hand, the quantum theory ofgravity has opened up a new possibility. In this,there would be no boundary to space-time.Thus,there would be no need to specify the behaviorat the boundary. There would be no singularitiesat which the laws of science broke down and noedge of space-time at which one would have toappeal to God or some new law to set theboundary conditions for space-time. One couldsay: “The boundary condition of the universe is
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that it has no boundary.” The universe would becompletely self-contained and not affected byanything outside itself. It would be neither cre-ated nor destroyed. It would just be.
It was at the conference in the Vatican that Ifirst put forward the suggestion that maybe timeand space together formed a surface that was fi-nite in size but did not have any boundary oredge. My paper was rather mathematical, how-ever, so its implications for the role of God in thecreation of the universe were not noticed at thetime—just as well for me. At the time of theVatican conference, I did not know how to use ano boundary idea to make predictions about theuniverse. However, I spent the following summerat the University of California, Santa Barbara.There, a friend and colleague of mine, Jim Hartle,worked out with me what conditions the uni-verse must satisfy if space-time had no boundary.
I should emphasize that this idea that timeand space should be finite without boundary isjust a proposal. It cannot be deduced from someother principle. Like any other scientific theory,it may initially be put forward for aesthetic ormetaphysical reasons, but the real test is whether
it makes predictions that agree with observation.This, however, is difficult to determine in thecase of quantum gravity, for two reasons. First,we are not yet sure exactly which theory suc-cessfully combines general relativity and quan-tum mechanics, though we know quite a lotabout the form such a theory must have. Second,any model that described the whole universe indetail would be much too complicated mathe-matically for us to be able to calculate exact pre-dictions. One therefore has to make approxima-tions—and even then, the problem of extractingpredictions remains a difficult one.
One finds, under the no boundary proposal,that the chance of the universe being found tobe following most of the possible histories isnegligible. But there is a particular family of his-tories that are much more probable than the oth-ers. These histories may be pictured as being likethe surface of the Earth, with a distance from theNorth Pole representing imaginary time; the sizeof a circle of latitude would represent the spatialsize of the universe. The universe starts at theNorth Pole as a single point. As one moves south,the circles of latitude get bigger, corresponding
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to the universe expanding with imaginary time.The universe would reach a maximum size at theequator and would contract again to a singlepoint at the South Pole. Even though the uni-verse would have zero size at the North andSouth poles, these points would not be singulari-ties any more than the North and South Poles onthe Earth are singular. The laws of science willhold at the beginning of the universe, just as theydo at the North and South Poles on the Earth.
The history of the universe in real time,however, would look very different. It would ap-pear to start at some minimum size, equal to themaximum size of the history in imaginary time.The universe would then expand in real timelike the inflationary model. However, one wouldnot now have to assume that the universe wascreated somehow in the right sort of state. Theuniverse would expand to a very large size, buteventually it would collapse again into whatlooks like a singularity in real time. Thus, in asense, we are still all doomed, even if we keepaway from black holes. Only if we could picturethe universe in terms of imaginary time wouldthere be no singularities.
The singularity theorems of classical generalrelativity showed that the universe must have abeginning, and that this beginning must be de-scribed in terms of quantum theory. This in turnled to the idea that the universe could be finitein imaginary time, but without boundaries or sin-gularities. When one goes back to the real time inwhich we live, however, there will still appear tobe singularities.The poor astronaut who falls intoa black hole will still come to a sticky end. It isonly if he could live in imaginary time that hewould encounter no singularities.
This might suggest that the so-called imagi-nary time is really the fundamental time, and thatwhat we call real time is something we createjust in our minds. In real time, the universe has abeginning and an end at singularities that form aboundary to space-time and at which the laws ofscience break down. But in imaginary time, thereare no singularities or boundaries. So maybewhat we call imaginary time is really more basic,and what we call real time is just an idea that weinvent to help us describe what we think the uni-verse is like. But according to the approach I de-scribed in the first lecture, a scientific theory is
THE ORIGIN AND FATE OF THE UNIVERSE
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just a mathematical model we make to describeour observations. It exists only in our minds. So itdoes not have any meaning to ask: Which is real,“real” or “imaginary” time? It is simply a matter ofwhich is a more useful description.
The no boundary proposal seems to predictthat, in real time, the universe should behave likethe inflationary models. A particularly interestingproblem is the size of the small departures fromuniform density in the early universe. These arethought to have led to the formation first of thegalaxies, then of stars, and finally of beings likeus. The uncertainty principle implies that theearly universe cannot have been completely uni-form. Instead, there must have been some uncer-tainties or fluctuations in the positions and ve-locities of the particles. Using the no boundarycondition, one finds that the universe must havestarted off with just the minimum possiblenonuniformity allowed by the uncertaintyprinciple.
