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      by Hawk­ing, Stephen

      FORE­WARD

      I didn’t write a fore­word to the orig­inal edi­tion of A Brief His­to­ry of Time. That was done by Carl Sagan. In­stead, I wrote a short piece ti­tled “Ac­knowl­edg­ments” in which I was ad­vised to thank ev­ery­one. Some of the foun­da­tions that had giv­en me sup­port weren’t too pleased to have been men­tioned, how­ev­er, be­cause it led to a great in­crease in ap­pli­ca­tions.

      I don’t think any­one, my pub­lish­ers, my agent, or my­self, ex­pect­ed the book to do any­thing like as well as it did. It was in the Lon­don Sun­day Times best-​sell­er list for 237 weeks, longer than any oth­er book (ap­par­ent­ly, the Bible and Shake­speare aren’t count­ed). It has been trans­lat­ed in­to some­thing like forty lan­guages and has sold about one copy for ev­ery 750 men, wom­en, and chil­dren in the world. As Nathan Myhrvold of Mi­crosoft (a for­mer post-​doc of mine) re­marked: I have sold more books on physics than Madon­na has on sex.

      The suc­cess of A Brief His­to­ry in­di­cates that there is widespread in­ter­est in the big ques­tions like: Where did we come from? And why is the uni­verse the way it is?

      I have tak­en the op­por­tu­ni­ty to up­date the book and in­clude new the­oret­ical and ob­ser­va­tion­al re­sults ob­tained since the book was first pub­lished (on April Fools’ Day, 1988). I have in­clud­ed a new chap­ter on worm­holes and time trav­el. Ein­stein’s Gen­er­al The­ory of Rel­ativ­ity seems to of­fer the pos­si­bil­ity that we could cre­ate and main­tain worm­holes, lit­tle tubes that con­nect dif­fer­ent re­gions of space-​time. If so, we might be able to use them for rapid trav­el around the galaxy or trav­el back in time. Of course, we have not seen any­one from the fu­ture (or have we?) but I dis­cuss a pos­si­ble ex­pla­na­tion for this.

      I al­so de­scribe the progress that has been made re­cent­ly in find­ing “du­al­ities” or cor­re­spon­dences be­tween ap­par­ent­ly dif­fer­ent the­ories of physics. These cor­re­spon­dences are a strong in­di­ca­tion that there is a com­plete uni­fied the­ory of physics, but they al­so sug­gest that it may not be pos­si­ble to ex­press this the­ory in a sin­gle fun­da­men­tal for­mu­la­tion. In­stead, we may have to use dif­fer­ent re­flec­tions of the un­der­ly­ing the­ory in dif­fer­ent sit­ua­tions. It might be like our be­ing un­able to rep­re­sent the sur­face of the earth on a sin­gle map and hav­ing to use dif­fer­ent maps in dif­fer­ent re­gions. This would be a rev­olu­tion in our view of the uni­fi­ca­tion of the laws of sci­ence but it would not change the most im­por­tant point: that the uni­verse is gov­erned by a set of ra­tio­nal laws that we can dis­cov­er and un­der­stand.

      On the ob­ser­va­tion­al side, by far the most im­por­tant de­vel­op­ment has been the mea­sure­ment of fluc­tu­ations in the cos­mic mi­crowave back­ground ra­di­ation by COBE (the Cos­mic Back­ground Ex­plor­er satel­lite) and oth­er col­lab­ora­tions. These fluc­tu­ations are the fin­ger-​prints of cre­ation, tiny ini­tial ir­reg­ular­ities in the oth­er­wise smooth and uni­form ear­ly uni­verse that lat­er grew in­to galax­ies, stars, and all the struc­tures we see around us. Their form agrees with the pre­dic­tions of the pro­pos­al that the uni­verse has no bound­aries or edges in the imag­inary time di­rec­tion; but fur­ther ob­ser­va­tions will be nec­es­sary to dis­tin­guish this pro­pos­al from oth­er pos­si­ble ex­pla­na­tions for the fluc­tu­ations in the back­ground. How­ev­er, with­in a few years we should know whether we can be­lieve that we live in a uni­verse that is com­plete­ly self-​con­tained and with­out be­gin­ning or end.

      Stephen Hawk­ing
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      CHAPTER 1

      OUR PIC­TURE OF THE UNI­VERSE

      A well-​known sci­en­tist (some say it was Bertrand Rus­sell) once gave a pub­lic lec­ture on as­tron­omy. He de­scribed how the earth or­bits around the sun and how the sun, in turn, or­bits around the cen­ter of a vast col­lec­tion of stars called our galaxy. At the end of the lec­ture, a lit­tle old la­dy at the back of the room got up and said: “What you have told us is rub­bish. The world is re­al­ly a flat plate sup­port­ed on the back of a gi­ant tor­toise.” The sci­en­tist gave a su­pe­ri­or smile be­fore re­ply­ing, “What is the tor­toise stand­ing on.” “You’re very clever, young man, very clever,” said the old la­dy. “But it’s tur­tles all the way down!”

      Most peo­ple would find the pic­ture of our uni­verse as an in­fi­nite tow­er of tor­tois­es rather ridicu­lous, but why do we think we know bet­ter? What do we know about the uni­verse, and how do we know it? Where did the uni­verse come from, and where is it go­ing? Did the uni­verse have a be­gin­ning, and if so, what hap­pened be­fore then? What is the na­ture of time? Will it ev­er come to an end? Can we go back in time? Re­cent break­throughs in physics, made pos­si­ble in part by fan­tas­tic new tech­nolo­gies, sug­gest an­swers to some of these long­stand­ing ques­tions. Some­day these an­swers may seem as ob­vi­ous to us as the earth or­bit­ing the sun - or per­haps as ridicu­lous as a tow­er of tor­tois­es. On­ly time (what­ev­er that may be) will tell.

      As long ago as 340 BC the Greek philoso­pher Aris­to­tle, in his book On the Heav­ens, was able to put for­ward two good ar­gu­ments for be­liev­ing that the earth was a round sphere rather than a Hat plate. First, he re­al­ized that eclipses of the moon were caused by the earth com­ing be­tween the sun and the moon. The earth’s shad­ow on the moon was al­ways round, which would be true on­ly if the earth was spher­ical. If the earth had been a flat disk, the shad­ow would have been elon­gat­ed and el­lip­ti­cal, un­less the eclipse al­ways oc­curred at a time when the sun was di­rect­ly un­der the cen­ter of the disk. Sec­ond, the Greeks knew from their trav­els that the North Star ap­peared low­er in the sky when viewed in the south than it did in more norther­ly re­gions. (Since the North Star lies over the North Pole, it ap­pears to be di­rect­ly above an ob­serv­er at the North Pole, but to some­one look­ing from the equa­tor, it ap­pears to lie just at the hori­zon. From the dif­fer­ence in the ap­par­ent po­si­tion of the North Star in Egypt and Greece, Aris­to­tle even quot­ed an es­ti­mate that the dis­tance around the earth was 400,000 sta­dia. It is not known ex­act­ly what length a sta­di­um was, but it may have been about 200 yards, which would make Aris­to­tle’s es­ti­mate about twice the cur­rent­ly ac­cept­ed fig­ure. The Greeks even had a third ar­gu­ment that the earth must be round, for why else does one first see the sails of a ship com­ing over the hori­zon, and on­ly lat­er see the hull?

      Aris­to­tle thought the earth was sta­tion­ary and that the sun, the moon, the plan­ets, and the stars moved in cir­cu­lar or­bits about the earth. He be­lieved this be­cause he felt, for mys­ti­cal rea­sons, that the earth was the cen­ter of the uni­verse, and that cir­cu­lar mo­tion was the most per­fect. This idea was elab­orat­ed by Ptole­my in the sec­ond cen­tu­ry AD in­to a com­plete cos­mo­log­ical mod­el. The earth stood at the cen­ter, sur­round­ed by eight spheres that car­ried the moon, the sun, the stars, and the five plan­ets known at the time, Mer­cury, Venus, Mars, Jupiter, and Sat­urn (Fig. 1.1). The plan­ets them­selves moved on small­er cir­cles at­tached to their re­spec­tive spheres in or­der to ac­count for their rather com­pli­cat­ed ob­served paths in the sky. The out­er­most sphere car­ried the so-​called fixed stars, which al­ways stay in the same po­si­tions rel­ative to each oth­er but which ro­tate to­geth­er across the sky. What lay be­yond the last sphere was nev­er made very clear, but it cer­tain­ly was not part of mankind’s ob­serv­able uni­verse.

      Ptole­my’s mod­el pro­vid­ed a rea­son­ably ac­cu­rate sys­tem for pre­dict­ing the po­si­tions of heav­en­ly bod­ies in the sky. But in or­der to pre­dict these po­si­tions cor­rect­ly, Ptole­my had to make an as­sump­tion that the moon fol­lowed a path that some­times brought it twice as close to the earth as at oth­er times. And that meant that the moon ought some­times to ap­pear twice as big as at oth­er times! Ptole­my rec­og­nized this flaw, but nev­er­the­less his mod­el was gen­er­al­ly, al­though not uni­ver­sal­ly, ac­cept­ed. It was adopt­ed by the Chris­tian church as the pic­ture of the uni­verse that was in ac­cor­dance with Scrip­ture, for it had the great ad­van­tage that it left lots of room out­side the sphere of fixed stars for heav­en and hell.

      A sim­pler mod­el, how­ev­er, was pro­posed in 1514 by a Pol­ish priest, Nicholas Coper­ni­cus. (At first, per­haps for fear of be­ing brand­ed a heretic by his church, Coper­ni­cus cir­cu­lat­ed his mod­el anony­mous­ly.) His idea was that the sun was sta­tion­ary at the cen­ter and that the earth and the plan­ets moved in cir­cu­lar or­bits around the sun. Near­ly a cen­tu­ry passed be­fore this idea was tak­en se­ri­ous­ly. Then two as­tronomers - the Ger­man, Jo­hannes Ke­pler, and the Ital­ian, Galileo Galilei - start­ed pub­licly to sup­port the Coper­ni­can the­ory, de­spite the fact that the or­bits it pre­dict­ed did not quite match the ones ob­served. The death blow to the Aris­totelian/Ptole­ma­ic the­ory came in 1609. In that year, Galileo start­ed ob­serv­ing the night sky with a tele­scope, which had just been in­vent­ed. When he looked at the plan­et Jupiter, Galileo found that it was ac­com­pa­nied by sev­er­al small satel­lites or moons that or­bit­ed around it. This im­plied that ev­ery­thing did not have to or­bit di­rect­ly around the earth, as Aris­to­tle and Ptole­my had thought. (It was, of course, still pos­si­ble to be­lieve that the earth was sta­tion­ary at the cen­ter of the uni­verse and that the moons of Jupiter moved on ex­treme­ly com­pli­cat­ed paths around the earth, giv­ing the ap­pear­ance that they or­bit­ed Jupiter. How­ev­er, Coper­ni­cus’s the­ory was much sim­pler.) At the same time, Jo­hannes Ke­pler had mod­ified Coper­ni­cus’s the­ory, sug­gest­ing that the plan­ets moved not in cir­cles but in el­lipses (an el­lipse is an elon­gat­ed cir­cle). The pre­dic­tions now fi­nal­ly matched the ob­ser­va­tions.

      As far as Ke­pler was con­cerned, el­lip­ti­cal or­bits were mere­ly an ad hoc hy­poth­esis, and a rather re­pug­nant one at that, be­cause el­lipses were clear­ly less per­fect than cir­cles. Hav­ing dis­cov­ered al­most by ac­ci­dent that el­lip­ti­cal or­bits fit the ob­ser­va­tions well, he could not rec­on­cile them with his idea that the plan­ets were made to or­bit the sun by mag­net­ic forces. An ex­pla­na­tion was pro­vid­ed on­ly much lat­er, in 1687, when Sir Isaac New­ton pub­lished his Philosophi­ae Nat­uralis Prin­cip­ia Math­emat­ica, prob­ably the most im­por­tant sin­gle work ev­er pub­lished in the phys­ical sci­ences. In it New­ton not on­ly put for­ward a the­ory of how bod­ies move in space and time, but he al­so de­vel­oped the com­pli­cat­ed math­emat­ics need­ed to an­alyze those mo­tions. In ad­di­tion, New­ton pos­tu­lat­ed a law of uni­ver­sal grav­ita­tion ac­cord­ing to which each body in the uni­verse was at­tract­ed to­ward ev­ery oth­er body by a force that was stronger the more mas­sive the bod­ies and the clos­er they were to each oth­er. It was this same force that caused ob­jects to fall to the ground. (The sto­ry that New­ton was in­spired by an ap­ple hit­ting his head is al­most cer­tain­ly apoc­ryphal. All New­ton him­self ev­er said was that the idea of grav­ity came to him as he sat “in a con­tem­pla­tive mood” and “was oc­ca­sioned by the fall of an ap­ple.”) New­ton went on to show that, ac­cord­ing to his law, grav­ity caus­es the moon to move in an el­lip­ti­cal or­bit around the earth and caus­es the earth and the plan­ets to fol­low el­lip­ti­cal paths around the sun.

      The Coper­ni­can mod­el got rid of Ptole­my’s ce­les­tial spheres, and with them, the idea that the uni­verse had a nat­ural bound­ary. Since “fixed stars” did not ap­pear to change their po­si­tions apart from a ro­ta­tion across the sky caused by the earth spin­ning on its ax­is, it be­came nat­ural to sup­pose that the fixed stars were ob­jects like our sun but very much far­ther away.

      New­ton re­al­ized that, ac­cord­ing to his the­ory of grav­ity, the stars should at­tract each oth­er, so it seemed they could not re­main es­sen­tial­ly mo­tion­less. Would they not all fall to­geth­er at some point? In a let­ter in 1691 to Richard Bent­ley, an­oth­er lead­ing thinker of his day, New­ton ar­gued that this would in­deed hap­pen if there were on­ly a fi­nite num­ber of stars dis­tribut­ed over a fi­nite re­gion of space. But he rea­soned that if, on the oth­er hand, there were an in­fi­nite num­ber of stars, dis­tribut­ed more or less uni­form­ly over in­fi­nite space, this would not hap­pen, be­cause there would not be any cen­tral point for them to fall to.

      This ar­gu­ment is an in­stance of the pit­falls that you can en­counter in talk­ing about in­fin­ity. In an in­fi­nite uni­verse, ev­ery point can be re­gard­ed as the cen­ter, be­cause ev­ery point has an in­fi­nite num­ber of stars on each side of it. The cor­rect ap­proach, it was re­al­ized on­ly much lat­er, is to con­sid­er the fi­nite sit­ua­tion, in which the stars all fall in on each oth­er, and then to ask how things change if one adds more stars rough­ly uni­form­ly dis­tribut­ed out­side this re­gion. Ac­cord­ing to New­ton’s law, the ex­tra stars would make no dif­fer­ence at all to the orig­inal ones on av­er­age, so the stars would fall in just as fast. We can add as many stars as we like, but they will still al­ways col­lapse in on them-​selves. We now know it is im­pos­si­ble to have an in­fi­nite stat­ic mod­el of the uni­verse in which grav­ity is al­ways at­trac­tive.

      It is an in­ter­est­ing re­flec­tion on the gen­er­al cli­mate of thought be­fore the twen­ti­eth cen­tu­ry that no one had sug­gest­ed that the uni­verse was ex­pand­ing or con­tract­ing. It was gen­er­al­ly ac­cept­ed that ei­ther the uni­verse had ex­ist­ed for­ev­er in an un­chang­ing state, or that it had been cre­at­ed at a fi­nite time in the past more or less as we ob­serve it to­day. In part this may have been due to peo­ple’s ten­den­cy to be­lieve in eter­nal truths, as well as the com­fort they found in the thought that even though they may grow old and die, the uni­verse is eter­nal and un­chang­ing.

      Even those who re­al­ized that New­ton’s the­ory of grav­ity showed that the uni­verse could not be stat­ic did not think to sug­gest that it might be ex­pand­ing. In­stead, they at­tempt­ed to mod­ify the the­ory by mak­ing the grav­ita­tion­al force re­pul­sive at very large dis­tances. This did not sig­nif­icant­ly af­fect their pre­dic­tions of the mo­tions of the plan­ets, but it al­lowed an in­fi­nite dis­tri­bu­tion of stars to re­main in equi­lib­ri­um - with the at­trac­tive forces be­tween near­by stars bal­anced by the re­pul­sive forces from those that were far­ther away. How­ev­er, we now be­lieve such an equi­lib­ri­um would be un­sta­ble: if the stars in some re­gion got on­ly slight­ly near­er each oth­er, the at­trac­tive forces be­tween them would be­come stronger and dom­inate over the re­pul­sive forces so that the stars would con­tin­ue to fall to­ward each oth­er. On the oth­er hand, if the stars got a bit far­ther away from each oth­er, the re­pul­sive forces would dom­inate and drive them far­ther apart.

      An­oth­er ob­jec­tion to an in­fi­nite stat­ic uni­verse is nor­mal­ly as­cribed to the Ger­man philoso­pher Hein­rich Ol­bers, who wrote about this the­ory in 1823. In fact, var­ious con­tem­po­raries of New­ton had raised the prob­lem, and the Ol­bers ar­ti­cle was not even the first to con­tain plau­si­ble ar­gu­ments against it. It was, how­ev­er, the first to be wide­ly not­ed. The dif­fi­cul­ty is that in an in­fi­nite stat­ic uni­verse near­ly ev­ery line of sight would end on the sur­face of a star. Thus one would ex­pect that the whole sky would be as bright as the sun, even at night. Ol­bers’ counter-​ar­gu­ment was that the light from dis­tant stars would be dimmed by ab­sorp­tion by in­ter­ven­ing mat­ter. How­ev­er, if that hap­pened the in­ter­ven­ing mat­ter would even­tu­al­ly heat up un­til it glowed as bright­ly as the stars. The on­ly way of avoid­ing the con­clu­sion that the whole of the night sky should be as bright as the sur­face of the sun would be to as­sume that the stars had not been shin­ing for­ev­er but had turned on at some fi­nite time in the past. In that case the ab­sorb­ing mat­ter might not have heat­ed up yet or the light from dis­tant stars might not yet have reached us. And that brings us to the ques­tion of what could have caused the stars to have turned on in the first place.

      The be­gin­ning of the uni­verse had, of course, been dis­cussed long be­fore this. Ac­cord­ing to a num­ber of ear­ly cos­molo­gies and the Jew­ish/Chris­tian/Mus­lim tra­di­tion, the uni­verse start­ed at a fi­nite, and not very dis­tant, time in the past. One ar­gu­ment for such a be­gin­ning was the feel­ing that it was nec­es­sary to have “First Cause” to ex­plain the ex­is­tence of the uni­verse. (With­in the uni­verse, you al­ways ex­plained one event as be­ing caused by some ear­li­er event, but the ex­is­tence of the uni­verse it­self could be ex­plained in this way on­ly if it had some be­gin­ning.) An­oth­er ar­gu­ment was put for­ward by St. Au­gus­tine in his book The City of God. He point­ed out that civ­iliza­tion is pro­gress­ing and we re­mem­ber who per­formed this deed or de­vel­oped that tech­nique. Thus man, and so al­so per­haps the uni­verse, could not have been around all that long. St. Au­gus­tine ac­cept­ed a date of about 5000 BC for the Cre­ation of the uni­verse ac­cord­ing to the book of Gen­esis. (It is in­ter­est­ing that this is not so far from the end of the last Ice Age, about 10,000 BC, which is when ar­chae­ol­ogists tell us that civ­iliza­tion re­al­ly be­gan.)