The universe would have then undergone aperiod of rapid expansion, like in the inflationarymodels. During this period, the initial nonunifor-mities would have been amplified until they
could have been big enough to explain the ori-gin of galaxies. Thus, all the complicated struc-tures that we see in the universe might be ex-plained by the no boundary condition for theuniverse and the uncertainty principle of quan-tum mechanics.
The idea that space and time may form aclosed surface without boundary also has pro-found implications for the role of God in the af-fairs of the universe. With the success of scien-tific theories in describing events, most peoplehave come to believe that God allows the uni-verse to evolve according to a set of laws. Hedoes not seem to intervene in the universe tobreak these laws. However, the laws do not tellus what the universe should have looked likewhen it started. It would still be up to God towind up the clockwork and choose how to startit off. So long as the universe had a beginningthat was a singularity, one could suppose that itwas created by an outside agency But if the uni-verse is really completely self-contained, havingno boundary or edge, it would be neither creatednor destroyed. It would simply be. What place,then, for a creator?
Sixth Lecture
THE DIRECTIONOF TIME
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In his book, The Go Between, L. P. Hartleywrote, “The past is a foreign country They dothings differently there—but why is the pastso different from the future? Why do we remem-ber the past, but not the future?” In other words,why does time go forward? Is this connectedwith the fact that the universe is expanding?
C,P,T
The laws of physics do not distinguish betweenthe past and the future. More precisely, the lawsof physics are unchanged under the combinationof operations known as C, P, and T. (C meanschanging particles for antiparticles. P means tak-ing the mirror image so left and right areswapped for each other. And T means reversingthe direction of motion of all particles—in effect,running the motion backward.) The laws ofphysics that govern the behavior of matter underall normal situations are unchanged under theoperations C and P on their own. In other words,life would be just the same for the inhabitants ofanother planet who were our mirror images andwho were made of antimatter. If you meet someone
from another planet and he holds out his lefthand, don’t shake it. He might be made of anti-matter. You would both disappear in a tremen-dous flash of light. If the laws of physics are un-changed by the combination of operations C andP, and also by the combination C, P, and T, theymust also be unchanged under the operation Talone. Yet, there is a big difference between theforward and backward directions of time in ordi-nary life. Imagine a cup of water falling off atable and breaking in pieces on the floor. If youtake a film of this, you can easily tell whether it isbeing run forward or backward. If you run itbackward, you will see the pieces suddenlygather themselves together off the floor andjump back to form a whole cup on the table. Youcan tell that the film is being run backward be-cause this kind of behavior is never observed inordinary life. If it were, the crockery manufactur-ers would go out of business.
The Arrows of Time
The explanation that is usually given as to whywe don’t see broken cups jumping back onto the
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table is that it is forbidden by the second law ofthermodynamics. This says that disorder or en-tropy always increases with time. In other words,it is Murphy’s Law—things get worse. An intactcup on the table is a state of high order, but abroken cup on the floor is a disordered state.One can therefore go from the whole cup on thetable in the past to the broken cup on the floorin the future, but not the other way around.
The increase of disorder or entropy withtime is one example of what is called an arrowof time, something that gives a direction to timeand distinguishes the past from the future.Thereare at least three different arrows of time. First,there is the thermodynamic arrow of time—thedirection of time in which disorder or entropyincreases. Second, there is the psychological ar-row of time. This is the direction in which wefeel time passes—the direction of time in whichwe remember the past, but not the future. Third,there is the cosmological arrow of time. This isthe direction of time in which the universe is ex-panding rather than contracting.
I shall argue that the psychological arrow isdetermined by the thermodynamic arrow and
that these two arrows always point in the samedirection. If one makes the no boundary assump-tion for the universe, they are related to the cos-mological arrow of time, though they may notpoint in the same direction. However, I shallargue that it is only when they agree with thecosmological arrow that there will be intelligentbeings who can ask the question: Why doesdisorder increase in the same direction of time asthat in which the universe expands?
The Thermodynamic Arrow
I shall talk first about the thermodynamic arrowof time. The second law of thermodynamics isbased on the fact that there are many more dis-ordered states than there are ordered ones. Forexample, consider the pieces of a jigsaw in abox. There is one, and only one, arrangement inwhich the pieces make a complete picture. Onthe other hand, there are a very large number ofarrangements in which the pieces are disorderedand don’t make a picture.
Suppose a system starts out in one of thesmall number of ordered states. As time goes by,
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the system will evolve according to the laws ofphysics and its state will change. At a later time,there is a high probability that it will be in amore disordered state, simply because there areso many more disordered states. Thus, disorderwill tend to increase with time if the systemobeys an initial condition of high order.
Suppose the pieces of the jigsaw start off inthe ordered arrangement in which they form apicture. If you shake the box, the pieces will takeup another arrangement. This will probably be adisordered arrangement in which the piecesdon’t form a proper picture, simply becausethere are so many more disordered arrange-ments. Some groups of pieces may still formparts of the picture, but the more you shake thebox, the more likely it is that these groups willget broken up. The pieces will take up a com-pletely jumbled state in which they don’t formany sort of picture. Thus, the disorder of thepieces will probably increase with time if theyobey the initial condition that they start in a stateof high order.
Suppose, however, that God decided that theuniverse should finish up at late times in a state of
high order but that it didn’t matter what state itstarted in. Then, at early times the universe wouldprobably be in a disordered state, and disorderwould decrease with time. You would have bro-ken cups gathering themselves together andjumping back on the table. However, any humanbeings who v/ere observing the cups would beliving in a universe in which disorder decreasedwith time. I shall argue that such beings wouldhave a psychological arrow of time that was back-ward. That is, they would remember thence at latetimes and not remember thence at early times.
The Psychological Arrow
It is rather difficult to talk about human memorybecause we don’t know how the brain works indetail. We do, however, know all about how com-puter memories work. I shall therefore discussthe psychological arrow of time for computers. Ithink it is reasonable to assume that the arrowfor computers is the same as that for humans. Ifit were not, one could make a killing on thestock exchange by having a computer thatwould remember tomorrow’s prices.
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A computer memory is basically some de-vice that can be in either one of two states. Anexample would be a superconducting loop ofwire. If there is an electric current flowing in theloop, it will continue to flow because there is noresistance. On the other hand, if there is no cur-rent, the loop will continue without a current.One can label the two states of the memory“one” and “zero.”
Before an item is recorded in the memory,the memory is in a disordered state with equalprobabilities for one and zero. After the memoryinteracts with the system to be remembered, itwill definitely be in one state or the other, ac-cording to the state of the system. Thus, thememory passes from a disordered state to an or-dered one. However, in order to make sure thatthe memory is in the right state, it is necessary touse a certain amount of energy. This energy isdissipated as heat and increases the amount ofdisorder in the universe. One can show that thisincrease of disorder is greater than the increasein the order of the memory. Thus, when a com-puter records an item in memory, the totalamount of disorder in the universe goes up.
The direction of time in which a computerremembers the past is the same as that in whichdisorder increases. This means that our subjec-tive sense of the direction of time, the psycho-logical arrow of time, is determined by the ther-modynamic arrow of time. This makes thesecond law of thermodynamics almost trivial.Disorder increases with time because we mea-sure time in the direction in which disorder in-creases. You can’t have a safer bet than that.
The Boundary Conditionsof the Universe
But why should the universe be in a state of highorder at one end of time, the end that we call thepast? Why was it not in a state of complete disor-der at all times? After all, this might seem moreprobable. And why is the direction of time inwhich disorder increases the same as that inwhich the universe expands? One possible an-swer is that God simply chose that the universeshould be in a smooth and ordered state at thebeginning of the expansion phase. We should nottry to understand why or question His reasons
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because the beginning of the universe was thework of God. But the whole history of the uni-verse can be said to be the work of God.
It appears that the universe evolves accord-ing to well-defined laws. These laws may or maynot be ordained by God, but it seems that we candiscover and understand them. Is it, therefore,unreasonable to hope that the same or similarlaws may also hold at the beginning of the uni-verse? In the classical theory of general relativity,the beginning of the universe has to be a singu-larity of infinite density in space-time curvature.Under such conditions, all the known laws ofphysics would break down. Thus, one could notuse them to predict how the universe wouldbegin.
The universe could have started out in a verysmooth and ordered state. This would have ledto well-defined thermodynamic and cosmologi-cal arrows of time, like we observe. But it couldequally well have started out in a very lumpy anddisordered state. In this case, the universe wouldalready be in a state of complete disorder, so dis-order could not increase with time. It would ei-ther stay constant, in which case there would be
no well-defined thermodynamic arrow of time,or it would decrease, in which case the thermo-dynamic arrow of time would point in the oppo-site direction to the cosmological arrow. Neitherof these possibilities would agree with what weobserve.
As I mentioned, the classical theory of gen-eral relativity predicts that the universe shouldbegin with a singularity where the curvature ofspace-time is infinite. In fact, this means that clas-sical general relativity predicts its own downfall.When the curvature of space-time becomeslarge, quantum gravitational effects will becomeimportant and the classical theory will cease tobe a good description of the universe. One has touse the quantum theory of gravity to understandhow the universe began.