      Aris­to­tle, and most of the oth­er Greek philoso­phers, on the oth­er hand, did not like the idea of a cre­ation be­cause it smacked too much of di­vine in­ter­ven­tion. They be­lieved, there­fore, that the hu­man race and the world around it had ex­ist­ed, and would ex­ist, for­ev­er. The an­cients had al­ready con­sid­ered the ar­gu­ment about progress de­scribed above, and an­swered it by say­ing that there had been pe­ri­od­ic floods or oth­er dis­as­ters that re­peat­ed­ly set the hu­man race right back to the be­gin­ning of civ­iliza­tion.

      The ques­tions of whether the uni­verse had a be­gin­ning in time and whether it is lim­it­ed in space were lat­er ex­ten­sive­ly ex­am­ined by the philoso­pher Im­manuel Kant in his mon­umen­tal (and very ob­scure) work Cri­tique of Pure Rea­son, pub­lished in 1781. He called these ques­tions anti­nomies (that is, con­tra­dic­tions) of pure rea­son be­cause he felt that there were equal­ly com­pelling ar­gu­ments for be­liev­ing the the­sis, that the uni­verse had a be­gin­ning, and the an­tithe­sis, that it had ex­ist­ed for­ev­er. His ar­gu­ment for the the­sis was that if the uni­verse did not have a be­gin­ning, there would be an in­fi­nite pe­ri­od of time be­fore any event, which he con­sid­ered ab­surd. The ar­gu­ment for the an­tithe­sis was that if the uni­verse had a be­gin­ning, there would be an in­fi­nite pe­ri­od of time be­fore it, so why should the uni­verse be­gin at any one par­tic­ular time? In fact, his cas­es for both the the­sis and the an­tithe­sis are re­al­ly the same ar­gu­ment. They are both based on his un­spo­ken as­sump­tion that time con­tin­ues back for­ev­er, whether or not the uni­verse had ex­ist­ed for­ev­er. As we shall see, the con­cept of time has no mean­ing be­fore the be­gin­ning of the uni­verse. This was first point­ed out by St. Au­gus­tine. When asked: “What did God do be­fore he cre­at­ed the uni­verse?” Au­gus­tine didn’t re­ply: “He was prepar­ing Hell for peo­ple who asked such ques­tions.” In­stead, he said that time was a prop­er­ty of the uni­verse that God cre­at­ed, and that time did not ex­ist be­fore the be­gin­ning of the uni­verse.

      When most peo­ple be­lieved in an es­sen­tial­ly stat­ic and un­chang­ing uni­verse, the ques­tion of whether or not it had a be­gin­ning was re­al­ly one of meta­physics or the­ol­ogy. One could ac­count for what was ob­served equal­ly well on the the­ory that the uni­verse had ex­ist­ed for­ev­er or on the the­ory that it was set in mo­tion at some fi­nite time in such a man­ner as to look as though it had ex­ist­ed for­ev­er. But in 1929, Ed­win Hub­ble made the land­mark ob­ser­va­tion that wher­ev­er you look, dis­tant galax­ies are mov­ing rapid­ly away from us. In oth­er words, the uni­verse is ex­pand­ing. This means that at ear­li­er times ob­jects would have been clos­er to­geth­er. In fact, it seemed that there was a time, about ten or twen­ty thou­sand mil­lion years ago, when they were all at ex­act­ly the same place and when, there­fore, the den­si­ty of the uni­verse was in­fi­nite. This dis­cov­ery fi­nal­ly brought the ques­tion of the be­gin­ning of the uni­verse in­to the realm of sci­ence.

      Hub­ble’s ob­ser­va­tions sug­gest­ed that there was a time, called the big bang, when the uni­verse was in­finites­imal­ly small and in­finite­ly dense. Un­der such con­di­tions all the laws of sci­ence, and there­fore all abil­ity to pre­dict the fu­ture, would break down. If there were events ear­li­er than this time, then they could not af­fect what hap­pens at the present time. Their ex­is­tence can be ig­nored be­cause it would have no ob­ser­va­tion­al con­se­quences. One may say that time had a be­gin­ning at the big bang, in the sense that ear­li­er times sim­ply would not be de­fined. It should be em­pha­sized that this be­gin­ning in time is very dif­fer­ent from those that had been con­sid­ered pre­vi­ous­ly. In an un­chang­ing uni­verse a be­gin­ning in time is some­thing that has to be im­posed by some be­ing out­side the uni­verse; there is no phys­ical ne­ces­si­ty for a be­gin­ning. One can imag­ine that God cre­at­ed the uni­verse at lit­er­al­ly any time in the past. On the oth­er hand, if the uni­verse is ex­pand­ing, there may be phys­ical rea­sons why there had to be a be­gin­ning. One could still imag­ine that God cre­at­ed the uni­verse at the in­stant of the big bang, or even af­ter­wards in just such a way as to make it look as though there had been a big bang, but it would be mean­ing­less to sup­pose that it was cre­at­ed be­fore the big bang. An ex­pand­ing uni­verse does not pre­clude a cre­ator, but it does place lim­its on when he might have car­ried out his job!

      In or­der to talk about the na­ture of the uni­verse and to dis­cuss ques­tions such as whether it has a be­gin­ning or an end, you have to be clear about what a sci­en­tif­ic the­ory is. I shall take the sim­ple­mind­ed view that a the­ory is just a mod­el of the uni­verse, or a re­strict­ed part of it, and a set of rules that re­late quan­ti­ties in the mod­el to ob­ser­va­tions that we make. It ex­ists on­ly in our minds and does not have any oth­er re­al­ity (what­ev­er that might mean). A the­ory is a good the­ory if it sat­is­fies two re­quire­ments. It must ac­cu­rate­ly de­scribe a large class of ob­ser­va­tions on the ba­sis of a mod­el that con­tains on­ly a few ar­bi­trary el­ements, and it must make def­inite pre­dic­tions about the re­sults of fu­ture ob­ser­va­tions. For ex­am­ple, Aris­to­tle be­lieved Empe­do­cles’s the­ory that ev­ery­thing was made out of four el­ements, earth, air, fire, and wa­ter. This was sim­ple enough, but did not make any def­inite pre­dic­tions. On the oth­er hand, New­ton’s the­ory of grav­ity was based on an even sim­pler mod­el, in which bod­ies at­tract­ed each oth­er with a force that was pro­por­tion­al to a quan­ti­ty called their mass and in­verse­ly pro­por­tion­al to the square of the dis­tance be­tween them. Yet it pre­dicts the mo­tions of the sun, the moon, and the plan­ets to a high de­gree of ac­cu­ra­cy.

      Any phys­ical the­ory is al­ways pro­vi­sion­al, in the sense that it is on­ly a hy­poth­esis: you can nev­er prove it. No mat­ter how many times the re­sults of ex­per­iments agree with some the­ory, you can nev­er be sure that the next time the re­sult will not con­tra­dict the the­ory. On the oth­er hand, you can dis­prove a the­ory by find­ing even a sin­gle ob­ser­va­tion that dis­agrees with the pre­dic­tions of the the­ory. As philoso­pher of sci­ence Karl Pop­per has em­pha­sized, a good the­ory is char­ac­ter­ized by the fact that it makes a num­ber of pre­dic­tions that could in prin­ci­ple be dis­proved or fal­si­fied by ob­ser­va­tion. Each time new ex­per­iments are ob­served to agree with the pre­dic­tions the the­ory sur­vives, and our con­fi­dence in it is in­creased; but if ev­er a new ob­ser­va­tion is found to dis­agree, we have to aban­don or mod­ify the the­ory.

      At least that is what is sup­posed to hap­pen, but you can al­ways ques­tion the com­pe­tence of the per­son who car­ried out the ob­ser­va­tion.

      In prac­tice, what of­ten hap­pens is that a new the­ory is de­vised that is re­al­ly an ex­ten­sion of the pre­vi­ous the­ory. For ex­am­ple, very ac­cu­rate ob­ser­va­tions of the plan­et Mer­cury re­vealed a small dif­fer­ence be­tween its mo­tion and the pre­dic­tions of New­ton’s the­ory of grav­ity. Ein­stein’s gen­er­al the­ory of rel­ativ­ity pre­dict­ed a slight­ly dif­fer­ent mo­tion from New­ton’s the­ory. The fact that Ein­stein’s pre­dic­tions matched what was seen, while New­ton’s did not, was one of the cru­cial con­fir­ma­tions of the new the­ory. How­ev­er, we still use New­ton’s the­ory for all prac­ti­cal pur­pos­es be­cause the dif­fer­ence be­tween its pre­dic­tions and those of gen­er­al rel­ativ­ity is very small in the sit­ua­tions that we nor­mal­ly deal with. (New­ton’s the­ory al­so has the great ad­van­tage that it is much sim­pler to work with than Ein­stein’s!)

      The even­tu­al goal of sci­ence is to pro­vide a sin­gle the­ory that de­scribes the whole uni­verse. How­ev­er, the ap­proach most sci­en­tists ac­tu­al­ly fol­low is to sep­arate the prob­lem in­to two parts. First, there are the laws that tell us how the uni­verse changes with time. (If we know what the uni­verse is like at any one time, these phys­ical laws tell us how it will look at any lat­er time.) Sec­ond, there is the ques­tion of the ini­tial state of the uni­verse. Some peo­ple feel that sci­ence should be con­cerned with on­ly the first part; they re­gard the ques­tion of the ini­tial sit­ua­tion as a mat­ter for meta­physics or re­li­gion. They would say that God, be­ing om­nipo­tent, could have start­ed the uni­verse off any way he want­ed. That may be so, but in that case he al­so could have made it de­vel­op in a com­plete­ly ar­bi­trary way. Yet it ap­pears that he chose to make it evolve in a very reg­ular way ac­cord­ing to cer­tain laws. It there­fore seems equal­ly rea­son­able to sup­pose that there are al­so laws gov­ern­ing the ini­tial state.

      It turns out to be very dif­fi­cult to de­vise a the­ory to de­scribe the uni­verse all in one go. In­stead, we break the prob­lem up in­to bits and in­vent a num­ber of par­tial the­ories. Each of these par­tial the­ories de­scribes and pre­dicts a cer­tain lim­it­ed class of ob­ser­va­tions, ne­glect­ing the ef­fects of oth­er quan­ti­ties, or rep­re­sent­ing them by sim­ple sets of num­bers. It may be that this ap­proach is com­plete­ly wrong. If ev­ery-​thing in the uni­verse de­pends on ev­ery­thing else in a fun­da­men­tal way, it might be im­pos­si­ble to get close to a full so­lu­tion by in­ves­ti­gat­ing parts of the prob­lem in iso­la­tion. Nev­er­the­less, it is cer­tain­ly the way that we have made progress in the past. The clas­sic ex­am­ple again is the New­to­ni­an the­ory of grav­ity, which tells us that the grav­ita­tion­al force be­tween two bod­ies de­pends on­ly on one num­ber as­so­ci­at­ed with each body, its mass, but is oth­er­wise in­de­pen­dent of what the bod­ies are made of. Thus one does not need to have a the­ory of the struc­ture and con­sti­tu­tion of the sun and the plan­ets in or­der to cal­cu­late their or­bits.

      To­day sci­en­tists de­scribe the uni­verse in terms of two ba­sic par­tial the­ories - the gen­er­al the­ory of rel­ativ­ity and quan­tum me­chan­ics. They are the great in­tel­lec­tu­al achieve­ments of the first half of this cen­tu­ry. The gen­er­al the­ory of rel­ativ­ity de­scribes the force of grav­ity and the large-​scale struc­ture of the uni­verse, that is, the struc­ture on scales from on­ly a few miles to as large as a mil­lion mil­lion mil­lion mil­lion (1 with twen­ty-​four ze­ros af­ter it) miles, the size of the ob­serv­able uni­verse. Quan­tum me­chan­ics, on the oth­er hand, deals with phe­nom­ena on ex­treme­ly small scales, such as a mil­lionth of a mil­lionth of an inch. Un­for­tu­nate­ly, how­ev­er, these two the­ories are known to be in­con­sis­tent with each oth­er - they can­not both be cor­rect. One of the ma­jor en­deav­ors in physics to­day, and the ma­jor theme of this book, is the search for a new the­ory that will in­cor­po­rate them both - a quan­tum the­ory of grav­ity. We do not yet have such a the­ory, and we may still be a long way from hav­ing one, but we do al­ready know many of the prop­er­ties that it must have. And we shall see, in lat­er chap­ters, that we al­ready know a fair amount about the pred­ica­tions a quan­tum the­ory of grav­ity must make.

      Now, if you be­lieve that the uni­verse is not ar­bi­trary, but is gov­erned by def­inite laws, you ul­ti­mate­ly have to com­bine the par­tial the­ories in­to a com­plete uni­fied the­ory that will de­scribe ev­ery­thing in the uni­verse. But there is a fun­da­men­tal para­dox in the search for such a com­plete uni­fied the­ory. The ideas about sci­en­tif­ic the­ories out­lined above as­sume we are ra­tio­nal be­ings who are free to ob­serve the uni­verse as we want and to draw log­ical de­duc­tions from what we see.

      In such a scheme it is rea­son­able to sup­pose that we might progress ev­er clos­er to­ward the laws that gov­ern our uni­verse. Yet if there re­al­ly is a com­plete uni­fied the­ory, it would al­so pre­sum­ably de­ter­mine our ac­tions. And so the the­ory it­self would de­ter­mine the out­come of our search for it! And why should it de­ter­mine that we come to the right con­clu­sions from the ev­idence? Might it not equal­ly well de­ter­mine that we draw the wrong con­clu­sion.? Or no con­clu­sion at all?

      The on­ly an­swer that I can give to this prob­lem is based on Dar­win’s prin­ci­ple of nat­ural se­lec­tion. The idea is that in any pop­ula­tion of self-​re­pro­duc­ing or­gan­isms, there will be vari­ations in the ge­net­ic ma­te­ri­al and up­bring­ing that dif­fer­ent in­di­vid­uals have. These dif­fer­ences will mean that some in­di­vid­uals are bet­ter able than oth­ers to draw the right con­clu­sions about the world around them and to act ac­cord­ing­ly. These in­di­vid­uals will be more like­ly to sur­vive and re­pro­duce and so their pat­tern of be­hav­ior and thought will come to dom­inate. It has cer­tain­ly been true in the past that what we call in­tel­li­gence and sci­en­tif­ic dis­cov­ery have con­veyed a sur­vival ad­van­tage. It is not so clear that this is still the case: our sci­en­tif­ic dis­cov­er­ies may well de­stroy us all, and even if they don’t, a com­plete uni­fied the­ory may not make much dif­fer­ence to our chances of sur­vival. How­ev­er, pro­vid­ed the uni­verse has evolved in a reg­ular way, we might ex­pect that the rea­son­ing abil­ities that nat­ural se­lec­tion has giv­en us would be valid al­so in our search for a com­plete uni­fied the­ory, and so would not lead us to the wrong con­clu­sions.

      Be­cause the par­tial the­ories that we al­ready have are suf­fi­cient to make ac­cu­rate pre­dic­tions in all but the most ex­treme sit­ua­tions, the search for the ul­ti­mate the­ory of the uni­verse seems dif­fi­cult to jus­ti­fy on prac­ti­cal grounds. (It is worth not­ing, though, that sim­ilar ar­gu­ments could have been used against both rel­ativ­ity and quan­tum me­chan­ics, and these the­ories have giv­en us both nu­cle­ar en­er­gy and the mi­cro­elec­tron­ics rev­olu­tion!) The dis­cov­ery of a com­plete uni­fied the­ory, there­fore, may not aid the sur­vival of our species. It may not even af­fect our life-​style. But ev­er since the dawn of civ­iliza­tion, peo­ple have not been con­tent to see events as un­con­nect­ed and in­ex­pli­ca­ble. They have craved an un­der­stand­ing of the un­der­ly­ing or­der in the world. To­day we still yearn to know why we are here and where we came from. Hu­man­ity’s deep­est de­sire for knowl­edge is jus­ti­fi­ca­tion enough for our con­tin­uing quest. And our goal is noth­ing less than a com­plete de­scrip­tion of the uni­verse we live in.

    

  
    
      A Brief History of Time

    

    
      CHAPTER 2

      Space and Time

      Our present ideas about the mo­tion of bod­ies date back to Galileo and New­ton. Be­fore them peo­ple be­lieved Aris­to­tle, who said that the nat­ural state of a body was to be at rest and that it moved on­ly if driv­en by a force or im­pulse. It fol­lowed that a heavy body should fall faster than a light one, be­cause it would have a greater pull to­ward the earth.

      The Aris­totelian tra­di­tion al­so held that one could work out all the laws that gov­ern the uni­verse by pure thought: it was not nec­es­sary to check by ob­ser­va­tion. So no one un­til Galileo both­ered to see whether bod­ies of dif­fer­ent weight did in fact fall at dif­fer­ent speeds. It is said that Galileo demon­strat­ed that Aris­to­tle’s be­lief was false by drop­ping weights from the lean­ing tow­er of Pisa. The sto­ry is al­most cer­tain­ly un­true, but Galileo did do some­thing equiv­alent: he rolled balls of dif­fer­ent weights down a smooth slope. The sit­ua­tion is sim­ilar to that of heavy bod­ies falling ver­ti­cal­ly, but it is eas­ier to ob­serve be­cause the Speeds are small­er. Galileo’s mea­sure­ments in­di­cat­ed that each body in­creased its speed at the same rate, no mat­ter what its weight. For ex­am­ple, if you let go of a ball on a slope that drops by one me­ter for ev­ery ten me­ters you go along, the ball will be trav­el­ing down the slope at a speed of about one me­ter per sec­ond af­ter one sec­ond, two me­ters per sec­ond af­ter two sec­onds, and so on, how­ev­er heavy the ball. Of course a lead weight would fall faster than a feath­er, but that is on­ly be­cause a feath­er is slowed down by air re­sis­tance. If one drops two bod­ies that don’t have much air re­sis­tance, such as two dif­fer­ent lead weights, they fall at the same rate. On the moon, where there is no air to slow things down, the as­tro­naut David R. Scott per­formed the feath­er and lead weight ex­per­iment and found that in­deed they did hit the ground at the same time.