In a quantum theory of gravity, one consid-ers all possible histories of the universe. As-sociated with each history, there are a couple ofnumbers. One represents the size of a wave andthe other the face of the wave, that is, whetherthe wave is at a crest or a trough. The probabil-ity of the universe having a particular propertyis given by adding up the waves for all the his-
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tories with that property. The histories would becurved spaces that would represent the evolu-tion of the universe in time. One would stillhave to say how the possible histories of theuniverse would behave at the boundary ofspace-time in the past. We do not and cannotknow the boundary conditions of the universein the past. However, one could avoid this diffi-culty if the boundary condition of the universeis that it has no boundary. In other words, all thepossible histories are finite in extent but haveno boundaries, edges, or singularities. They arelike the surface of the Earth, but with two moredimensions. In that case, the beginning of timewould be a regular smooth point of space-time.This means that the universe would have begunits expansion in a very smooth and orderedstate. It could not have been completely uniformbecause that would violate the uncertainty prin-ciple of quantum theory. There had to be smallfluctuations in the density and velocities of par-ticles. The no boundary condition, however,would imply that these fluctuations were assmall as they could be, consistent with the un-certainty principal.
The universe would have started off with aperiod of exponential or “inflationary” expan-sion. In this, it would have increased its size by avery large factor. During this expansion, the den-sity fluctuations would have remained small atfirst, but later would have started to grow.Regions in which the density was slightly higherthan average would have had their expansionslowed down by the gravitational attraction ofthe extra mass. Eventually, such regions wouldstop expanding, and would collapse to formgalaxies, stars, and beings like us.
The universe would have started in asmooth and ordered state and would becomelumpy and disordered as time went on. Thiswould explain the existence of the thermody-namic arrow of time. The universe would startin a state of high order and would becomemore disordered with time. As I showed earlier,the psychological arrow of time points in thesame direction as the thermodynamic arrow.Our subjective sense of time would thereforebe that in which the universe is expanding,rather than the opposite direction, in which itwould be contracting.
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Does the Arrow of Time
Reverse?
But what would happen if and when the uni-verse stopped expanding and began to contractagain? Would the thermodynamic arrow reverseand disorder begin to decrease with time? Thiswould lead to all sorts of science-fiction-likepossibilities for people who survived from theexpanding to the contracting phase. Would theysee broken cups gathering themselves togetheroff the floor and jumping back on the table?Would they be able to remember tomorrow’sprices and make a fortune on the stock market?
It might seem a bit academic to worry aboutwhat would happen when the universe collapsesagain, as it will not start to contract for at leastanother ten thousand million years. But there is aquicker way to find out what will happen: Jumpinto a black hole.The collapse of a star to form ablack hole is rather like the later stages of thecollapse of the whole universe. Thus, if disorderwere to decrease in the contracting phase of theuniverse, one might also expect it to decrease in-side a black hole. So perhaps an astronaut who
fell into a black hole would be able to makemoney at roulette by remembering where theball went before he placed his bet. Unfortunately,however, he would not have long to play beforehe was turned to spaghetti by the very stronggravitational fields. Nor would he be able to letus know about the reversal of the thermody-namic arrow, or even bank his winnings, becausehe would be trapped behind the event horizonof the black hole.
At first, I believed that disorder would de-crease when the universe recollapsed. This wasbecause I thought that the universe had to returnto a smooth and ordered state when it becamesmall again. This would have meant that the con-tracting phase was like the time reverse of the ex-panding phase. People in the contracting phasewould live their lives backward. They would diebefore they were born and would get younger asthe universe contracted.This idea is attractive be-cause it would mean a nice symmetry betweenthe expanding and contracting phases. However,one cannot adopt it on its own, independent ofother ideas about the universe.The question is: Is
THE DIRECTION OF TIME
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it implied by the no boundary condition or is itinconsistent with that condition?
As I mentioned, I thought at first that the noboundary condition did indeed imply that disor-der would decrease in the contracting phase.This was based on work on a simple model ofthe universe in which the collapsing phaselooked like the time reverse of the expandingphase. However, a colleague of mine, Don Page,pointed out that the no boundary condition didnot require the contracting phase necessarily tobe the time reverse of the expanding phase.Further, one of my students, Raymond Laflamme,found that in a slightly more complicated model,the collapse of the universe was very differentfrom the expansion. I realized that I had made amistake. In fact, the no boundary condition im-plied that disorder would continue to increaseduring the contraction. The thermodynamic andpsychological arrows of time would not reversewhen the universe begins to recontract or insideblack holes.
What should you do when you find you havemade a mistake like that? Some people, like
Eddington, never admit that they are wrong.Theycontinue to find new, and often mutually incon-sistent, arguments to support their case. Othersclaim to have never really supported the incor-rect view in the first place or, if they did, it wasonly to show that it was inconsistent. I couldgive a large number of examples of this, but Iwon’t because it would make me too unpopular.It seems to me much better and less confusing ifyou admit in print that you were wrong. A goodexample of this was Einstein, who said that thecosmological constant, which he introducedwhen he was trying to make a static model ofthe universe, was the biggest mistake of his life.
Seventh Lecture
THE THEORY OFEVERYTHING
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It would be very difficult to construct a com-plete unified theory of everything all at onego. So instead we have made progress byfinding partial theories. These describe a limitedrange of happenings and neglect other effects, orapproximate them by certain numbers. In chem-istry, for example, we can calculate the interac-tions of atoms without knowing the internalstructure of the nucleus of an atom. Ultimately,however, one would hope to find a complete,consistent, unified theory that would include allthese partial theories as approximations. Thequest for such a theory is known as “the unifica-tion of physics.”
Einstein spent most of his later years unsuc-cessfully searching for a unified theory, but thetime was not ripe: Very little was known aboutthe nuclear forces. Moreover, Einstein refused tobelieve in the reality of quantum mechanics, de-spite the important role he had played in its de-velopment. Yet it seems that the uncertainty prin-ciple is a fundamental feature of the universe welive in. A successful unified theory must there-fore necessarily incorporate this principle.
The prospects for finding such a theoryseem to be much better now because we knowso much more about the universe. But we mustbeware of overconfidence. We have had falsedawns before. At the beginning of this century,for example, it was thought that everythingcould be explained in terms of the properties ofcontinuous matter, such as elasticity and heatconduction. The discovery of atomic structureand the uncertainty principle put an end to that.Then again, in 1928, Max Born told a group ofvisitors to Gottingen University, “Physics, as weknow it, will be over in six months.” His confi-dence was based on the recent discovery byDirac of the equation that governed the electron.It was thought that a similar equation would gov-ern the proton, which was the only other parti-cle known at the time, and that would be the endof theoretical physics. However, the discovery ofthe neutron and of nuclear forces knocked thatone on the head, too.
Having said this, I still believe there aregrounds for cautious optimism that we may nowbe near the end of the search for the ultimatelaws of nature. At the moment, we have a number
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of partial theories. We have general relativity, thepartial theory of gravity, and the partial theoriesthat govern the weak, the strong, and the elec-tromagnetic forces. The last three may be com-bined in so-called grand unified theories. Theseare not very satisfactory because they do not in-clude gravity. The main difficulty in finding a the-ory that unifies gravity with the other forces isthat general relativity is a classical theory. That is,it does not incorporate the uncertainty principleof quantum mechanics. On the other hand, theother partial theories depend on quantum me-chanics in an essential way. A necessary first step,therefore, is to combine general relativity withthe uncertainty principle. As we have seen, thiscan produce some remarkable consequences,such as black holes not being black, and the uni-verse being completely self-contained and with-out boundary. The trouble is, the uncertaintyprinciple means that even empty space is filledwith pairs of virtual particles and antiparticles.These pairs would have an infinite amount ofenergy. This means that their gravitationalattraction would curve up the universe to aninfinitely small size.
Rather similar, seemingly absurd infinities oc-cur in the other quantum theories. However, inthese other theories, the infinities can be can-celed out by a process called renormalization.This involves adjusting the masses of the parti-cles and the strengths of the forces in the theoryby an infinite amount. Although this technique israther dubious mathematically, it does seem towork in practice. It has been used to make pre-dictions that agree with observations to an extra-ordinary degree of accuracy. Renormalization,however, has a serious drawback from the pointof view of trying to find a complete theory. Whenyou subtract infinity from infinity, the answer canbe anything you want. This means that the actualvalues of the masses and the strengths of theforces cannot be predicted from the theory.Instead, they have to be chosen to fit the obser-vations. In the case of general relativity, there areonly two quantities that can be adjusted: thestrength of gravity and the value of the cosmo-logical constant. But adjusting these is not suffi-cient to remove all the infinities. One thereforehas a theory that seems to predict that certainquantities, such as the curvature of space-time,
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are really infinite, yet these quantities can be ob-served and measured to be perfectly finite. In anattempt to overcome this problem, a theorycalled “supergravity” was suggested in 1976. Thistheory was really just general relativity withsome additional particles.
In general relativity, the gravitational forcecan be thought of as being carried by a particleof spin 2 called the graviton.The idea was to addcertain other new particles of spin 3/2, 1, 1/2,and 0. In a sense, all these particles could then beregarded as different aspects of the same “super-particle.” The virtual particle/antiparticle pairs ofspin 1/2 and 3/2 would have negative energy.This would tend to cancel out the positive en-ergy of the virtual pairs of particles of spin 0, 1,and 2. In this way, many of the possible infinitieswould cancel out, but it was suspected that someinfinities might still remain. However, the calcula-tions required to find out whether there wereany infinities left uncanceled were so long anddifficult that no one was prepared to undertakethem. Even with a computer it was reckoned itwould take at least four years.The chances werevery high that one would make at least one
mistake, and probably more. So one would knowone had the right answer only if someone elserepeated the calculation and got the same an-swer, and that did not seem very likely.