      Galileo’s mea­sure­ments were used by New­ton as the ba­sis of his laws of mo­tion. In Galileo’s ex­per­iments, as a body rolled down the slope it was al­ways act­ed on by the same force (its weight), and the ef­fect was to make it con­stant­ly speed up. This showed that the re­al ef­fect of a force is al­ways to change the speed of a body, rather than just to set it mov­ing, as was pre­vi­ous­ly thought. It al­so meant that when-​ev­er a body is not act­ed on by any force, it will keep on mov­ing in a straight line at the same speed. This idea was first stat­ed ex­plic­it­ly in New­ton’s Prin­cip­ia Math­emat­ica, pub­lished in 1687, and is known as New­ton’s first law. What hap­pens to a body when a force does act on it is giv­en by New­ton’s sec­ond law. This states that the body will ac­cel­er­ate, or change its speed, at a rate that is pro­por­tion­al to the force. (For ex­am­ple, the ac­cel­er­ation is twice as great if the force is twice as great.) The ac­cel­er­ation is al­so small­er the greater the mass (or quan­ti­ty of mat­ter) of the body. (The same force act­ing on a body of twice the mass will pro­duce half the ac­cel­er­ation.) A fa­mil­iar ex­am­ple is pro­vid­ed by a car: the more pow­er­ful the en­gine, the greater the ac­cel­er­ation, but the heav­ier the car, the small­er the ac­cel­er­ation for the same en­gine. In ad­di­tion to his laws of mo­tion, New­ton dis­cov­ered a law to de­scribe the force of grav­ity, which states that ev­ery body at­tracts ev­ery oth­er body with a force that is pro­por­tion­al to the mass of each body. Thus the force be­tween two bod­ies would be twice as strong if one of the bod­ies (say, body A) had its mass dou­bled. This is what you might ex­pect be­cause one could think of the new body A as be­ing made of two bod­ies with the orig­inal mass. Each would at­tract body B with the orig­inal force. Thus the to­tal force be­tween A and B would be twice the orig­inal force. And if, say, one of the bod­ies had twice the mass, and the oth­er had three times the mass, then the force would be six times as strong. One can now see why all bod­ies fall at the same rate: a body of twice the weight will have twice the force of grav­ity pulling it down, but it will al­so have twice the mass. Ac­cord­ing to New­ton’s sec­ond law, these two ef­fects will ex­act­ly can­cel each oth­er, so the ac­cel­er­ation will be the same in all cas­es.

      New­ton’s law of grav­ity al­so tells us that the far­ther apart the bod­ies, the small­er the force. New­ton’s law of grav­ity says that the grav­ita­tion­al at­trac­tion of a star is ex­act­ly one quar­ter that of a sim­ilar star at half the dis­tance. This law pre­dicts the or­bits of the earth, the moon, and the plan­ets with great ac­cu­ra­cy. If the law were that the grav­ita­tion­al at­trac­tion of a star went down faster or in­creased more rapid­ly with dis­tance, the or­bits of the plan­ets would not be el­lip­ti­cal, they would ei­ther spi­ral in to the sun or es­cape from the sun.

      The big dif­fer­ence be­tween the ideas of Aris­to­tle and those of Galileo and New­ton is that Aris­to­tle be­lieved in a pre­ferred state of rest, which any body would take up if it were not driv­en by some force Or im­pulse. In par­tic­ular, he thought that the earth was at rest. But it fol­lows from New­ton’s laws that there is no unique stan­dard of rest. One could equal­ly well say that body A was at rest and body B was mov­ing at con­stant speed with re­spect to body A, or that body B was at rest and body A was mov­ing. For ex­am­ple, if one sets aside for a mo­ment the ro­ta­tion of the earth and its or­bit round the sun, one could say that the earth was at rest and that a train on it was trav­el­ing north at nine­ty miles per hour or that the train was at rest and the earth was mov­ing south at nine­ty miles per hour. If one car­ried out ex­per­iments with mov­ing bod­ies on the train, all New­ton’s laws would still hold. For in­stance, play­ing Ping-​Pong on the train, one would find that the ball obeyed New­ton’s laws just like a ball on a ta­ble by the track. So there is no way to tell whether it is the train or the earth that is mov­ing.

      The lack of an ab­so­lute stan­dard of rest meant that one could not de­ter­mine whether two events that took place at dif­fer­ent times oc­curred in the same po­si­tion in space. For ex­am­ple, sup­pose our Ping-​Pong ball on the train bounces straight up and down, hit­ting the ta­ble twice on the same spot one sec­ond apart. To some­one on the track, the two bounces would seem to take place about forty me­ters apart, be­cause the train would have trav­eled that far down the track be­tween the bounces. The nonex­is­tence of ab­so­lute rest there­fore meant that one could not give an event an ab­so­lute po­si­tion in space, as Aris­to­tle had be­lieved. The po­si­tions of events and the dis­tances be­tween them would be dif­fer­ent for a per­son on the train and one on the track, and there would be no rea­son to pre­fer one per­son’s po­si­tion to the oth­er’s.

      New­ton was very wor­ried by this lack of ab­so­lute po­si­tion, or ab­so­lute space, as it was called, be­cause it did not ac­cord with his idea of an ab­so­lute God. In fact, he re­fused to ac­cept lack of ab­so­lute space, even though it was im­plied by his laws. He was severe­ly crit­icized for this ir­ra­tional be­lief by many peo­ple, most no­tably by Bish­op Berke­ley, a philoso­pher who be­lieved that all ma­te­ri­al ob­jects and space and time are an il­lu­sion. When the fa­mous Dr. John­son was told of Berke­ley’s opin­ion, he cried, “I re­fute it thus!” and stubbed his toe on a large stone.

      Both Aris­to­tle and New­ton be­lieved in ab­so­lute time. That is, they be­lieved that one could un­am­bigu­ous­ly mea­sure the in­ter­val of time be­tween two events, and that this time would be the same who­ev­er mea­sured it, pro­vid­ed they used a good clock. Time was com­plete­ly sep­arate from and in­de­pen­dent of space. This is what most peo­ple would take to be the com­mon­sense view. How­ev­er, we have had to change our ideas about space and time. Al­though our ap­par­ent­ly com­mon­sense no­tions work well when deal­ing with things like ap­ples, or plan­ets that trav­el com­par­ative­ly slow­ly, they don’t work at all for things mov­ing at or near the speed of light.

      The fact that light trav­els at a fi­nite, but very high, speed was first

      dis­cov­ered in 1676 by the Dan­ish as­tronomer Ole Chris­tensen Roe­mer. He ob­served that the times at which the moons of Jupiter ap­peared to pass be­hind Jupiter were not even­ly spaced, as one would ex­pect if the moons went round Jupiter at a con­stant rate. As the earth and Jupiter or­bit around the sun, the dis­tance be­tween them varies. Roe­mer no­ticed that eclipses of Jupiter’s moons ap­peared lat­er the far­ther we were from Jupiter. He ar­gued that this was be­cause the light from the moons took longer to reach us when we were far­ther away. His mea­sure­ments of the vari­ations in the dis­tance of the earth from Jupiter were,

      ¿ how­ev­er, not very ac­cu­rate, and so his val­ue for the speed of light was 140,000 miles per sec­ond, com­pared to the mod­ern val­ue of 186,000 miles per sec­ond. Nev­er­the­less, Roe­mer’s achieve­ment, in not on­ly prov­ing that light trav­els at a fi­nite speed, but al­so in mea­sur­ing that speed, was re­mark­able - com­ing as it did eleven years be­fore New­ton’s pub­li­ca­tion of Prin­cip­ia Math­emat­ica. A prop­er the­ory of the prop­aga­tion of light didn’t come un­til 1865, when the British physi­cist James Clerk Maxwell suc­ceed­ed in uni­fy­ing the par­tial the­ories that up to then had been used to de­scribe the forces of elec­tric­ity and mag­netism. Maxwell’s equa­tions pre­dict­ed that there could be wave­like dis­tur­bances in the com­bined elec­tro­mag­net­ic field, and that these would trav­el at a fixed speed, like rip­ples on a pond. If the wave­length of these waves (the dis­tance be­tween one wave crest and the next) is a me­ter or more, they are what we now call ra­dio waves. Short­er wave­lengths are known as mi­crowaves (a few cen­time­ters) or in­frared (more than a ten-​thou­sandth of a cen­time­ter). Vis­ible light has a wave­length of be­tween on­ly forty and eighty mil­lionths of a cen­time­ter. Even short­er wave­lengths are known as ul­tra­vi­olet, X rays, and gam­ma rays.

      Maxwell’s the­ory pre­dict­ed that ra­dio or light waves should trav­el at a cer­tain fixed speed. But New­ton’s the­ory had got rid of the idea of ab­so­lute rest, so if light was sup­posed to trav­el at a fixed speed, one would have to say what that fixed speed was to be mea­sured rel­ative to.

      It was there­fore sug­gest­ed that there was a sub­stance called the “ether” that was present ev­ery­where, even in “emp­ty” space. Light waves should trav­el through the ether as sound waves trav­el through air, and their speed should there­fore be rel­ative to the ether. Dif­fer­ent ob­servers, mov­ing rel­ative to the ether, would see light com­ing to­ward them at dif­fer­ent speeds, but light’s speed rel­ative to the ether would re­main fixed. In par­tic­ular, as the earth was mov­ing through the ether on its or­bit round the sun, the speed of light mea­sured in the di­rec­tion of the earth’s mo­tion through the ether (when we were mov­ing to­ward the source of the light) should be high­er than the speed of light at right an­gles to that mo­tion (when we ar not mov­ing to­ward the source). In 1887Al­bert Michel­son (who lat­er be­came the first Amer­ican to re­ceive the No­bel Prize for physics) and Ed­ward Mor­ley car­ried out a very care­ful ex­per­iment at the Case School of Ap­plied Sci­ence in Cleve­land. They com­pared the speed of light in the di­rec­tion of the earth’s mo­tion with that at right an­gles to the earth’s mo­tion. To their great sur­prise, they found they were ex­act­ly the same!

      Be­tween 1887 and 1905 there were sev­er­al at­tempts, most no­tably by the Dutch physi­cist Hen­drik Lorentz, to ex­plain the re­sult of the Michel­son-​Mor­ley ex­per­iment in terms of ob­jects con­tract­ing and clocks slow­ing down when they moved through the ether. How­ev­er, in a fa­mous pa­per in 1905, a hith­er­to un­known clerk in the Swiss patent of­fice, Al­bert Ein­stein, point­ed out that the whole idea of an ether was un­nec­es­sary, pro­vid­ing one was will­ing to aban­don the idea of ab­so­lute time. A sim­ilar point was made a few weeks lat­er by a lead­ing French math­emati­cian, Hen­ri Poincare. Ein­stein’s ar­gu­ments were clos­er to physics than those of Poincare, who re­gard­ed this prob­lem as math­emat­ical. Ein­stein is usu­al­ly giv­en the cred­it for the new the­ory, but Poincare is re­mem­bered by hav­ing his name at­tached to an im­por­tant part of it.

      The fun­da­men­tal pos­tu­late of the the­ory of rel­ativ­ity, as it was called, was that the laws of sci­ence should be the same for all freely mov­ing ob­servers, no mat­ter what their speed. This was true for New­ton’s laws of mo­tion, but now the idea was ex­tend­ed to in­clude Maxwell’s the­ory and the speed of light: all ob­servers should mea­sure the same speed of light, no mat­ter how fast they are mov­ing. This sim­ple idea has some re­mark­able con­se­quences. Per­haps the best known are the equiv­alence of mass and en­er­gy, summed up in Ein­stein’s fa­mous equa­tion E=mc2 (where E is en­er­gy, m is mass, and c is the speed of light), and the law that noth­ing may trav­el faster than the speed of light. Be­cause of the equiv­alence of en­er­gy and mass, the en­er­gy which an ob­ject has due to its mo­tion will add to its mass. In oth­er words, it will make it hard­er to in­crease its speed. This ef­fect is on­ly re­al­ly sig­nif­icant for ob­jects mov­ing at speeds close to the speed of light. For ex­am­ple, at 10 per­cent of the speed of light an ob­ject’s mass is on­ly 0.5 per­cent more than nor­mal, while at 90 per­cent of the speed of light it would be more than twice its nor­mal mass. As an ob­ject ap­proach­es the speed of light, its mass ris­es ev­er more quick­ly, so it takes more and more en­er­gy to speed it up fur­ther. It can in fact nev­er reach the speed of light, be­cause by then its mass would have be­come in­fi­nite, and by the equiv­alence of mass and en­er­gy, it would have tak­en an in­fi­nite amount of en­er­gy to get it there. For this rea­son, any nor­mal ob­ject is for­ev­er con­fined by rel­ativ­ity to move at speeds slow­er than the speed of light. On­ly light, or oth­er waves that have no in­trin­sic mass, can move at the speed of light.

      An equal­ly re­mark­able con­se­quence of rel­ativ­ity is the way it has rev­olu­tion­ized our ideas of space and time. In New­ton’s the­ory, if a pulse of light is sent from one place to an­oth­er, dif­fer­ent ob­servers would agree on the time that the jour­ney took (since time is ab­so­lute), but will not al­ways agree on how far the light trav­eled (since space is not ab­so­lute). Since the speed of the light is just the dis­tance it has trav­eled di­vid­ed by the time it has tak­en, dif­fer­ent ob­servers would mea­sure dif­fer­ent speeds for the light. In rel­ativ­ity, on the oth­er hand, all ob­servers must agree on how fast light trav­els. They still, how­ev­er, do not agree on the dis­tance the light has trav­eled, so they must there­fore now al­so dis­agree over the time it has tak­en. (The time tak­en is the dis­tance the light has trav­eled - which the ob­servers do not agree on - di­vid­ed by the light’s speed - which they do agree on.) In oth­er words, the the­ory of rel­ativ­ity put an end to the idea of ab­so­lute time! It ap­peared that each ob­serv­er must have his own mea­sure of time, as record­ed by a clock car­ried with him, and that iden­ti­cal clocks car­ried by dif­fer­ent ob­servers would not nec­es­sar­ily agree.

      Each ob­serv­er could use radar to say where and when an event took place by send­ing out a pulse of light or ra­dio waves. Part of the pulse is re­flect­ed back at the event and the ob­serv­er mea­sures the time at which he re­ceives the echo. The time of the event is then said to be the time halfway be­tween when the pulse was sent and the time when the re­flec­tion was re­ceived back: the dis­tance of the event is half the time tak­en for this round trip, mul­ti­plied by the speed of light. (An event, in this sense, is some­thing that takes place at a sin­gle point in space, at a spec­ified point in time.) This idea is shown in Fig. 2.1, which is an ex­am­ple of a space-​time di­agram. Us­ing this pro­ce­dure, ob­servers who are mov­ing rel­ative to each oth­er will as­sign dif­fer­ent times and po­si­tions to the same event. No par­tic­ular ob­serv­er’s mea­sure­ments are any more cor­rect than any oth­er ob­serv­er’s, but all the mea­sure­ments are re­lat­ed. Any ob­serv­er can work out pre­cise­ly what time and po­si­tion any oth­er ob­serv­er will as­sign to an event, pro­vid­ed he knows the oth­er ob­serv­er’s rel­ative ve­loc­ity.

      Nowa­days we use just this method to mea­sure dis­tances pre­cise­ly, be­cause we can mea­sure time more ac­cu­rate­ly than length. In ef­fect, the me­ter is de­fined to be the dis­tance trav­eled by light in 0.000000003335640952 sec­ond, as mea­sured by a ce­sium clock. (The rea­son for that par­tic­ular num­ber is that it cor­re­sponds to the his­tor­ical def­ini­tion of the me­ter - in terms of two marks on a par­tic­ular plat­inum bar kept in Paris.) Equal­ly, we can use a more con­ve­nient, new unit of length called a light-​sec­ond. This is sim­ply de­fined as the dis­tance that light trav­els in one sec­ond. In the the­ory of rel­ativ­ity, we now de­fine dis­tance in terms of time and the speed of light, so it fol­lows au­to­mat­ical­ly that ev­ery ob­serv­er will mea­sure light to have the same speed (by def­ini­tion, 1 me­ter per 0.000000003335640952 sec­ond). There is no need to in­tro­duce the idea of an ether, whose pres­ence any­way can­not be de­tect­ed, as the Michel­son-​Mor­ley ex­per­iment showed. The the­ory of rel­ativ­ity does, how­ev­er, force us to change fun­da­men­tal­ly our ideas of space and time. We must ac­cept that time is not com­plete­ly sep­arate from and in­de­pen­dent of space, but is com­bined with it to form an ob­ject called space-​time.

      It is a mat­ter of com­mon ex­pe­ri­ence that one can de­scribe the po­si­tion of a point in space by three num­bers, or co­or­di­nates. For in­stance, one can say that a point in a room is sev­en feet from one wall, three feet from an­oth­er, and five feet above the floor. Or one could spec­ify that a point was at a cer­tain lat­itude and lon­gi­tude and a cer­tain height above sea lev­el. One is free to use any three suit­able co­or­di­nates, al­though they have on­ly a lim­it­ed range of va­lid­ity. One would not spec­ify the po­si­tion of the moon in terms of miles north and miles west of Pic­cadil­ly Cir­cus and feet above sea lev­el. In­stead, one might de-​scribe it in terms of dis­tance from the sun, dis­tance from the plane of the or­bits of the plan­ets, and the an­gle be­tween the line join­ing the moon to the sun and the line join­ing the sun to a near­by star such as Al­pha Cen­tau­ri. Even these co­or­di­nates would not be of much use in de­scrib­ing the po­si­tion of the sun in our galaxy or the po­si­tion of our galaxy in the lo­cal group of galax­ies. In fact, one may de­scribe the whole uni­verse in terms of a col­lec­tion of over­lap­ping patch­es. In each patch, one can use a dif­fer­ent set of three co­or­di­nates to spec­ify the po­si­tion of a point.

      An event is some­thing that hap­pens at a par­tic­ular point in space and at a par­tic­ular time. So one can spec­ify it by four num­bers or co­or­di­nates. Again, the choice of co­or­di­nates is ar­bi­trary; one can use any three well-​de­fined spa­tial co­or­di­nates and any mea­sure of time. In rel­ativ­ity, there is no re­al dis­tinc­tion be­tween the space and time co­or­di­nates, just as there is no re­al dif­fer­ence be­tween any two space co­or­di­nates. One could choose a new set of co­or­di­nates in which, say, the first space co­or­di­nate was a com­bi­na­tion of the old first and sec­ond space co­or­di­nates. For in­stance, in­stead of mea­sur­ing the po­si­tion of a point on the earth in miles north of Pic­cadil­ly and miles west of Pic­cadil­ly, one could use miles north­east of Pic­cadil­ly, and miles north-​west of Pic­cadil­ly. Sim­ilar­ly, in rel­ativ­ity, one could use a new time co­or­di­nate that was the old time (in sec­onds) plus the dis­tance (in light-​sec­onds) north of Pic­cadil­ly.

      It is of­ten help­ful to think of the four co­or­di­nates of an event as spec­ify­ing its po­si­tion in a four-​di­men­sion­al space called space-​time. It is im­pos­si­ble to imag­ine a four-​di­men­sion­al space. I per­son­al­ly find it hard enough to vi­su­al­ize three-​di­men­sion­al space! How­ev­er, it is easy to draw di­agrams of two-​di­men­sion­al spaces, such as the sur­face of the earth. (The sur­face of the earth is two-​di­men­sion­al be­cause the po­si­tion of a point can be spec­ified by two co­or­di­nates, lat­itude and lon­gi­tude.) I shall gen­er­al­ly use di­agrams in which time in­creas­es up­ward and one of the spa­tial di­men­sions is shown hor­izon­tal­ly. The oth­er two spa­tial di­men­sions are ig­nored or, some­times, one of them is in­di­cat­ed by per­spec­tive. (These are called space-​time di­agrams, like Fig. 2.1.) For ex­am­ple, in Fig. 2.2 time is mea­sured up­ward in years and the dis­tance along the line from the sun to Al­pha Cen­tau­ri is mea­sured hor­izon­tal­ly in miles. The paths of the sun and of Al­pha Cen­tau­ri through space-​time are shown as the ver­ti­cal lines on the left and right of the di­agram. A ray of light from the sun fol­lows the di­ag­onal line, and takes four years to get from the sun to Al­pha Cen­tau­ri.