Because of this problem, there was a changeof opinion in favor of what are called string the-ories. In these theories the basic objects are notparticles that occupy a single point of space.Rather, they are things that have a length but noother dimension, like an infinitely thin loop ofstring. A particle occupies one point of space ateach instant of time. Thus, its history can be rep-resented by a line in space-time called the“world-line.” A string, on the other hand, occupiesa line in space at each moment of time. So its his-tory in space-time is a two-dimensional surfacecalled the “world-sheet.” Any point on such aworld-sheet can be described by two numbers,one specifying the time and the other the posi-tion of the point on the string. The world-sheetof a string is a cylinder or tube. A slice throughthe tube is a circle, which represents the posi-tion of the string at one particular time.
Two pieces of string can join together toform a single string. It is like the two legs joining
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on a pair of trousers. Similarly, a single piece ofstring can divide into two strings. In string theo-ries, what were previously thought of as particlesare now pictured as waves traveling down thestring, like waves on a washing line.The emissionor absorption of one particle by another corre-sponds to the dividing or joining together ofstrings. For example, the gravitational force ofthe sun on the Earth corresponds to an H-shapedtube or pipe. String theory is rather like plumb-ing, in a way. Waves on the two vertical sides ofthe H correspond to the particles in the sun andthe Earth, and waves on the horizontal crossbarcorrespond to the gravitational force that travelsbetween them.
String theory has a curious history. It wasoriginally invented in the late 1960s in an at-tempt to find a theory to describe the strongforce.The idea was that particles like the protonand the neutron could be regarded as waves on astring. The strong forces between the particleswould correspond to pieces of string that wentbetween other bits of string, like in a spider’sweb. For this theory to give the observed valueof the strong force between particles, the strings
had to be like rubber bands with a pull of aboutten tons.
In 1974 Joel Scherk and John Schwarz pub-lished a paper in which they showed that stringtheory could describe the gravitational force, butonly if the tension in the string were very muchhigher—about 1039 tons. The predictions of thestring theory would be just the same as those ofgeneral relativity on normal length scales, butthey would differ at very small distances—lessthan 1033 centimeters. Their work did not receivemuch attention, however, because at just aboutthat time, most people abandoned the originalstring theory of the strong force. Scherk died intragic circumstances. He suffered from diabetesand went into a coma when no one was aroundto give him an injection of insulin. So Schwarzwas left alone as almost the only supporter ofstring theory, but now with a much higher pro-posed value of the string tension.
There seemed to have been two reasons forthe sudden revival of interest in strings in 1984.One was that people were not really makingmuch progress toward showing that supergravitywas finite or that it could explain the kinds of
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particles that we observe. The other was the pub-lication of a paper by John Schwarz and MikeGreen which showed that string theory might beable to explain the existence of particles thathave a built-in left-handedness, like some of theparticles that we observe. Whatever the reasons,a large number of people soon began to work onstring theory. A new version was developed, theso-called heterotic string. This seemed as if itmight be able to explain the types of particlethat we observe.
String theories also lead to infinities, but it isthought they will all cancel out in versions likethe heterotic string. String theories, however,have a bigger problem. They seem to be consis-tent only if space-time has either ten or twenty-six dimensions, instead of the usual four. Ofcourse, extra space-time dimensions are a com-monplace of science fiction; indeed, they arealmost a necessity. Otherwise, the fact that rela-tivity implies that one cannot travel faster thanlight means that it would take far too long to getacross our own galaxy, let alone to travel to othergalaxies. The science fiction idea is that one cantake a shortcut through a higher dimension. One
can picture this in the following way. Imaginethat the space we live in had only two dimensionsand was curved like the surface of a doughnut ora torus. If you were on one side of the ring andyou wanted to get to a point on the other side,you would have to go around the ring. However,if you were able to travel in the third dimension,you could cut straight across.
Why don’t we notice all these extra dimen-sions if they are really there? Why do we see onlythree space and one time dimension? The sug-gestion is that the other dimensions are curvedup into a space of very small size, something likea million million million million millionth of aninch. This is so small that we just don’t notice it.We see only the three space and one time di-mension in which space-time is thoroughly flat.It is like the surface of an orange: if you look at itclose up, it is all curved and wrinkled, but if youlook at it from a distance, you don’t see thebumps and it appears to be smooth. So it is withspace-time. On a very small scale, it is ten-dimensional and highly curved. But on biggerscales, you don’t see the curvature or the extradimensions.
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If this picture is correct, it spells bad newsfor would-be space travelers. The extra dimen-sions would be far too small to allow a spaceshipthrough. However, it raises another major prob-lem. Why should some, but not all, of the dimen-sions be curled up into a small ball? Presumably,in the very early universe, all the dimensionswould have been very curved. Why did threespace and one time dimension flatten out, whilethe other dimensions remained tightly curled up?
One possible answer is the anthropic princi-ple. Two space dimensions do not seem to beenough to allow for the development of compli-cated beings like us. For example, two-dimensionalpeople living on a one-dimensional Earth wouldhave to climb over each other in order to getpast each other. If a two-dimensional creature atesomething it could not digest completely, itwould have to bring up the remains the sameway it swallowed them, because if there were apassage through its body, it would divide thecreature into two separate parts. Our two-dimensional being would fall apart. Similarly, it isdifficult to see how there could be any circula-tion of the blood in a two-dimensional creature.
There would also be problems with more thanthree space dimensions. The gravitational forcebetween two bodies would decrease morerapidly with distance than it does in three di-mensions. The significance of this is that the or-bits of planets, like the Earth, around the sunwould be unstable. The least disturbance from acircular orbit, such as would be caused by thegravitational attraction of other planets, wouldcause the Earth to spiral away from or into thesun. We would either freeze or be burned up. Infact, the same behavior of gravity with distancewould mean that the sun would also be unstable.It would either fall apart or it would collapse toform a black hole. In either case, it would not bemuch use as a source of heat and light for life onEarth. On a smaller scale, the electrical forcesthat cause the electrons to orbit around the nu-cleus in an atom would behave in the same wayas the gravitational forces. Thus, the electronswould either escape from the atom altogether orit would spiral into the nucleus. In either case,one could not have atoms as we know them.
It seems clear that life, at least as we knowit, can exist only in regions of space-time in
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which three space and one time dimension arenot curled up small. This would mean that onecould appeal to the anthropic principle, pro-vided one could show that string theory does atleast allow there to be such regions of the uni-verse. And it seems that indeed each string the-ory does allow such regions.There may well beother regions of the universe, or other universes(whatever that may mean) in which all the di-mensions are curled up small, or in which morethan four dimensions are nearly flat. But therewould be no intelligent beings in such regionsto observe the different number of effectivedimensions.
Apart from the question of the number of di-mensions that space-time appears to have, stringtheory still has several other problems that mustbe solved before it can be acclaimed as the ulti-mate unified theory of physics. We do not yet
know whether all the infinities cancel each other
/
out, or exactly how to relate the waves on thestring to the particular types of particle that weobserve. Nevertheless, it is likely that answers tothese questions will be found over the next fewyears, and that by the end of the century we shall
know whether string theory is indeed the longsought-after unified theory of physics.
Can there really be a unified theory of every-thing? Or are we just chasing a mirage? Thereseem to be three possibilities:
• There really is a complete unified theory,which we will someday discover if we aresmart enough.
• There is no ultimate theory of the uni-verse, just an infinite sequence of theoriesthat describe the universe more and moreaccurately.
• There is no theory of the universe. Eventscannot be predicted beyond a certain ex-tent but occur in a random and arbitrarymanner.
Some would argue for the third possibility onthe grounds that if there were a complete set oflaws, that would infringe on God’s freedom tochange His mind and to intervene in the world.It’s a bit like the old paradox: Can God make astone so heavy that He can’t lift it? But the ideathat God might want to change His mind is an
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example of the fallacy, pointed out by St.Augustine, of imagining God as a being existingin time. Time is a property only of the universethat God created. Presumably, He knew what Heintended when He set it up.
With the advent of quantum mechanics, wehave come to realize that events cannot be pre-dicted with complete accuracy but that there isalways a degree of uncertainty. If one liked, onecould ascribe this randomness to the interven-tion of God. But it would be a very strange kindof intervention.There is no evidence that it is di-rected toward any purpose. Indeed, if it were, itwouldn’t be random. In modern times, we haveeffectively removed the third possibility by re-defining the goal of science. Our aim is to for-mulate a set of laws that will enable us to pre-dict events up to the limit set by the uncertaintyprinciple.
The second possibility, that there is an infi-nite sequence of more and more refined theo-ries, is in agreement with all our experience sofar. On many occasions, we have increased thesensitivity of our measurements or made a newclass of observations only to discover new
phenomena that were not predicted by the ex-isting theory. To account for these, we have hadto develop a more advanced theory. It wouldtherefore not be very surprising if we find thatour present grand unified theories break downwhen we test them on bigger and more powerfulparticle accelerators. Indeed, if we didn’t expectthem to break down, there wouldn’t be muchpoint in spending all that money on buildingmore powerful machines.