      As we have seen, Maxwell’s equa­tions pre­dict­ed that the speed of light should be the same what­ev­er the speed of the source, and this has been con­firmed by ac­cu­rate mea­sure­ments. It fol­lows from this that if a pulse of light is emit­ted at a par­tic­ular time at a par­tic­ular point in space, then as time goes on it will spread out as a sphere of light whose size and po­si­tion are in­de­pen­dent of the speed of the source. Af­ter one mil­lionth of a sec­ond the light will have spread out to form a sphere with a ra­dius of 300 me­ters; af­ter two mil­lionths of a sec­ond, the ra­dius will be 600 me­ters; and so on. It will be like the rip­ples that spread out on the sur­face of a pond when a stone is thrown in. The rip­ples spread out as a cir­cle that gets big­ger as time goes on. If one stacks snap­shots of the rip­ples at dif­fer­ent times one above the oth­er, the ex­pand­ing cir­cle of rip­ples will mark out a cone whose tip is at the place and time at which the stone hit the wa­ter (Fig. 2.3). Sim­ilar­ly, the light spread­ing out from an event forms a (three-​di­men­sion­al) cone in (the four-​di­men­sion­al) space-​time. This cone is called the fu­ture light cone of the event. In the same way we can draw an­oth­er cone, called the past light cone, which is the set of events from which a pulse of light is able to reach the giv­en event (Fig. 2.4).

      Giv­en an event P, one can di­vide the oth­er events in the uni­verse in­to three class­es. Those events that can be reached from the event P by a par­ti­cle or wave trav­el­ing at or be­low the speed of light are said to be in the fu­ture of P. They will lie with­in or on the ex­pand­ing sphere of light emit­ted from the event P. Thus they will lie with­in or on the fu­ture light cone of P in the space-​time di­agram. On­ly events in the fu­ture of P can be af­fect­ed by what hap­pens at P be­cause noth­ing can trav­el faster than light.

      Sim­ilar­ly, the past of P can be de­fined as the set of all events from which it is pos­si­ble to reach the event P trav­el­ing at or be­low the speed of light. It is thus the set of events that can af­fect what hap­pens at P. The events that do not lie in the fu­ture or past of P are said to lie in the else­where of P (Fig. 2.5). What hap­pens at such events can nei­ther af­fect nor be af­fect­ed by what hap­pens at P. For ex­am­ple, if the sun were to cease to shine at this very mo­ment, it would not af­fect things on earth at the present time be­cause they would be in the else­where of the event when the sun went out (Fig. 2.6). We would know about it on­ly af­ter eight min­utes, the time it takes light to reach us from the sun. On­ly then would events on earth lie in the fu­ture light cone of the event at which the sun went out. Sim­ilar­ly, we do not know what is hap­pen­ing at the mo­ment far­ther away in the uni­verse: the light that we see from dis­tant galax­ies left them mil­lions of years ago, and in the case of the most dis­tant ob­ject that we have seen, the light left some eight thou­sand mil­lion years ago. Thus, when we look at the uni­verse, we are see­ing it as it was in the past.

      If one ne­glects grav­ita­tion­al ef­fects, as Ein­stein and Poincare did in 1905, one has what is called the spe­cial the­ory of rel­ativ­ity. For ev­ery event in space-​time we may con­struct a light cone (the set of all pos­si­ble paths of light in space-​time emit­ted at that event), and since the speed of light is the same at ev­ery event and in ev­ery di­rec­tion, all the light cones will be iden­ti­cal and will all point in the same di­rec­tion. The the­ory al­so tells us that noth­ing can trav­el faster than light. This means that the path of any ob­ject through space and time must be rep­re­sent­ed by a line that lies with­in the light cone at each event on it (Fig. 2.7). The spe­cial the­ory of rel­ativ­ity was very suc­cess­ful in ex­plain­ing that the speed of light ap­pears the same to all ob­servers (as shown by the Michel­son-​Mor­ley ex­per­iment) and in de­scrib­ing what hap­pens when things move at speeds close to the speed of light. How­ev­er, it was in­con­sis­tent with the New­to­ni­an the­ory of grav­ity, which said that ob­jects at­tract­ed each oth­er with a force that de­pend­ed on the dis­tance be­tween them. This meant that if one moved one of the ob­jects, the force on the oth­er one would change in­stan­ta­neous­ly. Or in oth­er grav­ita­tion­al ef­fects should trav­el with in­fi­nite ve­loc­ity, in­stead of at or be­low the speed of light, as the spe­cial the­ory of rel­ativ­ity re­quired. Ein­stein made a num­ber of un­suc­cess­ful at­tempts be­tween 1908 and 1914 to find a the­ory of grav­ity that was con­sis­tent with spe­cial rel­ativ­ity. Fi­nal­ly, in 1915, he pro­posed what we now call the gen­er­al the­ory of rel­ativ­ity.

      Ein­stein made the rev­olu­tion­ary sug­ges­tion that grav­ity is not a force like oth­er forces, but is a con­se­quence of the fact that space-​time is not flat, as had been pre­vi­ous­ly as­sumed: it is curved, or “warped,” by the dis­tri­bu­tion of mass and en­er­gy in it. Bod­ies like the earth are not made to move on curved or­bits by a force called grav­ity; in­stead, they fol­low the near­est thing to a straight path in a curved space, which is called a geodesic. A geodesic is the short­est (or longest) path be­tween two near­by points. For ex­am­ple, the sur­face of the earth is a two-​di­men­sion­al curved space. A geodesic on the earth is called a great cir­cle, and is the short­est route be­tween two points (Fig. 2.8). As the geodesic is the short­est path be­tween any two air­ports, this is the route an air­line nav­iga­tor will tell the pi­lot to fly along. In gen­er­al rel­ativ­ity, bod­ies al­ways fol­low straight lines in four-​di­men­sion­al space-​time, but they nev­er­the­less ap­pear to us to move along curved paths in our three-​di­men­sion­al space. (This is rather like watch­ing an air­plane fly­ing over hilly ground. Al­though it fol­lows a straight line in three-​di­men­sion­al space, its shad­ow fol­lows a curved path on the two-​di­men­sion­al ground.)

      The mass of the sun curves space-​time in such a way that al­though the earth fol­lows a straight path in four-​di­men­sion­al space-​time, it ap­pears to us to move along a cir­cu­lar or­bit in three-​di­men­sion­al space.

      fact, the or­bits of the plan­ets pre­dict­ed by gen­er­al rel­ativ­ity are al­most ex­act­ly the same as those pre­dict­ed by the New­to­ni­an the­ory of grav­ity. How­ev­er, in the case of Mer­cury, which, be­ing the near­est plan­et to the sun, feels the strongest grav­ita­tion­al ef­fects, and has a rather elon­gat­ed or­bit, gen­er­al rel­ativ­ity pre­dicts that the long ax­is of the el­lipse should ro­tate about the sun at a rate of about one de­gree in ten thou­sand years. Small though this ef­fect is, it had been no­ticed be­fore 1915 and served as one of the first con­fir­ma­tions of Ein­stein’s the­ory. In re­cent years the even small­er de­vi­ations of the or­bits of the oth­er plan­ets from the New­to­ni­an pre­dic­tions have been mea­sured by radar and found to agree with the pre­dic­tions of gen­er­al rel­ativ­ity.

      Light rays too must fol­low geodesics in space-​time. Again, the fact that space is curved means that light no longer ap­pears to trav­el in straight lines in space. So gen­er­al rel­ativ­ity pre­dicts that light should be bent by grav­ita­tion­al fields. For ex­am­ple, the the­ory pre­dicts that the light cones of points near the sun would be slight­ly bent in­ward, on ac­count of the mass of the sun. This means that light from a dis­tant star that hap­pened to pass near the sun would be de­flect­ed through a small an­gle, caus­ing the star to ap­pear in a dif­fer­ent po­si­tion to an ob­serv­er on the earth (Fig. 2.9). Of course, if the light from the star al­ways passed close to the sun, we would not be able to tell whether the light was be­ing de­flect­ed or if in­stead the star was re­al­ly where we see it. How­ev­er, as the earth or­bits around the sun, dif­fer­ent stars ap­pear to pass be­hind the sun and have their light de­flect­ed. They there­fore change their ap­par­ent po­si­tion rel­ative to oth­er stars. It is nor­mal­ly very dif­fi­cult to see this ef­fect, be­cause the light from the sun makes it im­pos­si­ble to ob­serve stars that ap­pear near to the sun the sky. How­ev­er, it is pos­si­ble to do so dur­ing an eclipse of the sun, when the sun’s light is blocked out by the moon. Ein­stein’s pre­dic­tion of light de­flec­tion could not be test­ed im­me­di­ate­ly in 1915, be­cause the First World War was in progress, and it was not un­til 1919 that a British ex­pe­di­tion, ob­serv­ing an eclipse from West Africa, showed that light was in­deed de­flect­ed by the sun, just as pre­dict­ed by the the­ory. This proof of a Ger­man the­ory by British sci­en­tists was hailed as a great act of rec­on­cil­ia­tion be­tween the two coun­tries af­ter the war. It is ion­ic, there­fore, that lat­er ex­am­ina­tion of the pho­tographs tak­en on that ex­pe­di­tion showed the er­rors were as great as the ef­fect they were try­ing to mea­sure. Their mea­sure­ment had been sheer luck, or a case of know­ing the re­sult they want­ed to get, not an un­com­mon oc­cur­rence in sci­ence. The light de­flec­tion has, how­ev­er, been ac­cu­rate­ly con­firmed by a num­ber of lat­er ob­ser­va­tions.

      An­oth­er pre­dic­tion of gen­er­al rel­ativ­ity is that time should ap­pear to slow­er near a mas­sive body like the earth. This is be­cause there is a re­la­tion be­tween the en­er­gy of light and its fre­quen­cy (that is, the num­ber of waves of light per sec­ond): the greater the en­er­gy, the high­er fre­quen­cy. As light trav­els up­ward in the earth’s grav­ita­tion­al field, it los­es en­er­gy, and so its fre­quen­cy goes down. (This means that the length of time be­tween one wave crest and the next goes up.) To some­one high up, it would ap­pear that ev­ery­thing down be­low was mak­ing longer to hap­pen. This pre­dic­tion was test­ed in 1962, us­ing a pair of very ac­cu­rate clocks mount­ed at the top and bot­tom of a wa­ter tow­er. The clock at the bot­tom, which was near­er the earth, was found to run slow­er, in ex­act agree­ment with gen­er­al rel­ativ­ity. The dif­fer­ence in the speed of clocks at dif­fer­ent heights above the earth is now of con­sid­er­able prac­ti­cal im­por­tance, with the ad­vent of very ac­cu­rate nav­iga­tion sys­tems based on sig­nals from satel­lites. If one ig­nored the pre­dic­tions of gen­er­al rel­ativ­ity, the po­si­tion that one cal­cu­lat­ed would be wrong by sev­er­al miles!

      New­ton’s laws of mo­tion put an end to the idea of ab­so­lute po­si­tion in space. The the­ory of rel­ativ­ity gets rid of ab­so­lute time. Con­sid­er a pair of twins. Sup­pose that one twin goes to live on the top of a moun­tain while the oth­er stays at sea lev­el. The first twin would age faster than the sec­ond. Thus, if they met again, one would be old­er than the oth­er. In this case, the dif­fer­ence in ages would be very small, but it would be much larg­er if one of the twins went for a long trip in a space­ship at near­ly the speed of light. When he re­turned, he would be much younger than the one who stayed on earth. This is known as the twins para­dox, but it is a para­dox on­ly if one has the idea of ab­so­lute time at the back of one’s mind. In the the­ory of rel­ativ­ity there is no unique ab­so­lute time, but in­stead each in­di­vid­ual has his own per­son­al mea­sure of time that de­pends on where he is and how he is mov­ing.

      Be­fore 1915, space and time were thought of as a fixed are­na in which events took place, but which was not af­fect­ed by what hap­pened in it. This was true even of the spe­cial the­ory of rel­ativ­ity. Bod­ies moved, forces at­tract­ed and re­pelled, but time and space sim­ply con­tin­ued, un­af­fect­ed. It was nat­ural to think that space and time went on for­ev­er.

      The sit­ua­tion, how­ev­er, is quite dif­fer­ent in the gen­er­al the­ory of rel­ativ­ity. Space and time are now dy­nam­ic quan­ti­ties: when a body moves, or a force acts, it af­fects the cur­va­ture of space and time - and in turn the struc­ture of space-​time af­fects the way in which bod­ies move and forces act. Space and time not on­ly af­fect but al­so are af­fect­ed by ev­ery­thing that hap­pens in the uni­verse. Just as one can­not talk about events in the uni­verse with­out the no­tions of space and time, so in gen­er­al rel­ativ­ity it be­came mean­ing­less to talk about space and time out­side the lim­its of the uni­verse.

      In the fol­low­ing decades this new un­der­stand­ing of space and time was to rev­olu­tion­ize our view of the uni­verse. The old idea of an es­sen­tial­ly un­chang­ing uni­verse that could have ex­ist­ed, and could con­tin­ue to ex­ist, for­ev­er was re­placed by the no­tion of a dy­nam­ic, ex­pand­ing uni­verse that seemed to have be­gun a fi­nite time ago, and that might end at a fi­nite time in the fu­ture. That rev­olu­tion forms the sub­ject of the next chap­ter. And years lat­er, it was al­so to be the start­ing point for my work in the­oret­ical physics. Roger Pen­rose and I showed that Ein­stein’s gen­er­al the­ory of rel­ativ­ity im­plied that the uni­verse must have a be­gin­ning and, pos­si­bly, an end.
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      CHAPTER 3

      THE EX­PAND­ING UNI­VERSE

      If one looks at the sky on a clear, moon­less night, the bright­est ob­jects one sees are like­ly to be the plan­ets Venus, Mars, Jupiter, and Sat­urn. There will al­so be a very large num­ber of stars, which are just like our own sun but much far­ther from us. Some of these fixed stars do, in fact, ap­pear to change very slight­ly their po­si­tions rel­ative to each oth­er as earth or­bits around the sun: they are not re­al­ly fixed at all! This is be­cause they are com­par­ative­ly near to us. As the earth goes round the sun, we see them from dif­fer­ent po­si­tions against the back­ground of more dis­tant stars. This is for­tu­nate, be­cause it en­ables us to mea­sure di­rect­ly the dis­tance of these stars from us: the near­er they are, the more they ap­pear to move. The near­est star, called Prox­ima Cen­tau­ri, is found to be about four light-​years away (the light from it takes about four years to reach earth), or about twen­ty-​three mil­lion mil­lion miles. Most of the oth­er stars that are vis­ible to the naked eye lie with­in a few hun­dred light-​years of us. Our sun, for com­par­ison, is a mere light-​min­utes away! The vis­ible stars ap­pear spread all over the night sky, but are par­tic­ular­ly con­cen­trat­ed in one band, which we call the Milky Way. As long ago as 1750, some as­tronomers were sug­gest­ing that the ap­pear­ance of the Milky Way could be ex­plained if most of the vis­ible stars lie in a sin­gle disk­like con­fig­ura­tion, one ex­am­ple of what we now call a spi­ral galaxy. On­ly a few decades lat­er, the as­tronomer Sir William Her­schel con­firmed this idea by painstak­ing­ly cat­aloging the po­si­tions and dis­tances of vast num­bers of stars. Even so, the idea gained com­plete ac­cep­tance on­ly ear­ly this cen­tu­ry.

      Our mod­ern pic­ture of the uni­verse dates back to on­ly 1924, when the Amer­ican as­tronomer Ed­win Hub­ble demon­strat­ed that ours was not the on­ly galaxy. There were in fact many oth­ers, with vast tracts of emp­ty space be­tween them. In or­der to prove this, he need­ed to de­ter­mine the dis­tances to these oth­er galax­ies, which are so far away that, un­like near­by stars, they re­al­ly do ap­pear fixed. Hub­ble was forced, there­fore, to use in­di­rect meth­ods to mea­sure the dis­tances. Now, the ap­par­ent bright­ness of a star de­pends on two fac­tors: how much light it ra­di­ates (its lu­mi­nos­ity), and how far it is from us. For near­by stars, we can mea­sure their ap­par­ent bright­ness and their dis­tance, and so we can work out their lu­mi­nos­ity. Con­verse­ly, if we knew the lu­mi­nos­ity of stars in oth­er galax­ies, we could work out their dis­tance by mea­sur­ing their ap­par­ent bright­ness. Hub­ble not­ed that cer­tain types of stars al­ways have the same lu­mi­nos­ity when they are near enough for us to mea­sure; there­fore, he ar­gued, if we found such stars in an­oth­er galaxy, we could as­sume that they had the same lu­mi­nos­ity - and so cal­cu­late the dis­tance to that galaxy. If we could do this for a num­ber of stars in the same galaxy, and our cal­cu­la­tions al­ways gave the same dis­tance, we could be fair­ly con­fi­dent of our es­ti­mate.

      In this way, Ed­win Hub­ble worked out the dis­tances to nine dif­fer­ent galax­ies. We now know that our galaxy is on­ly one of some hun­dred thou­sand mil­lion that can be seen us­ing mod­ern tele­scopes, each galaxy it­self con­tain­ing some hun­dred thou­sand mil­lion stars. Fig. 3.1 shows a pic­ture of one spi­ral galaxy that is sim­ilar to what we think ours must look like to some­one liv­ing in an­oth­er galaxy. We live in a galaxy that is about one hun­dred thou­sand light-​years across and is slow­ly ro­tat­ing; the stars in its spi­ral arms or­bit around its cen­ter about once ev­ery sev­er­al hun­dred mil­lion years. Our sun is just an or­di­nary, av­er­age-​sized, yel­low star, near the in­ner edge of one of the spi­ral arms. We have cer­tain­ly come a long way since Aris­to­tle and Ptole­my, when thought that the earth was the cen­ter of the uni­verse!

      Stars are so far away that they ap­pear to us to be just pin­points of light. We can­not see their size or shape. So how can we tell dif­fer­ent types of stars apart? For the vast ma­jor­ity of stars, there is on­ly one char­ac­ter­is­tic fea­ture that we can ob­serve - the col­or of their light. New­ton dis­cov­ered that if light from the sun pass­es through a tri­an­gu­lar-​shaped piece of glass, called a prism, it breaks up in­to its com­po­nent col­ors (its spec­trum) as in a rain­bow. By fo­cus­ing a tele­scope on an in­di­vid­ual star or galaxy, one can sim­ilar­ly ob­serve the spec­trum of the light from that star or galaxy. Dif­fer­ent stars have dif­fer­ent spec­tra, but the rel­ative bright­ness of the dif­fer­ent col­ors is al­ways ex­act­ly what one would ex­pect to find in the light emit­ted by an ob­ject that is glow­ing red hot. (In fact, the light emit­ted by any opaque ob­ject that is glow­ing red hot has a char­ac­ter­is­tic spec­trum that de­pends on­ly on its tem­per­ature - a ther­mal spec­trum. This means that we can tell a star’s tem­per­ature from the spec­trum of its light.) More-​over, we find that cer­tain very spe­cif­ic col­ors are miss­ing from stars’ spec­tra, and these miss­ing col­ors may vary from star to star. Since we know that each chem­ical el­ement ab­sorbs a char­ac­ter­is­tic set of very spe­cif­ic col­ors, by match­ing these to those that are miss­ing from a star’s spec­trum, we can de­ter­mine ex­act­ly which el­ements are present in the star’s at­mo­sphere.

      In the 1920s, when as­tronomers be­gan to look at the spec­tra of stars in oth­er galax­ies, they found some­thing most pe­cu­liar: there were the same char­ac­ter­is­tic sets of miss­ing col­ors as for stars in our own galaxy, but they were all shift­ed by the same rel­ative amount to­ward the red end of the spec­trum. To un­der­stand the im­pli­ca­tions of this, we must first un­der­stand the Doppler ef­fect. As we have seen, vis­ible light con­sists of fluc­tu­ations, or waves, in the elec­tro­mag­net­ic field. The wave­length (or dis­tance from one wave crest to the next) of light is ex­treme­ly small, rang­ing from four to sev­en ten-​mil­lionths of a me­ter. The dif­fer­ent wave­lengths of light are what the hu­man eye sees as dif­fer­ent col­ors, with the longest wave­lengths ap­pear­ing at the red end of the spec­trum and the short­est wave­lengths at the blue end. Now imag­ine a source of light at a con­stant dis­tance from us, such as a star, emit­ting waves of light at a con­stant wave­length. Ob­vi­ous­ly the wave-​length of the waves we re­ceive will be the same as the wave­length at which they are emit­ted (the grav­ita­tion­al field of the galaxy will not be large enough to have a sig­nif­icant ef­fect). Sup­pose now that the source starts mov­ing to­ward us. When the source emits the next wave crest it will be near­er to us, so the dis­tance be­tween wave crests will be small­er than when the star was sta­tion­ary. This means that the wave­length of the waves we re­ceive is short­er than when the star was sta­tion­ary. Cor­re­spond­ing­ly, if the source is mov­ing away from us, the wave­length of the waves we re­ceive will be longer. In the case of light, there­fore, means that stars mov­ing away from us will have their spec­tra shift­ed to­ward the red end of the spec­trum (red-​shift­ed) and those mov­ing to­ward us will have their spec­tra blue-​shift­ed. This re­la­tion­ship be­tween wave­length and speed, which is called the Doppler ef­fect, is an ev­ery­day ex­pe­ri­ence. Lis­ten to a car pass­ing on the road: as the car is ap­proach­ing, its en­gine sounds at a high­er pitch (cor­re­spond­ing to a short­er wave­length and high­er fre­quen­cy of sound waves), and when it pass­es and goes away, it sounds at a low­er pitch. The be­hav­ior of light or ra­dio waves is sim­ilar. In­deed, the po­lice make use of the Doppler ef­fect to mea­sure the speed of cars by mea­sur­ing the wave­length of puls­es of ra­dio waves re­flect­ed off them.

      ln the years fol­low­ing his proof of the ex­is­tence of oth­er galax­ies, Rub­ble spent his time cat­aloging their dis­tances and ob­serv­ing their spec­tra. At that time most peo­ple ex­pect­ed the galax­ies to be mov­ing around quite ran­dom­ly, and so ex­pect­ed to find as many blue-​shift­ed spec­tra as red-​shift­ed ones. It was quite a sur­prise, there­fore, to find that most galax­ies ap­peared red-​shift­ed: near­ly all were mov­ing away from us! More sur­pris­ing still was the find­ing that Hub­ble pub­lished in 1929: even the size of a galaxy’s red shift is not ran­dom, but is di­rect­ly pro­por­tion­al to the galaxy’s dis­tance from us. Or, in oth­er words, the far­ther a galaxy is, the faster it is mov­ing away! And that meant that the uni­verse could not be stat­ic, as ev­ery­one pre­vi­ous­ly had thought, is in fact ex­pand­ing; the dis­tance be­tween the dif­fer­ent galax­ies is

      g all the time.

      The dis­cov­ery that the uni­verse is ex­pand­ing was one of the great in­tel­lec­tu­al rev­olu­tions of the twen­ti­eth cen­tu­ry. With hind­sight, it is easy won­der why no one had thought of it be­fore. New­ton, and oth­ers should have re­al­ized that a stat­ic uni­verse would soon start to con­tract un­der the in­flu­ence of grav­ity. But sup­pose in­stead that the uni­verse is ex­pand­ing. If it was ex­pand­ing fair­ly slow­ly, the force of grav­ity would cause it even­tu­al­ly to stop ex­pand­ing and then to start con­tract­ing. How­ev­er, if it was ex­pand­ing at more than a cer­tain crit­ical rate, grav­ity would nev­er be strong enough to stop it, and the uni­verse would con­tin­ue to ex­pand for­ev­er. This is a bit like what hap­pens when one fires a rock­et up­ward from the sur­face of the earth. If it has a fair­ly low speed, grav­ity will even­tu­al­ly stop the rock­et and it will start falling back. On the oth­er hand, if the rock­et has more than a cer­tain crit­ical speed (about sev­en miles per sec­ond), grav­ity will not be strong enough to pull it back, so it will keep go­ing away from the earth for­ev­er. This be­hav­ior of the uni­verse could have been pre­dict­ed from New­ton’s the­ory of grav­ity at any time in the nine­teenth, the eigh­teenth, or even the late sev­en­teenth cen­tu­ry. Yet so strong was the be­lief in a stat­ic uni­verse that it per­sist­ed in­to the ear­ly twen­ti­eth cen­tu­ry. Even Ein­stein, when he for­mu­lat­ed the gen­er­al the­ory of rel­ativ­ity in 1915, was so sure that the uni­verse had to be stat­ic that he mod­ified his the­ory to make this pos­si­ble, in­tro­duc­ing a so-​called cos­mo­log­ical con­stant in­to his equa­tions. Ein­stein in­tro­duced a new “anti­grav­ity” force, which, un­like oth­er forces, did not come from any par­tic­ular source but was built in­to the very fab­ric of space-​time. He claimed that space-​time had an in­built ten­den­cy to ex­pand, and this could be made to bal­ance ex­act­ly the at­trac­tion of all the mat­ter in the uni­verse, so that a stat­ic uni­verse would re­sult. On­ly one man, it seems, was will­ing to take gen­er­al rel­ativ­ity at face val­ue, and while Ein­stein and oth­er physi­cists were look­ing for ways of avoid­ing gen­er­al rel­ativ­ity’s pre­dic­tion of a non­stat­ic uni­verse, the Rus­sian physi­cist and math­emati­cian Alexan­der Fried­mann in­stead set about ex­plain­ing it.

      Fried­mann made two very sim­ple as­sump­tions about the uni­verse: that the uni­verse looks iden­ti­cal in whichev­er di­rec­tion we look, and that this would al­so be true if we were ob­serv­ing the uni­verse from any­where else. From these two ideas alone, Fried­mann showed that we should not ex­pect the uni­verse to be stat­ic. In fact, in 1922, sev­er­al years be­fore Ed­win Hub­ble’s dis­cov­ery, Fried­mann pre­dict­ed ex­act­ly what Hub­ble found!

      The as­sump­tion that the uni­verse looks the same in ev­ery di­rec­tion is clear­ly not true in re­al­ity. For ex­am­ple, as we have seen, the oth­er stars in our galaxy form a dis­tinct band of light across the night sky, called the Milky Way. But if we look at dis­tant galax­ies, there seems to be more or less the same num­ber of them. So the uni­verse does seem to be rough­ly the same in ev­ery di­rec­tion, pro­vid­ed one views it on a large scale com­pared to the dis­tance be­tween galax­ies, and ig­nores the dif­fer­ences on small scales. For a long time, this was suf­fi­cient jus­ti­fi­ca­tion for Fried­mann’s as­sump­tion - as a rough ap­prox­ima­tion to the re­al uni­verse. But more re­cent­ly a lucky ac­ci­dent un­cov­ered the fact that Fried­mann’s as­sump­tion is in fact a re­mark­ably ac­cu­rate de­scrip­tion of our uni­verse.

      In 1965 two Amer­ican physi­cists at the Bell Tele­phone Lab­ora­to­ries in New Jer­sey, Arno Pen­zias and Robert Wil­son, were test­ing a very sen­si­tive mi­crowave de­tec­tor. (Mi­crowaves are just like light waves, but with a wave­length of around a cen­time­ter.) Pen­zias and Wil­son were wor­ried when they found that their de­tec­tor was pick­ing up more noise than it ought to. The noise did not ap­pear to be com­ing from any par­tic­ular di­rec­tion. First they dis­cov­ered bird drop­pings in their de­tec­tor and checked for oth­er pos­si­ble mal­func­tions, but soon ruled these out. They knew that any noise from with­in the at­mo­sphere would be stronger when the de­tec­tor was not point­ing straight up than when it was, be­cause light rays trav­el through much more at­mo­sphere when re­ceived from near the hori­zon than when re­ceived from di­rect­ly over­head. The ex­tra noise was the same whichev­er di­rec­tion the de­tec­tor was point­ed, so it must come from out­side the at­mo­sphere. It was al­so the same day and night and through­out the year, even though the earth was ro­tat­ing on its ax­is and or­bit­ing around the sun. This showed that the ra­di­ation must come from be­yond the So­lar Sys­tem, and even from be­yond the galaxy, as oth­er­wise it would vary as the move­ment of earth point­ed the de­tec­tor in dif­fer­ent di­rec­tions.

      In fact, we know that the ra­di­ation must have trav­eled to us across most of the ob­serv­able uni­verse, and since it ap­pears to be the same in dif­fer­ent di­rec­tions, the uni­verse must al­so be the same in ev­ery di­rec­tion, if on­ly on a large scale. We now know that whichev­er di­rec­tion we look, this noise nev­er varies by more than a tiny frac­tion: so Pen­zias and Wil­son had un­wit­ting­ly stum­bled across a re­mark­ably ac­cu­rate con­fir­ma­tion of Fried­mann’s first as­sump­tion. How­ev­er, be-​cause the uni­verse is not ex­act­ly the same in ev­ery di­rec­tion, but on­ly on av­er­age on a large scale, the mi­crowaves can­not be ex­act­ly the same in ev­ery di­rec­tion ei­ther. There have to be slight vari­ations be­tween dif­fer­ent di­rec­tions. These were first de­tect­ed in 1992 by the Cos­mic Back­ground Ex­plor­er satel­lite, or COBE, at a lev­el of about one part in a hun­dred thou­sand. Small though these vari­ations are, they are very im­por­tant, as will be ex­plained in Chap­ter 8.

      At rough­ly the same time as Pen­zias and Wil­son were in­ves­ti­gat­ing noise in their de­tec­tor, two Amer­ican physi­cists at near­by Prince­ton Uni­ver­si­ty, Bob Dicke and Jim Pee­bles, were al­so tak­ing an in­ter­est in mi­crowaves. They were work­ing on a sug­ges­tion, made by George Gamow (once a stu­dent of Alexan­der Fried­mann), that the ear­ly uni­verse should have been very hot and dense, glow­ing white hot. Dicke and Pee­bles ar­gued that we should still be able to see the glow of the ear­ly uni­verse, be­cause light from very dis­tant parts of it would on­ly just be reach­ing us now. How­ev­er, the ex­pan­sion of the uni­verse meant that this light should be so great­ly red-​shift­ed that it would ap­pear to us now as mi­crowave ra­di­ation. Dicke and Pee­bles were prepar­ing to look for this ra­di­ation when Pen­zias and Wil­son heard about their work and re­al­ized that they had al­ready found it. For this, Pen­zias and Wil­son were award­ed the No­bel Prize in 1978 (which seems a bit hard on Dicke and Pee­bles, not to men­tion Gamow!).

      Now at first sight, all this ev­idence that the uni­verse looks the same whichev­er di­rec­tion we look in might seem to sug­gest there is some-​thing spe­cial about our place in the uni­verse. In par­tic­ular, it might seem that if we ob­serve all oth­er galax­ies to be mov­ing away from us, then we must be at the cen­ter of the uni­verse. There is, how­ev­er, an al­ter­nate ex­pla­na­tion: the uni­verse might look the same in ev­ery di­rec­tion as seen from any oth­er galaxy too. This, as we have seen, was Fried­mann’s sec­ond as­sump­tion. We have no sci­en­tif­ic ev­idence for, or against, this as­sump­tion. We be­lieve it on­ly on grounds of mod­esty: it would be most re­mark­able if the uni­verse looked the same in ev­ery di­rec­tion around us, but not around oth­er points in the uni­verse! In Fried­mann’s mod­el, all the galax­ies are mov­ing di­rect­ly away from each oth­er. The sit­ua­tion is rather like a bal­loon with a num­ber of spots paint­ed on it be­ing steadi­ly blown up. As the bal­loon ex­pands, the dis­tance be­tween any two spots in­creas­es, but there is no spot that can be said to be the cen­ter of the ex­pan­sion. More­over, the far­ther apart the spots are, the faster they will be mov­ing apart. Sim­ilar­ly, in Fried­mann’s mod­el the speed at which any two galax­ies are mov­ing apart is pro­por­tion­al to the dis­tance be­tween them. So it pre­dict­ed that the red shift of a galaxy should be di­rect­ly pro­por­tion­al to its dis­tance from us, ex­act­ly as Hub­ble found. De­spite the suc­cess of his mod­el and his pre­dic­tion of Hub­ble’s ob­ser­va­tions, Fried­mann’s work re­mained large­ly un­known in the West un­til sim­ilar mod­els were dis­cov­ered in 1935 by the Amer­ican physi­cist Howard Robert­son and the British math­emati­cian Arthur Walk­er, in re­sponse to Hub­ble’s dis­cov­ery of the uni­form ex­pan­sion of the uni­verse.

      Al­though Fried­mann found on­ly one, there are in fact three dif­fer­ent kinds of mod­els that obey Fried­mann’s two fun­da­men­tal as­sump­tions. In the first kind (which Fried­mann found) the uni­verse is ex­pand­ing suf­fi­cient­ly slow­ly that the grav­ita­tion­al at­trac­tion be­tween the dif­fer­ent galax­ies caus­es the ex­pan­sion to slow down and even­tu­al­ly to stop. The galax­ies then start to move to­ward each oth­er and the uni­verse con­tracts. Fig. 3.2 shows how the dis­tance be­tween two neigh­bor­ing galax­ies changes as time in­creas­es. It starts at ze­ro, in­creas­es to a max­imum, and then de­creas­es to ze­ro again. In the sec­ond kind of so­lu­tion, the uni­verse is ex­pand­ing so rapid­ly that the grav­ita­tion­al at­trac­tion can nev­er stop it, though it does slow it down a bit. Fig. 3.3 Shows the Sep­ara­tion be­tween neigh­bor­ing galax­ies in this mod­el. It starts at ze­ro and even­tu­al­ly the galax­ies are mov­ing apart at a steady speed. Fi­nal­ly, there is a third kind of so­lu­tion, in which the uni­verse is ex­pand­ing on­ly just fast enough to avoid rec­ol­lapse. In this case the sep­ara­tion, shown in Fig. 3.4, al­so starts at ze­ro and in­creas­es for­ev­er. How­ev­er, the speed at which the galax­ies are mov­ing apart gets small­er and small­er, al­though it nev­er quite reach­es ze­ro.

      A re­mark­able fea­ture of the first kind of Fried­mann mod­el is that in it the uni­verse is not in­fi­nite in space, but nei­ther does space have any bound­ary. Grav­ity is so strong that space is bent round on­to it­self, mak­ing it rather like the sur­face of the earth. If one keeps trav­el­ing in a cer­tain di­rec­tion on the sur­face of the earth, one nev­er comes up against an im­pass­able bar­ri­er or falls over the edge, but even­tu­al­ly comes back to where one start­ed.

      In the first kind of Fried­mann mod­el, space is just like this, but with three di­men­sions in­stead of two for the earth’s sur­face. The fourth di­men­sion, time, is al­so fi­nite in ex­tent, but it is like a line with two ends or bound­aries, a be­gin­ning and an end. We shall see lat­er that when one com­bines gen­er­al rel­ativ­ity with the un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics, it is pos­si­ble for both space and time to be fi­nite with­out any edges or bound­aries.

      The idea that one could go right round the uni­verse and end up where one start­ed makes good sci­ence fic­tion, but it doesn’t have much prac­ti­cal sig­nif­icance, be­cause it can be shown that the uni­verse would rec­ol­lapse to ze­ro size be­fore one could get round. You would need to trav­el faster than light in or­der to end up where you start­ed be­fore the uni­verse came to an end - and that is not al­lowed!

      In the first kind of Fried­mann mod­el, which ex­pands and rec­ol­laps­es, space is bent in on it­self, like the sur­face of the earth. It is there­fore fi­nite in ex­tent. In the sec­ond kind of mod­el, which ex­pands for­ev­er, space is bent the oth­er way, like the sur­face of a sad­dle. So in this case space is in­fi­nite. Fi­nal­ly, in the third kind of Fried­mann mod­el, with just the crit­ical rate of ex­pan­sion, space is flat (and there­fore is al­so in­fi­nite).

      But which Fried­mann mod­el de­scribes our uni­verse? Will the uni­verse even­tu­al­ly stop ex­pand­ing and start con­tract­ing, or will it ex­pand for­ev­er? To an­swer this ques­tion we need to know the present rate of ex­pan­sion of the uni­verse and its present av­er­age den­si­ty. If the den­si­ty is less than a cer­tain crit­ical val­ue, de­ter­mined by the rate of ex­pan­sion, the grav­ita­tion­al at­trac­tion will be too weak to halt the ex­pan­sion. If the den­si­ty is greater than the crit­ical val­ue, grav­ity will stop the ex­pan­sion at some time in the fu­ture and cause the uni­verse to rec­ol­lapse.