However, it seems that gravity may provide alimit to this sequence of “boxes within boxes.” Ifone had a particle with an energy above what iscalled the Planck energy, 1019 GeV, its masswould be so concentrated that it would cut itselfoff from the rest of the universe and form a littleblack hole.Thus, it does seem that the sequenceof more and more refined theories should havesome limit as we go to higher and higher ener-gies. There should be some ultimate theory ofthe universe. Of course, the Planck energy is avery long way from the energies of around aGeV, which are the most that we can produce inthe laboratory at the present time.To bridge thatgap would require a particle accelerator that was
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bigger than the solar system. Such an acceleratorwould be unlikely to be funded in the presenteconomic climate.
However, the very early stages of the uni-verse are an arena where such energies musthave occurred. I think that there is a goodchance that the study of the early universe andthe requirements of mathematical consistencywill lead us to a complete unified theory by theend of the century—always presuming we don’tblow ourselves up first.
What would it mean if we actually did dis-cover the ultimate theory of the universe? Itwould bring to an end a long and glorious chap-ter in the history of our struggle to understandthe universe. But it would also revolutionize theordinary person’s understanding of the laws thatgovern the universe. In Newton’s time it waspossible for an educated person to have a graspof the whole of human knowledge, at least inoutline. But ever since then, the pace of develop-ment of science has made this impossible.Theories were always being changed to accountfor new observations. They were never properlydigested or simplified so that ordinary people
could understand them.You had to be a specialist,and even then you could only hope to have aproper grasp of a small proportion of the scien-tific theories.
Further, the rate of progress was so rapidthat what one learned at school or universitywas always a bit out of date. Only a few peoplecould keep up with the rapidly advancing fron-tier of knowledge. And they had to devote theirwhole time to it and specialize in a small area.The rest of the population had little idea of theadvances that were being made or the excite-ment they were generating.
Seventy years ago, if Eddington is to be be-lieved, only two people understood the generaltheory of relativity. Nowadays tens of thousandsof university graduates understand it, and manymillions of people are at least familiar with theidea. If a complete unified theory were discov-ered, it would be only a matter of time before itwas digested and simplified in the same way. Itcould then be taught in schools, at least in out-line. We would then all be able to have some un-derstanding of the laws that govern the universeand which are responsible for our existence.
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Einstein once asked a question: “How muchchoice did God have in constructing the uni-verse?” If the no boundary proposal is correct,He had no freedom at all to choose initial condi-tions. He would, of course, still have had the free-dom to choose the laws that the universeobeyed. This, however, may not really have beenall that much of a choice.There may well be onlyone or a small number of complete unified theo-ries that are self-consistent and which allow theexistence of intelligent beings.
We can ask about the nature of God even ifthere is only one possible unified theory that isjust a set of rules and equations. What is it thatbreathes fire into the equations and makes a uni-verse for them to describe? The usual approachof science of constructing a mathematical modelcannot answer the question of why there shouldbe a universe for the model to describe. Whydoes the universe go to all the bother of existing?Is the unified theory so compelling that it bringsabout its own existence? Or does it need a cre-ator, and, if so, does He have any effect on the uni-verse other than being responsible for its exis-tence? And who created Him?
Up until now, most scientists have been toooccupied with the development of new theoriesthat describe what the universe is, to ask thequestion why. On the other hand, the peoplewhose business it is to ask why—the philoso-phers—have not been able to keep up with theadvance of scientific theories. In the eighteenthcentury, philosophers considered the whole ofhuman knowledge, including science, to be theirfield. They discussed questions such as: Did theuniverse have a beginning? However, in the nine-teenth and twentieth centuries, science becametoo technical and mathematical for the philoso-phers or anyone else, except a few specialists.Philosophers reduced the scope of their in-quiries so much that Wittgenstein, the most fa-mous philosopher of this century, said, “The soleremaining task for philosophy is the analysis oflanguage .’’What a comedown from the great tra-dition of philosophy from Aristotle to Kant.
However, if we do discover a complete the-ory, it should in time be understandable in broadprinciple by everyone, not just a few scientists.Then we shall all be able to take part in the dis-cussion of why the universe exists. If we find the
THE THEORY OF EVERYTHING
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answer to that, it would be the ultimate triumphof human reason. For then we would know themind of God.
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hroughout the 1970s I had been working
mainly on black holes. However, in 1981
my interest in questions about the origin
of the universe was reawakened when I attended
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BLACK HOLES AIN'T SO BLACK 73

efore 1970, my research on general rela-
tivity had concentrated mainly on the
question of whether there had been a
big bang singularity. However, one evening in
November of that year, shortly after the birth of
my daughter, Lucy, I started to think about black
holes as I was getting into bed. My disability
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