      We can de­ter­mine the present rate of ex­pan­sion by mea­sur­ing the ve­loc­ities at which oth­er galax­ies are mov­ing away from us, us­ing the Doppler ef­fect. This can be done very ac­cu­rate­ly. How­ev­er, the dis­tances to the galax­ies are not very well known be­cause we can on­ly mea­sure them in­di­rect­ly. So all we know is that the uni­verse is ex­pand­ing by be­tween 5 per­cent and 10 per­cent ev­ery thou­sand mil­lion years. How­ev­er, our un­cer­tain­ty about the present av­er­age den­si­ty of the uni­verse is even greater. If we add up the mass­es of all the stars that we can see in our galaxy and oth­er galax­ies, the to­tal is less than one hun­dredth of the amount re­quired to halt the ex­pan­sion of the uni­verse, even for the low­est es­ti­mate of the rate of ex­pan­sion. Our galaxy and oth­er galax­ies, how­ev­er, must con­tain a large amount of “dark mat­ter” that we can­not see di­rect­ly, but which we know must be there be­cause of the in­flu­ence of its grav­ita­tion­al at­trac­tion on the or­bits of stars in the galax­ies. More­over, most galax­ies are found in clus­ters, and we can sim­ilar­ly in­fer the pres­ence of yet more dark mat­ter in be­tween the galax­ies in these clus­ters by its ef­fect on the mo­tion of the galax­ies. When we add up all this dark mat­ter, we still get on­ly about one tenth of the amount re­quired to halt the ex­pan­sion. How­ev­er, we can­not ex­clude the pos­si­bil­ity that there might be some oth­er form of mat­ter, dis­tribut­ed al­most uni­form­ly through­out the uni­verse, that we have not yet de­tect­ed and that might still raise the av­er­age den­si­ty of the uni­verse up to the crit­ical val­ue need­ed to halt the ex­pan­sion. The present ev­idence there­fore sug­gests that the uni­verse will prob­ably ex­pand for­ev­er, but all we can re­al­ly be sure of is that even if the uni­verse is go­ing to rec­ol­lapse, it won’t do so for at least an­oth­er ten thou­sand mil­lion years, since it has al­ready been ex­pand­ing for at least that long. This should not un­du­ly wor­ry us: by that time, un­less we have col­onized be­yond the So­lar Sys­tem, mankind will long since have died out, ex­tin­guished along with our sun!

      All of the Fried­mann so­lu­tions have the fea­ture that at some time in the past (be­tween ten and twen­ty thou­sand mil­lion years ago) the dis­tance be­tween neigh­bor­ing galax­ies must have been ze­ro. At that time, which we call the big bang, the den­si­ty of the uni­verse and the cur­va­ture of space-​time would have been in­fi­nite. Be­cause math­emat­ics can­not re­al­ly han­dle in­fi­nite num­bers, this means that the gen­er­al the­ory of rel­ativ­ity (on which Fried­mann’s so­lu­tions are based) pre­dicts that there is a point in the uni­verse where the the­ory it­self breaks down. Such a point is an ex­am­ple of what math­emati­cians call a sin­gu­lar­ity. In fact, all our the­ories of sci­ence are for­mu­lat­ed on the as­sump­tion that space-​time is smooth and near­ly fi­at, so they break down at the big bang sin­gu­lar­ity, where the cur­va­ture of space-​time is in­fi­nite. This means that even if there were events be­fore the big bang, one could not use them to de­ter­mine what would hap­pen af­ter­ward, be­cause pre­dictabil­ity would break down at the big bang.

      Cor­re­spond­ing­ly, if, as is the case, we know on­ly what has hap­pened since the big bang, we could not de­ter­mine what hap­pened be­fore­hand. As far as we are con­cerned, events be­fore the big bang can have no con­se­quences, so they should not form part of a sci­en­tif­ic mod­el of the uni­verse. We should there­fore cut them out of the mod­el and say that time had a be­gin­ning at the big bang.

      Many peo­ple do not like the idea that time has a be­gin­ning, prob­ably be­cause it smacks of di­vine in­ter­ven­tion. (The Catholic Church, on the oth­er hand, seized on the big bang mod­el and in 1951of­fi­cial­ly pro­nounced it to be in ac­cor­dance with the Bible.) There were there­fore a num­ber of at­tempts to avoid the con­clu­sion that there had been a big bang. The pro­pos­al that gained widest sup­port was called the steady state the­ory. It was sug­gest­ed in 1948 by two refugees from Nazi-​oc­cu­pied Aus­tria, Her­mann Bon­di and Thomas Gold, to­geth­er with a Briton, Fred Hoyle, who had worked with them on the de­vel­op­ment of radar dur­ing the war. The idea was that as the galax­ies moved away from each oth­er, new galax­ies were con­tin­ual­ly form­ing in the gaps in be­tween, from new mat­ter that was be­ing con­tin­ual­ly cre­at­ed. The uni­verse would there­fore look rough­ly the same at all times as well as at all points of space. The steady state the­ory re­quired a mod­ifi­ca­tion of gen­er­al rel­ativ­ity to al­low for the con­tin­ual cre­ation of mat­ter, but the rate that was in­volved was so low (about one par­ti­cle per cu­bic kilo­me­ter per year) that it was not in con­flict with ex­per­iment. The the­ory was a good sci­en­tif­ic the­ory, in the sense de­scribed in Chap­ter 1: it was sim­ple and it made def­inite pre­dic­tions that could be test­ed by ob­ser­va­tion. One of these pre­dic­tions was that the num­ber of galax­ies or sim­ilar ob­jects in any giv­en vol­ume of space should be the same wher­ev­er and when­ev­er we look in the uni­verse. In the late 1950s and ear­ly 1960s a sur­vey of sources of ra­dio waves from out­er space was car­ried out at Cam­bridge by a group of as­tronomers led by Mar­tin Ryle (who had al­so worked with Bon­di, Gold, and Hoyle on radar dur­ing the war). The Cam­bridge group showed that most of these ra­dio sources must lie out­side our galaxy (in­deed many of them could be iden­ti­fied with oth­er galax­ies) and al­so that there were many more weak sources than strong ones. They in­ter­pret­ed the weak sources as be­ing the more dis­tant ones, and the stronger ones as be­ing near­er. Then there ap­peared to be less com­mon sources per unit vol­ume of space for the near­by sources than for the dis­tant ones. This could mean that we are at the cen­ter of a great re­gion in the uni­verse in which the sources are few­er than else­where. Al­ter­na­tive­ly, it could mean that the sources were more nu­mer­ous in the past, at the time that the ra­dio waves left on their jour­ney to us, than they are now. Ei­ther ex­pla­na­tion con­tra­dict­ed the pre­dic­tions of the steady state the­ory. More­over, the dis­cov­ery of the mi­crowave ra­di­ation by Pen­zias and Wil­son in 1965 al­so in­di­cat­ed that the uni­verse must have been much denser in the past. The steady state the­ory there­fore had to be aban­doned.

      An­oth­er at­tempt to avoid the con­clu­sion that there must have been a big bang, and there­fore a be­gin­ning of time, was made by two Rus­sian sci­en­tists, Ev­genii Lif­shitz and Isaac Kha­lat­nikov, in 1963. They sug­gest­ed that the big bang might be a pe­cu­liar­ity of Fried­mann’s mod­els alone, which af­ter all were on­ly ap­prox­ima­tions to the re­al uni­verse. Per­haps, of all the mod­els that were rough­ly like the re­al uni­verse, on­ly Fried­mann’s would con­tain a big bang sin­gu­lar­ity. In Fried­mann’s mod­els, the galax­ies are all mov­ing di­rect­ly away from each oth­er - so it is not sur­pris­ing that at some time in the past they were all at the same  place. In the re­al uni­verse, how­ev­er, the galax­ies are not just mov­ing di­rect­ly away from each oth­er - they al­so have small side­ways ve­loc­ities. So in re­al­ity they need nev­er have been all at ex­act­ly the same place, on­ly very close to­geth­er. Per­haps then the cur­rent ex­pand­ing uni­verse re­sult­ed not from a big bang sin­gu­lar­ity, but from an ear­li­er con­tract­ing phase; as the uni­verse had col­lapsed the par­ti­cles in it might not have all col­lid­ed, but had flown past and then away from each oth­er, pro­duc­ing the present ex­pan­sion of the the uni­verse that were rough­ly like Fried­mann’s mod­els but took ac­count of the ir­reg­ular­ities and ran­dom ve­loc­ities of galax­ies in the re­al uni­verse. They showed that such mod­els could start with a big bang, even though the galax­ies were no longer al­ways mov­ing di­rect­ly away from each oth­er, but they claimed that this was still on­ly pos­si­ble in cer­tain ex­cep­tion­al mod­els in which the galax­ies were all mov­ing in just the right way. They ar­gued that since there seemed to be in­finite­ly more Fried­mann-​like mod­els with­out a big bang sin­gu­lar­ity than there were with one, we should con­clude that there had not in re­al­ity been a big bang. They lat­er re­al­ized, how­ev­er, that there was a much more gen­er­al class of Fried­mann-​like mod­els that did have sin­gu­lar­ities, and in which the galax­ies did not have to be mov­ing any spe­cial way. They there­fore with­drew their claim in 1970.

      The work of Lif­shitz and Kha­lat­nikov was valu­able be­cause it showed that the uni­verse could have had a sin­gu­lar­ity, a big bang, if the gen­er­al the­ory of rel­ativ­ity was cor­rect. How­ev­er, it did not re­solve the cru­cial ques­tion: Does gen­er­al rel­ativ­ity pre­dict that our uni­verse should have had a big bang, a be­gin­ning of time? The an­swer to this carne out of a com­plete­ly dif­fer­ent ap­proach in­tro­duced by a British math­emati­cian and physi­cist, Roger Pen­rose, in 1965. Us­ing the way light cones be­have in gen­er­al rel­ativ­ity, to­geth­er with the fact that grav­ity is al­ways at­trac­tive, he showed that a star col­laps­ing un­der its own grav­ity is trapped in a re­gion whose sur­face even­tu­al­ly shrinks to ze­ro size. And, since the sur­face of the re­gion shrinks to ze­ro, so too must its vol­ume. All the mat­ter in the star will be com­pressed in­to a re­gion of ze­ro vol­ume, so the den­si­ty of mat­ter and the cur­va­ture of space-​time be­come in­fi­nite. In oth­er words, one has a sin­gu­lar­ity con­tained with­in a re­gion of space-​time known as a black hole.

      At first sight, Pen­rose’s re­sult ap­plied on­ly to stars; it didn’t have any­thing to say about the ques­tion of whether the en­tire uni­verse had a big bang sin­gu­lar­ity in its past. How­ev­er, at the time that Pen­rose pro­duced his the­orem, I was a re­search stu­dent des­per­ate­ly look­ing for a prob­lem with which to com­plete my Ph.D. the­sis. Two years be­fore, I had been di­ag­nosed as suf­fer­ing from ALS, com­mon­ly known as Lou Gehrig’s dis­ease, or mo­tor neu­ron dis­ease, and giv­en to un­der­stand that I had on­ly one or two more years to live. In these cir­cum­stances there had not seemed much point in work­ing on my Ph.D.- I did not ex­pect to sur­vive that long. Yet two years had gone by and I was not that much worse. In fact, things were go­ing rather well for me and I had got­ten en­gaged to a very nice girl, Jane Wilde. But in or­der to get mar­ried, I need­ed a job, and in or­der to get a job, I need­ed a Ph.D.

      In 1965 I read about Pen­rose’s the­orem that any body un­der­go­ing grav­ita­tion­al col­lapse must even­tu­al­ly form a sin­gu­lar­ity. I soon re­al­ized that if one re­versed the di­rec­tion of time in Pen­rose’s the­orem, so that the col­lapse be­came an ex­pan­sion, the con­di­tions of his the­orem would still hold, pro­vid­ed the uni­verse were rough­ly like a Fried­mann mod­el on large scales at the present time. Pen­rose’s the­orem had shown that any col­laps­ing star must end in a sin­gu­lar­ity; the time-​re­versed ar­gu­ment showed that any Fried­mann-​like ex­pand­ing uni­verse must have be­gun with a sin­gu­lar­ity. For tech­ni­cal rea­sons, Pen­rose’s the­orem re­quired that the uni­verse be in­fi­nite in space. So I could in fact, use it to prove that there should be a sin­gu­lar­ity on­ly if the uni­verse was ex­pand­ing fast enough to avoid col­laps­ing again (since on­ly those Fried­mann mod­els were in­fi­nite in space).

      Dur­ing the next few years I de­vel­oped new math­emat­ical tech­niques to re­move this and oth­er tech­ni­cal con­di­tions from the the­orems that proved that sin­gu­lar­ities must oc­cur. The fi­nal re­sult was a joint pa­per by Pen­rose and my­self in 1970, which at last proved that there must have been a big bang sin­gu­lar­ity pro­vid­ed on­ly that gen­er­al rel­ativ­ity is cor­rect and the uni­verse con­tains as much mat­ter as we ob­serve. There was a lot of op­po­si­tion to our work, part­ly from the Rus­sians be­cause of their Marx­ist be­lief in sci­en­tif­ic de­ter­min­ism, and part­ly from peo­ple who felt that the whole idea of sin­gu­lar­ities was re­pug­nant and spoiled the beau­ty of Ein­stein’s the­ory. How­ev­er, one can­not re­al­ly ar­gue with a math­emat­ical the­orem. So in the end our work be­came gen­er­al­ly ac­cept­ed and nowa­days near­ly ev­ery­one as­sumes that the uni­verse start­ed with a big bang sin­gu­lar­ity. It is per­haps iron­ic that, hav­ing changed my mind, I am now try­ing to con­vince oth­er physi­cists that there was in fact no sin­gu­lar­ity at the be­gin­ning of the uni­verse - as we shall see lat­er, it can dis­ap­pear once quan­tum ef­fects are tak­en in­to ac­count.

      We have seen in this chap­ter how, in less than half a cen­tu­ry, man’s view of the uni­verse formed over mil­len­nia has been trans­formed. Hub­ble’s dis­cov­ery that the uni­verse was ex­pand­ing, and the re­al­iza­tion of the in­signif­icance of our own plan­et in the vast­ness of the uni­verse, were just the start­ing point. As ex­per­imen­tal and the­oret­ical ev­idence mount­ed, it be­came more and more clear that the uni­verse must have had a be­gin­ning in time, un­til in 1970 this was fi­nal­ly proved by Pen­rose and my­self, on the ba­sis of Ein­stein’s gen­er­al the­ory of rel­ativ­ity. That proof showed that gen­er­al rel­ativ­ity is on­ly an in­com­plete the­ory: it can­not tell us how the uni­verse start­ed off, be­cause it pre­dicts that all phys­ical the­ories, in­clud­ing it­self, break down at the be­gin­ning of the uni­verse. How­ev­er, gen­er­al rel­ativ­ity claims to be on­ly a par­tial the­ory, so what the sin­gu­lar­ity the­orems re­al­ly show is that there must have been a time in the very ear­ly uni­verse when the uni­verse was so small that one could no longer ig­nore the small-​scale ef­fects of the oth­er great par­tial the­ory of the twen­ti­eth cen­tu­ry, quan­tum me­chan­ics. At the start of the 1970s, then, we were forced to turn our search for an un­der­stand­ing of the uni­verse from our the­ory of the ex­traor­di­nar­ily vast to our the­ory of the ex­traor­di­nar­ily tiny. That the­ory, quan­tum me­chan­ics, will be de­scribed next, be­fore we turn to the ef­forts to com­bine the two par­tial the­ories in­to a sin­gle quan­tum the­ory of grav­ity.
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      CHAPTER 4

      THE UN­CER­TAIN­TY PRIN­CI­PLE

      The suc­cess of sci­en­tif­ic the­ories, par­tic­ular­ly New­ton’s the­ory of grav­ity, led the French sci­en­tist the Mar­quis de Laplace at the be­gin­ning of the nine­teenth cen­tu­ry to ar­gue that the uni­verse was com­plete­ly de­ter­min­is­tic. Laplace sug­gest­ed that there should be a set of sci­en­tif­ic laws that would al­low us to pre­dict ev­ery­thing that would hap­pen in the uni­verse, if on­ly we knew the com­plete state of the uni­verse at one time. For ex­am­ple, if we knew the po­si­tions and speeds of the sun and the plan­ets at one time, then we could use New­ton’s laws to cal­cu­late the state of the So­lar Sys­tem at any oth­er time. De­ter­min­ism seems fair­ly ob­vi­ous in this case, but Laplace went fur­ther to as­sume that there were sim­ilar laws gov­ern­ing ev­ery­thing else, in­clud­ing hu­man be­hav­ior.

      The doc­trine of sci­en­tif­ic de­ter­min­ism was strong­ly re­sist­ed by many peo­ple, who felt that it in­fringed God’s free­dom to in­ter­vene in the world, but it re­mained the stan­dard as­sump­tion of sci­ence un­til the ear­ly years of this cen­tu­ry. One of the first in­di­ca­tions that this be­lief would have to be aban­doned came when cal­cu­la­tions by the British sci­en­tists Lord Rayleigh and Sir James Jeans sug­gest­ed that a hot ob­ject, or body, such as a star, must ra­di­ate en­er­gy at an in­fi­nite rate. Ac­cord­ing to the laws we be­lieved at the time, a hot body ought to give off elec­tro­mag­net­ic waves (such as ra­dio waves, vis­ible light, or X rays) equal­ly at all fre­quen­cies. For ex­am­ple, a hot body should ra­di­ate the same amount of en­er­gy in waves with fre­quen­cies be­tween one and two mil­lion mil­lion waves a sec­ond as in waves with fre­quen­cies be­tween two and three mil­lion mil­lion waves a sec­ond. Now since the num­ber of waves a sec­ond is un­lim­it­ed, this would mean that the to­tal en­er­gy ra­di­at­ed would be in­fi­nite.

      In or­der to avoid this ob­vi­ous­ly ridicu­lous re­sult, the Ger­man sci­en­tist Max Planck sug­gest­ed in 1900 that light, X rays, and oth­er waves could not be emit­ted at an ar­bi­trary rate, but on­ly in cer­tain pack­ets that he called quan­ta. More­over, each quan­tum had a cer­tain amount of en­er­gy that was greater the high­er the fre­quen­cy of the waves, so at a high enough fre­quen­cy the emis­sion of a sin­gle quan­tum would re­quire more en­er­gy than was avail­able. Thus the ra­di­ation at high fre­quen­cies would be re­duced, and so the rate at which the body lost en­er­gy would be fi­nite.

      The quan­tum hy­poth­esis ex­plained the ob­served rate of emis­sion of ra­di­ation from hot bod­ies very well, but its im­pli­ca­tions for de­ter­min­ism were not re­al­ized un­til 1926, when an­oth­er Ger­man sci­en­tist, Wern­er Heisen­berg, for­mu­lat­ed his fa­mous un­cer­tain­ty prin­ci­ple. In or­der to pre­dict the fu­ture po­si­tion and ve­loc­ity of a par­ti­cle, one has to be able to mea­sure its present po­si­tion and ve­loc­ity ac­cu­rate­ly. The ob­vi­ous way to do this is to shine light on the par­ti­cle. Some of the waves of light will be scat­tered by the par­ti­cle and this will in­di­cate its po­si­tion. How­ev­er, one will not be able to de­ter­mine the po­si­tion of the par­ti­cle more ac­cu­rate­ly than the dis­tance be­tween the wave crests of light, so one needs to use light of a short wave­length in or­der to mea­sure the po­si­tion of the par­ti­cle pre­cise­ly. Now, by Planck’s quan­tum hy­poth­esis, one can­not use an ar­bi­trar­ily small amount of light; one has to use at least one quan­tum. This quan­tum will dis­turb the par­ti­cle and change its ve­loc­ity in a way that can­not be pre­dict­ed. more­over, the more ac­cu­rate­ly one mea­sures the po­si­tion, the short­er the wave­length of the light that one needs and hence the high­er the en­er­gy of a sin­gle quan­tum. So the ve­loc­ity of the par­ti­cle will be dis­turbed by a larg­er amount. In oth­er words, the more ac­cu­rate­ly you try to mea­sure the po­si­tion of the par­ti­cle, the less ac­cu­rate­ly you can mea­sure its speed, and vice ver­sa. Heisen­berg showed that the un­cer­tain­ty in the po­si­tion of the par­ti­cle times the un­cer­tain­ty in its ve­loc­ity times the mass of the par­ti­cle can nev­er be small­er than a cer­tain quan­ti­ty, which is known as Planck’s con­stant. More­over, this lim­it does not de­pend on the way in which one tries to mea­sure the po­si­tion or ve­loc­ity of the par­ti­cle, or on the type of par­ti­cle: Heisen­berg’s un­cer­tain­ty prin­ci­ple is a fun­da­men­tal, in­escapable prop­er­ty of the world.

      The un­cer­tain­ty prin­ci­ple had pro­found im­pli­ca­tions for the way in which we view the world. Even af­ter more than sev­en­ty years they have not been ful­ly ap­pre­ci­at­ed by many philoso­phers, and are still the sub­ject of much con­tro­ver­sy. The un­cer­tain­ty prin­ci­ple sig­naled an end to Laplace’s dream of a the­ory of sci­ence, a mod­el of the uni­verse that would be com­plete­ly de­ter­min­is­tic: one cer­tain­ly can­not pre­dict fu­ture events ex­act­ly if one can­not even mea­sure the present state of the uni­verse pre­cise­ly! We could still imag­ine that there is a set of laws that de­ter­mine events com­plete­ly for some su­per­nat­ural be­ing, who could ob­serve the present state of the uni­verse with­out dis­turb­ing it. How­ev­er, such mod­els of the uni­verse are not of much in­ter­est to us or­di­nary mor­tals. It seems bet­ter to em­ploy the prin­ci­ple of econ­omy known as Oc­cam’s ra­zor and cut out all the fea­tures of the the­ory that can­not be ob­served. This ap­proach led Heisen­berg, Er­win Schrodinger, and Paul Dirac in the 1920s to re­for­mu­late me­chan­ics in­to a new the­ory called quan­tum me­chan­ics, based on the un­cer­tain­ty prin­ci­ple. In this the­ory par­ti­cles no longer had sep­arate, well-​de­fined po­si­tions and ve­loc­ities that could not be ob­served, In­stead, they had a quan­tum state, which was a com­bi­na­tion of po­si­tion and ve­loc­ity.

      In gen­er­al, quan­tum me­chan­ics does not pre­dict a sin­gle def­inite re­sult for an ob­ser­va­tion. In­stead, it pre­dicts a num­ber of dif­fer­ent pos­si­ble out­comes and tells us how like­ly each of these is. That is to say, if one made the same mea­sure­ment on a large num­ber of sim­ilar sys­tems, each of which start­ed off in the same way, one would find that the re­sult of the mea­sure­ment would be A in a cer­tain num­ber of cas­es, B in a dif­fer­ent num­ber, and so on. One could pre­dict the ap­prox­imate num­ber of times that the re­sult would be A or B, but one could not pre­dict the spe­cif­ic re­sult of an in­di­vid­ual mea­sure­ment. Quan­tum me­chan­ics there­fore in­tro­duces an un­avoid­able el­ement of un­pre­dictabil­ity or ran­dom­ness in­to sci­ence. Ein­stein ob­ject­ed to this very strong­ly, de­spite the im­por­tant role he had played in the de­vel­op­ment of these ideas. Ein­stein was award­ed the No­bel Prize for his con­tri­bu­tion to quan­tum the­ory. Nev­er­the­less, Ein­stein nev­er ac­cept­ed that the uni­verse was gov­erned by chance; his feel­ings were summed up in his fa­mous state­ment “God does not play dice.” Most oth­er sci­en­tists, how­ev­er, were will­ing to ac­cept quan­tum me­chan­ics be­cause it agreed per­fect­ly with ex­per­iment. In­deed, it has been an out­stand­ing­ly suc­cess­ful the­ory and un­der­lies near­ly all of mod­ern sci­ence and tech­nol­ogy. It gov­erns the be­hav­ior of tran­sis­tors and in­te­grat­ed cir­cuits, which are the es­sen­tial com­po­nents of elec­tron­ic de­vices such as tele­vi­sions and com­put­ers, and is al­so the ba­sis of mod­ern chem­istry and bi­ol­ogy. The on­ly ar­eas of phys­ical sci­ence in­to which quan­tum me­chan­ics has not yet been prop­er­ly in­cor­po­rat­ed are grav­ity and the large-​scale struc­ture of the uni­verse.

      Al­though light is made up of waves, Planck’s quan­tum hy­poth­esis tells us that in some ways it be­haves as if it were com­posed of par­ti­cles: it can be emit­ted or ab­sorbed on­ly in pack­ets, or quan­ta. Equal­ly, Heisen­berg’s un­cer­tain­ty prin­ci­ple im­plies that par­ti­cles be­have in some re­spects like waves: they do not have a def­inite po­si­tion but are “smeared out” with a cer­tain prob­abil­ity dis­tri­bu­tion. The the­ory of quan­tum me­chan­ics is based on an en­tire­ly new type of math­emat­ics that no longer de­scribes the re­al world in terms of par­ti­cles and waves; it is on­ly the ob­ser­va­tions of the world that may be de­scribed in those

      terms. There is thus a du­al­ity be­tween waves and par­ti­cles in quan­tum me­chan­ics: for some pur­pos­es it is help­ful to think of par­ti­cles as waves and for oth­er pur­pos­es it is bet­ter to think of waves as par­ti­cles. An im­por­tant con­se­quence of this is that one can ob­serve what is called in­ter­fer­ence be­tween two sets of waves or par­ti­cles. That is to say, the crests of one set of waves may co­in­cide with the troughs of the oth­er set. The two sets of waves then can­cel each oth­er out rather than adding up to a stronger wave as one might ex­pect (Fig. 4.1). A fa­mil­iar ex­am­ple of in­ter­fer­ence in the case of light is the col­ors that are of­ten seen in soap bub­bles. These are caused by re­flec­tion of light from the two sides of the thin film of wa­ter form­ing the bub­ble. White light con­sists of light waves of all dif­fer­ent wave­lengths, or col­ors, For cer­tain wave­lengths the crests of the waves re­flect­ed from one side of the soap film co­in­cide with the troughs re­flect­ed from the oth­er side. The col­ors cor­re­spond­ing to these wave­lengths are ab­sent from the re­flect­ed light, which there­fore ap­pears to be col­ored. In­ter­fer­ence can al­so oc­cur for par­ti­cles, be­cause of the du­al­ity in­tro­duced by quan­tum me­chan­ics. A fa­mous ex­am­ple is the so-​called two-​slit ex­per­iment (Fig. 4.2). Con­sid­er a par­ti­tion with two nar­row par­al­lel slits in it. On one side of the par­ti­tion one places a source of fight of a par­tic­ular col­or (that is, of a par­tic­ular wave­length). Most of the light will hit the par­ti­tion, but a small amount will go through the slits. Now sup­pose one places a screen on the far side of the par­ti­tion from the light. Any point on the screen will re­ceive waves from the two slits. How­ev­er, in gen­er­al, the dis­tance the light has to trav­el from the source to the screen via the two slits will be dif­fer­ent. This will mean that the waves from the slits will not be in phase with each oth­er when they ar­rive at the screen: in some places the waves will can­cel each oth­er out, and in oth­ers they will re­in­force each oth­er. The re­sult is a char­ac­ter­is­tic pat­tern of light and dark fringes.

      The re­mark­able thing is that one gets ex­act­ly the same kind of fringes if one re­places the source of light by a source of par­ti­cles such as elec­trons with a def­inite speed (this means that the cor­re­spond­ing waves have a def­inite length). It seems the more pe­cu­liar be­cause if one on­ly has one slit, one does not get any fringes, just a uni­form dis­tri­bu­tion of elec­trons across the screen. One might there­fore think that open­ing an­oth­er slit would just in­crease the num­ber of elec­trons hit­ting each point of the screen, but, be­cause of in­ter­fer­ence, it ac­tu­al­ly de­creas­es it in some places. If elec­trons are sent through the slits one at a time, one would ex­pect each to pass through one slit or the oth­er, and so be­have just as if the slit it passed through were the on­ly one there - giv­ing a uni­form dis­tri­bu­tion on the screen. In re­al­ity, how­ev­er, even when the elec­trons are sent one at a time, the fringes still ap­pear. Each elec­tron, there­fore, must be pass­ing through both slits at the same time!

      The phe­nomenon of in­ter­fer­ence be­tween par­ti­cles has been cru­cial to our un­der­stand­ing of the struc­ture of atoms, the ba­sic units of chem­istry and bi­ol­ogy and the build­ing blocks out of which we, and ev­ery­thing around us, are made. At the be­gin­ning of this cen­tu­ry it was thought that atoms were rather like the plan­ets or­bit­ing the sun, with elec­trons (par­ti­cles of neg­ative elec­tric­ity) or­bit­ing around a cen­tral nu­cle­us, which car­ried pos­itive elec­tric­ity. The at­trac­tion be­tween the pos­itive and neg­ative elec­tric­ity was sup­posed to keep the elec­trons in their or­bits in the same way that the grav­ita­tion­al at­trac­tion be­tween the sun and the plan­ets keeps the plan­ets in their or­bits. The trou­ble with this was that the laws of me­chan­ics and elec­tric­ity, be­fore quan­tum me­chan­ics, pre­dict­ed that the elec­trons would lose en­er­gy and so spi­ral in­ward un­til they col­lid­ed with the nu­cle­us. This would mean that the atom, and in­deed all mat­ter, should rapid­ly col­lapse to a state of very high den­si­ty. A par­tial so­lu­tion to this prob­lem was found by the Dan­ish sci­en­tist Niels Bohr in 1913. He sug­gest­ed that maybe the elec­trons were not able to or­bit at just any dis­tance from the cen­tral nu­cle­us but on­ly at cer­tain spec­ified dis­tances. If one al­so sup­posed that on­ly one or two elec­trons could or­bit at any one of these dis­tances, this would solve the prob­lem of the col­lapse of the atom, be­cause the elec­trons could not spi­ral in any far­ther than to fill up the or­bits with e least dis­tances and en­er­gies.

      This mod­el ex­plained quite well the struc­ture of the sim­plest atom, hy­dro­gen, which has on­ly one elec­tron or­bit­ing around the nu­cle­us. But it was not clear how one ought to ex­tend it to more com­pli­cat­ed atoms. More­over, the idea of a lim­it­ed set of al­lowed or­bits seemed very ar­bi­trary. The new the­ory of quan­tum me­chan­ics re­solved this dif­fi­cul­ty. It re­vealed that an elec­tron or­bit­ing around the nu­cle­us could be thought of as a wave, with a wave­length that de­pend­ed on its ve­loc­ity. For cer­tain or­bits, the length of the or­bit would cor­re­spond to a whole num­ber (as op­posed to a frac­tion­al num­ber) of wave­lengths of the elec­tron. For these or­bits the wave crest would be in the same po­si­tion each time round, so the waves would add up: these or­bits would cor­re­spond to Bohr’s al­lowed or­bits. How­ev­er, for or­bits whose lengths were not a whole num­ber of wave­lengths, each wave crest would even­tu­al­ly be can­celed out by a trough as the elec­trons went round; these or­bits would not be al­lowed.

      A nice way of vi­su­al­iz­ing the wave/par­ti­cle du­al­ity is the so-​called sum over his­to­ries in­tro­duced by the Amer­ican sci­en­tist Richard Feyn­man. In this ap­proach the par­ti­cle is not sup­posed to have a sin­gle his­to­ry or path in space-​time, as it would in a clas­si­cal, non­quan­tum the­ory. In­stead it is sup­posed to go from A to B by ev­ery pos­si­ble path. With each path there are as­so­ci­at­ed a cou­ple of num­bers: one rep­re­sents the size of a wave and the oth­er rep­re­sents the po­si­tion in the cy­cle (i.e., whether it is at a crest or a trough). The prob­abil­ity of go­ing from A to B is found by adding up the waves for all the paths. In gen­er­al, if one com­pares a set of neigh­bor­ing paths, the phas­es or po­si­tions in the cy­cle will dif­fer great­ly. This means that the waves as­so­ci­at­ed with these paths will al­most ex­act­ly can­cel each oth­er out. How­ev­er, for some sets of neigh­bor­ing paths the phase will not vary much be­tween paths. The waves for these paths will not can­cel out Such paths cor­re­spond to Bohr’s al­lowed or­bits.

      With these ideas, in con­crete math­emat­ical form, it was rel­ative­ly straight­for­ward to cal­cu­late the al­lowed or­bits in more com­pli­cat­ed atoms and even in molecules, which are made up of a num­ber of atoms held to­geth­er by elec­trons in or­bits that go round more than one nu­cle­us. Since the struc­ture of molecules and their re­ac­tions with each oth­er un­der­lie all of chem­istry and bi­ol­ogy, quan­tum me­chan­ics al­lows us in prin­ci­ple to pre­dict near­ly ev­ery­thing we see around us, with­in the lim­its set by the un­cer­tain­ty prin­ci­ple. (In prac­tice, how­ev­er, the cal­cu­la­tions re­quired for sys­tems con­tain­ing more than a few elec­trons are so com­pli­cat­ed that we can­not do them.)

      Ein­stein’s gen­er­al the­ory of rel­ativ­ity seems to gov­ern the large-​scale struc­ture of the uni­verse. It is what is called a clas­si­cal the­ory; that is, it does not take ac­count of the un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics, as it should for con­sis­ten­cy with oth­er the­ories. The rea­son that this does not lead to any dis­crep­an­cy with ob­ser­va­tion is that all the grav­ita­tion­al fields that we nor­mal­ly ex­pe­ri­ence are very weak. How-​ev­er, the sin­gu­lar­ity the­orems dis­cussed ear­li­er in­di­cate that the grav­ita­tion­al field should get very strong in at least two sit­ua­tions, black holes and the big bang. In such strong fields the ef­fects of quan­tum me­chan­ics should be im­por­tant. Thus, in a sense, clas­si­cal gen­er­al rel­ativ­ity, by pre­dict­ing points of in­fi­nite den­si­ty, pre­dicts its own down­fall, just as clas­si­cal (that is, non­quan­tum) me­chan­ics pre­dict­ed its down­fall by sug­gest­ing that atoms should col­lapse to in­fi­nite den­si­ty. We do not yet have a com­plete con­sis­tent the­ory that uni­fies gen­er­al rel­ativ­ity and quan­tum me­chan­ics, but we do know a num­ber of the fea­tures it should have. The con­se­quences that these would have for black holes and the big bang will be de­scribed in lat­er chap­ters. For the mo­ment, how­ev­er, we shall turn to the re­cent at­tempts to bring to­geth­er our un­der­stand­ing of the oth­er forces of na­ture in­to a sin­gle, uni­fied quan­tum the­ory.
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      CHAPTER 5

      EL­EMEN­TARY PAR­TI­CLES AND THE FORCES OF NA­TURE

      Aris­to­tle be­lieved that all the mat­ter in the uni­verse was made up of four ba­sic el­ements - earth, air, fire, and wa­ter. These el­ements were act­ed on by two forces: grav­ity, the ten­den­cy for earth and wa­ter to sink, and lev­ity, the ten­den­cy for air and fire to rise. This di­vi­sion of the con­tents of the uni­verse in­to mat­ter and forces is still used to­day. Aris­to­tle be­lieved that mat­ter was con­tin­uous, that is, one could di­vide a piece of mat­ter in­to small­er and small­er bits with­out any lim­it: one nev­er came up against a grain of mat­ter that could not be di­vid­ed fur­ther. A few Greeks, how­ev­er, such as Dem­ocri­tus, held that mat­ter was in­her­ent­ly grainy and that ev­ery­thing was made up of large num­bers of var­ious dif­fer­ent kinds of atoms. (The word atom means “in­di­vis­ible” in Greek.) For cen­turies the ar­gu­ment con­tin­ued with­out any re­al ev­idence on ei­ther side, but in 1803 the British chemist and physi­cist John Dal­ton point­ed out that the fact that chem­ical com­pounds al­ways com­bined in cer­tain pro­por­tions could be ex­plained by the group­ing to­geth­er of atoms to form units called molecules. How­ev­er, the ar­gu­ment be­tween the two schools of thought was not fi­nal­ly set­tled in fa­vor of the atom­ists un­til the ear­ly years of this cen­tu­ry. One of the im­por­tant pieces of phys­ical ev­idence was pro­vid­ed by Ein­stein. In a pa­per writ­ten in 1905, a few weeks be­fore the fa­mous pa­per on spe­cial rel­ativ­ity, Ein­stein point­ed out that what was called Brow­ni­an mo­tion - the ir­reg­ular, ran­dom mo­tion of small par­ti­cles of dust sus­pend­ed in a liq­uid - could be ex­plained as the ef­fect of atoms of the liq­uid col­lid­ing with the dust par­ti­cles.

      By this time there were al­ready sus­pi­cions that these atoms were not, af­ter all, in­di­vis­ible. Sev­er­al years pre­vi­ous­ly a fel­low of Trin­ity Col­lege, Cam­bridge, J. J. Thom­son, had demon­strat­ed the ex­is­tence of a par­ti­cle of mat­ter, called the elec­tron, that had a mass less than one thou­sandth of that of the light­est atom. He used a set­up rather like a mod­ern TV pic­ture tube: a red-​hot met­al fil­ament gave off the elec­trons, and be­cause these have a neg­ative elec­tric charge, an elec­tric field could be used to ac­cel­er­ate them to­ward a phos­phor-​coat­ed screen. When they hit the screen, flash­es of light were gen­er­at­ed. Soon it was re­al­ized that these elec­trons must be com­ing from with­in the atoms them­selves, and in 1911 the New Zealand physi­cist Ernest Ruther­ford fi­nal­ly showed that the atoms of mat­ter do have in­ter­nal struc­ture: they are made up of an ex­treme­ly tiny, pos­itive­ly charged nu­cle­us, around which a num­ber of elec­trons or­bit. He de­duced this by an­alyz­ing the way in which al­pha-​par­ti­cles, which are pos­itive­ly charged par­ti­cles giv­en off by ra­dioac­tive atoms, are de­flect­ed when they col­lide with atoms.

      At first it was thought that the nu­cle­us of the atom was made up of elec­trons and dif­fer­ent num­bers of a pos­itive­ly charged par­ti­cle called the pro­ton, from the Greek word mean­ing “first,” be­cause it was be­lieved to be the fun­da­men­tal unit from which mat­ter was made. How­ev­er, in 1932 a col­league of Ruther­ford’s at Cam­bridge, James Chad­wick, dis­cov­ered that the nu­cle­us con­tained an­oth­er par­ti­cle, called the neu­tron, which had al­most the same mass as a pro­ton but no elec­tri­cal charge. Chad­wick re­ceived the No­bel Prize for his dis­cov­ery, and was elect­ed Mas­ter of Gonville and Caius Col­lege, Cam­bridge (the col­lege of which I am now a fel­low). He lat­er re­signed as Mas­ter be­cause of dis­agree­ments with the Fel­lows. There had been a bit­ter dis­pute in the col­lege ev­er since a group of young Fel­lows re­turn­ing af­ter the war had vot­ed many of the old Fel­lows out of the col­lege of­fices they had held for a long time. This was be­fore my time; I joined the col­lege in 1965 at the tail end of the bit­ter­ness, when sim­ilar dis­agree­ments forced an­oth­er No­bel Prize - win­ning Mas­ter, Sir Nevill Mott, to re­sign.

      Up to about thir­ty years ago, it was thought that pro­tons and neu­trons were “el­emen­tary” par­ti­cles, but ex­per­iments in which pro­tons were col­lid­ed with oth­er pro­tons or elec­trons at high speeds in­di­cat­ed that they were in fact made up of small­er par­ti­cles. These par­ti­cles were named quarks by the Cal­tech physi­cist Mur­ray Gell-​Mann, who won the No­bel Prize in 1969 for his work on them. The ori­gin of the name is an enig­mat­ic quo­ta­tion from James Joyce: “Three quarks for Muster Mark!” The word quark is sup­posed to be pro­nounced like quart, but with a k at the end in­stead of a t, but is usu­al­ly pro­nounced to rhyme with lark.

      There are a num­ber of dif­fer­ent va­ri­eties of quarks: there are six “fla­vors,” which we call up, down, strange, charmed, bot­tom, and top. The first three fla­vors had been known since the 1960s but the charmed quark was dis­cov­ered on­ly in 1974, the bot­tom in 1977, and the top in 1995. Each fla­vor comes in three “col­ors,” red, green, and blue. (It should be em­pha­sized that these terms are just la­bels: quarks are much small­er than the wave­length of vis­ible light and so do not have any col­or in the nor­mal sense. It is just that mod­ern physi­cists seem to have more imag­ina­tive ways of nam­ing new par­ti­cles and phe­nom­ena - they no longer re­strict them­selves to Greek!) A pro­ton or neu­tron is made up of three quarks, one of each col­or. A pro­ton con­tains two up quarks and one down quark; a neu­tron con­tains two down and one up. We can cre­ate par­ti­cles made up of the oth­er quarks (strange, charmed, bot­tom, and top), but these all have a much greater mass and de­cay very rapid­ly in­to pro­tons and neu­trons.

      We now know that nei­ther the atoms nor the pro­tons and neu­trons with­in them are in­di­vis­ible. So the ques­tion is: what are the tru­ly el­emen­tary par­ti­cles, the ba­sic build­ing blocks from which ev­ery­thing is made? Since the wave­length of light is much larg­er than the size of an atom, we can­not hope to “look” at the parts of an atom in the or­di­nary way. We need to use some­thing with a much small­er wave-​length. As we saw in the last chap­ter, quan­tum me­chan­ics tells us that all par­ti­cles are in fact waves, and that the high­er the en­er­gy of a par­ti­cle, the small­er the wave­length of the cor­re­spond­ing wave. So the best an­swer we can give to our ques­tion de­pends on how high a par­ti­cle en­er­gy we have at our dis­pos­al, be­cause this de­ter­mines on how small a length scale we can look. These par­ti­cle en­er­gies are usu­al­ly mea­sured in units called elec­tron volts. (In Thom­son’s ex­per­iments with elec­trons, we saw that he used an elec­tric field to ac­cel­er­ate the elec­trons. The en­er­gy that an elec­tron gains from an elec­tric field of one volt is what is known as an elec­tron volt.) In the nine­teenth cen­tu­ry, when the on­ly par­ti­cle en­er­gies that peo­ple knew how to use were the low en­er­gies of a few elec­tron volts gen­er­at­ed by chem­ical re­ac­tions such as burn­ing, it was thought that atoms were the small­est unit. In Ruther­ford’s ex­per­iment, the al­pha-​par­ti­cles had en­er­gies of mil­lions of elec­tron volts. More re­cent­ly, we have learned how to use elec­tro­mag­net­ic fields to give par­ti­cles en­er­gies of at first mil­lions and then thou­sands of mil­lions of elec­tron volts. And so we know that par­ti­cles that were thought to be “el­emen­tary” thir­ty years ago are, in fact, made up of small­er par­ti­cles. May these, as we go to still high­er en­er­gies, in turn be found to be made from still small­er par­ti­cles? This is cer­tain­ly pos­si­ble, but we do have some the­oret­ical rea­sons for be­liev­ing that we have, or are very near to, a knowl­edge of the ul­ti­mate build­ing blocks of na­ture.

      Us­ing the wave/par­ti­cle du­al­ity dis­cussed in the last chap­ter, ev­ery-​thing in the uni­verse, in­clud­ing light and grav­ity, can be de­scribed in terms of par­ti­cles. These par­ti­cles have a prop­er­ty called spin. One way of think­ing of spin is to imag­ine the par­ti­cles as lit­tle tops spin­ning about an ax­is. How­ev­er, this can be mis­lead­ing, be­cause quan­tum me­chan­ics tells us that the par­ti­cles do not have any well-​de­fined ax­is. What the spin of a par­ti­cle re­al­ly tells us is what the par­ti­cle looks like from dif­fer­ent di­rec­tions. A par­ti­cle of spin 0 is like a dot: it looks the same from ev­ery di­rec­tion (Fig. 5.1-i). On the oth­er hand, a par­ti­cle of spin 1 is like an ar­row: it looks dif­fer­ent from dif­fer­ent di­rec­tions (Fig. 5.1-ii). On­ly if one turns it round a com­plete rev­olu­tion (360 de­grees) does the par­ti­cle look the same. A par­ti­cle of spin 2 is like a dou­ble-​head­ed ar­row (Fig. 5.1-iii): it looks the same if one turns it round half a rev­olu­tion (180 de­grees). Sim­ilar­ly, high­er spin par­ti­cles look the same if one turns them through small­er frac­tions of a com­plete rev­olu­tion. All this seems fair­ly straight­for­ward, but the re­mark-​able fact is that there are par­ti­cles that do not look the same if one turns them through just one rev­olu­tion: you have to turn them through two com­plete rev­olu­tions! Such par­ti­cles are said to have spin ½.

      All the known par­ti­cles in the uni­verse can be di­vid­ed in­to two groups: par­ti­cles of spin ½, which make up the mat­ter in the uni­verse, and par­ti­cles of spin 0, 1, and 2, which, as we shall see, give rise to forces be­tween the mat­ter par­ti­cles. The mat­ter par­ti­cles obey what is called Pauli’s ex­clu­sion prin­ci­ple. This was dis­cov­ered in 1925 by an Aus­tri­an physi­cist, Wolf­gang Pauli - for which he re­ceived the No­bel Prize in 1945. He was the archety­pal the­oret­ical physi­cist: it was said of him that even his pres­ence in the same town would make ex­per­iments go wrong! Pauli’s ex­clu­sion prin­ci­ple says that two sim­ilar par­ti­cles can-​not ex­ist in the same state; that is, they can­not have both the same po­si­tion and the same ve­loc­ity, with­in the lim­its giv­en by the un­cer­tain­ty prin­ci­ple. The ex­clu­sion prin­ci­ple is cru­cial be­cause it ex­plains why mat­ter par­ti­cles do not col­lapse to a state of very high den­si­ty un­der the in­flu­ence of the forces pro­duced by the par­ti­cles of spin 0, 1, and 2: if the mat­ter par­ti­cles have very near­ly the same po­si­tions, they must have dif­fer­ent ve­loc­ities, which means that they will not stay in the same po­si­tion for long. If the world had been cre­at­ed with­out the ex­clu­sion prin­ci­ple, quarks would not form sep­arate, well-​de­fined pro­tons and neu­trons. Nor would these, to­geth­er with elec­trons, form sep­arate, well-​de­fined atoms. They would all col­lapse to form a rough­ly uni­form, dense “soup.”

      A prop­er un­der­stand­ing of the elec­tron and oth­er spin-½ par­ti­cles did not come un­til 1928, when a the­ory was pro­posed by Paul Dirac, who lat­er was elect­ed to the Lu­casian Pro­fes­sor­ship of Math­emat­ics at Cam­bridge (the same pro­fes­sor­ship that New­ton had once held and that I now hold). Dirac’s the­ory was the first of its kind that was con­sis­tent with both quan­tum me­chan­ics and the spe­cial the­ory of rel­ativ­ity. It ex­plained math­emat­ical­ly why the elec­tron had spin-½; that is, why it didn’t look the same if you turned it through on­ly one com­plete rev­olu­tion, but did if you turned it through two rev­olu­tions. It al­so pre­dict­ed that the elec­tron should have a part­ner: an an­ti-​elec­tron, or positron. The dis­cov­ery of the positron in 1932 con­firmed Dirac’s the­ory and led to his be­ing award­ed the No­bel Prize for physics in 1933. We now know that ev­ery par­ti­cle has an an­tipar­ti­cle, with which it can an­ni­hi­late. (In the case of the force-​car­ry­ing par­ti­cles, the an­tipar­ti­cles are the same as the par­ti­cles them­selves.) There could be whole an­ti­worlds and an­tipeo­ple made out of an­tipar­ti­cles. How­ev­er, if you meet your an­ti­self, don’t shake hands! You would both van­ish in a great flash of light. The ques­tion of why there seem to be so many more par­ti­cles than an­tipar­ti­cles around us is ex­treme­ly im­por­tant, and

      I shall re­turn to it lat­er in the chap­ter.

      In quan­tum me­chan­ics, the forces or in­ter­ac­tions be­tween mat­ter par­ti­cles are all sup­posed to be car­ried by par­ti­cles of in­te­ger spin - 0, 1, or 2. What hap­pens is that a mat­ter par­ti­cle, such as an elec­tron or a quark, emits a force-​car­ry­ing par­ti­cle. The re­coil from this emis­sion changes the ve­loc­ity of the mat­ter par­ti­cle. The force-​car­ry­ing par­ti­cle then col­lides with an­oth­er mat­ter par­ti­cle and is ab­sorbed. This col­li­sion changes the ve­loc­ity of the sec­ond par­ti­cle, just as if there had been a force be­tween the two mat­ter par­ti­cles. It is an im­por­tant prop­er­ty of ‘ the force-​car­ry­ing par­ti­cles that they do not obey the ex­clu­sion prin­ci­ple. This means that there is no lim­it to the num­ber that can be ex­changed, and so they can give rise to a strong force. How­ev­er, if the force-​car­ry­ing par­ti­cles have a high mass, it will be dif­fi­cult to pro­duce and ex­change them over a large dis­tance. So the forces that they car­ry will have on­ly a short range. On the oth­er hand, if the force-​car­ry­ing par­ti­cles have no mass of their own, the forces will be long range. The force-​car­ry­ing par­ti­cles ex­changed be­tween mat­ter par­ti­cles are said to be vir­tu­al par­ti­cles be­cause, un­like “re­al” par­ti­cles, they can­not be di­rect­ly de­tect­ed by a par­ti­cle de­tec­tor. We know they ex­ist, how­ev­er, be­cause they do have a mea­sur­able ef­fect: they give rise to forces be­tween mat­ter par­ti­cles. Par­ti­cles of spin 0, 1, or 2 do al­so ex­ist in some cir­cum­stances as re­al par­ti­cles, when they can be di­rect­ly de­tect­ed. They then ap­pear to us as what a clas­si­cal physi­cist would call waves, such as waves of light or grav­ita­tion­al waves. They may some­times be emit­ted when mat­ter par­ti­cles in­ter­act with each oth­er by ex­chang­ing vir­tu­al force-​car­ry­ing par­ti­cles. (For ex­am­ple, the elec­tric re­pul­sive force be­tween two elec­trons is due to the ex­change of vir­tu­al pho­tons, which can nev­er be di­rect­ly de­tect­ed; but if one elec­tron moves past an­oth­er, re­al pho­tons may be giv­en off, which we de­tect as light waves.)

      Force-​car­ry­ing par­ti­cles can be grouped in­to four cat­egories ac­cord­ing to the strength of the force that they car­ry and the par­ti­cles with which they in­ter­act. It should be em­pha­sized that this di­vi­sion in­to four class­es is man-​made; it is con­ve­nient for the con­struc­tion of par­tial the­ories, but it may not cor­re­spond to any­thing deep­er. Ul­ti­mate­ly, most physi­cists hope to find a uni­fied the­ory that will ex­plain all four forces as dif­fer­ent as­pects of a sin­gle force. In­deed, many would say this is the prime goal of physics to­day. Re­cent­ly, suc­cess­ful at­tempts have been made to uni­fy three of the four cat­egories of force - and I shall de­scribe these in this chap­ter. The ques­tion of the uni­fi­ca­tion of the re­main­ing cat­ego­ry, grav­ity, we shall leave till lat­er.

      The first cat­ego­ry is the grav­ita­tion­al force. This force is uni­ver­sal, that is, ev­ery par­ti­cle feels the force of grav­ity, ac­cord­ing to its mass or en­er­gy. Grav­ity is the weak­est of the four forces by a long way; it is so weak that we would not no­tice it at all were it not for two spe­cial prop­er­ties that it has: it can act over large dis­tances, and it is al­ways at­trac­tive. This means that the very weak grav­ita­tion­al forces be­tween the in­di­vid­ual par­ti­cles in two large bod­ies, such as the earth and the sun, can all add up to pro­duce a sig­nif­icant force. The oth­er three forces are ei­ther short range, or are some­times at­trac­tive and some-​times re­pul­sive, so they tend to can­cel out. In the quan­tum me­chan­ical way of look­ing at the grav­ita­tion­al field, the force be­tween two mat­ter par­ti­cles is pic­tured as be­ing car­ried by a par­ti­cle of spin 2 called the gravi­ton. This has no mass of its own, so the force that it car­ries is long range. The grav­ita­tion­al force be­tween the sun and the earth is as­cribed to the ex­change of gravi­tons be­tween the par­ti­cles that make up these two bod­ies. Al­though the ex­changed par­ti­cles are vir­tu­al, they cer­tain­ly do pro­duce a mea­sur­able ef­fect - they make the earth or­bit the sun! Re­al gravi­tons make up what clas­si­cal physi­cists would call grav­ita­tion­al waves, which are very weak - and so dif­fi­cult to de­tect that they have not yet been ob­served.

      The next cat­ego­ry is the elec­tro­mag­net­ic force, which in­ter­acts with elec­tri­cal­ly charged par­ti­cles like elec­trons and quarks, but not with un­charged par­ti­cles such as gravi­tons. It is much stronger than the grav­ita­tion­al force: the elec­tro­mag­net­ic force be­tween two elec­trons is about a mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion (1 with forty-​two ze­ros af­ter it) times big­ger than the grav­ita­tion­al force. How­ev­er, there are two kinds of elec­tric charge, pos­itive and neg­ative. The force be­tween two pos­itive charges is re­pul­sive, as is the force be­tween two neg­ative charges, but the force is at­trac­tive be­tween a pos­itive and a neg­ative charge. A large body, such as the earth or the sun, con­tains near­ly equal num­bers of pos­itive and neg­ative charges. Thus the at­trac­tive and re­pul­sive forces be­tween the in­di­vid­ual par­ti­cles near­ly can­cel each oth­er out, and there is very lit­tle net elec­tro­mag­net­ic force. How­ev­er, on the small scales of atoms and molecules, elec­tro­mag­net­ic forces dom­inate. The elec­tro­mag­net­ic at­trac­tion be­tween neg­ative­ly charged elec­trons and pos­itive­ly charged pro­tons in the nu­cle­us caus­es the elec­trons to or­bit the nu­cle­us of the atom, just as grav­ita­tion­al at­trac­tion caus­es the earth to or­bit the sun. The elec­tro­mag­net­ic at­trac­tion is pic­tured as be­ing caused by the ex­change of large num­bers of vir­tu­al mass­less par­ti­cles of spin 1, called pho­tons. Again, the pho­tons that are ex­changed are vir­tu­al par­ti­cles. How­ev­er, when an elec­tron changes from one al­lowed or­bit to an­oth­er one near­er to the nu­cle­us, en­er­gy is re­leased and a re­al pho­ton is emit­ted - which can be ob­served as vis­ible light by the hu­man eye, if it has the right wave-​length, or by a pho­ton de­tec­tor such as pho­to­graph­ic film. Equal­ly, if a re­al pho­ton col­lides with an atom, it may move an elec­tron from an or­bit near­er the nu­cle­us to one far­ther away. This us­es up the en­er­gy of the pho­ton, so it is ab­sorbed.

      The third cat­ego­ry is called the weak nu­cle­ar force, which is re­spon­si­ble for ra­dioac­tiv­ity and which acts on all mat­ter par­ti­cles of spin-½, but not on par­ti­cles of spin 0, 1, or 2, such as pho­tons and gravi­tons. The weak nu­cle­ar force was not well un­der­stood un­til 1967, when Ab­dus Salam at Im­pe­ri­al Col­lege, Lon­don, and Steven Wein­berg at Har­vard both pro­posed the­ories that uni­fied this in­ter­ac­tion with the elec­tro­mag­net­ic force, just as Maxwell had uni­fied elec­tric­ity and mag­netism about a hun­dred years ear­li­er. They sug­gest­ed that in ad­di­tion to the pho­ton, there were three oth­er spin-1 par­ti­cles, known col­lec­tive­ly as mas­sive vec­tor bosons, that car­ried the weak force. These were called W+ (pro­nounced W plus), W- (pro­nounced W mi­nus), and Zº (pro­nounced Z naught), and each had a mass of around 100 GeV (GeV stands for gi­ga­elec­tron-​volt, or one thou­sand mil­lion elec­tron volts). The Wein­berg-​Salam the­ory ex­hibits a prop­er­ty known as spon­ta­neous sym­me­try break­ing. This means that what ap­pear to be a num­ber of com­plete­ly dif­fer­ent par­ti­cles at low en­er­gies are in fact found to be all the same type of par­ti­cle, on­ly in dif­fer­ent states. At high en­er­gies all these par­ti­cles be­have sim­ilar­ly. The ef­fect is rather like the be­hav­ior of a roulette ball on a roulette wheel. At high en­er­gies (when the wheel is spun quick­ly) the ball be­haves in es­sen­tial­ly on­ly one way - it rolls round and round. But as the wheel slows, the en­er­gy of the ball de­creas­es, and even­tu­al­ly the ball drops in­to one of the thir­ty-​sev­en slots in the wheel. In oth­er words, at low en­er­gies there are thir­ty-​sev­en dif­fer­ent states in which the ball can ex­ist. If, for some rea­son, we could on­ly ob­serve the ball at low en­er­gies, we would then think that there were thir­ty-​sev­en dif­fer­ent types of ball!

      In the Wein­berg-​Salam the­ory, at en­er­gies much greater than 100 GeV, the three new par­ti­cles and the pho­ton would all be­have in a sim­ilar man­ner. But at the low­er par­ti­cle en­er­gies that oc­cur in most nor­mal sit­ua­tions, this sym­me­try be­tween the par­ti­cles would be bro­ken. WE, W, and Zº would ac­quire large mass­es, mak­ing the forces they car­ry have a very short range. At the time that Salam and Wein­berg pro­posed their the­ory, few peo­ple be­lieved them, and par­ti­cle ac­cel­er­ators were not pow­er­ful enough to reach the en­er­gies of 100 GeV re­quired to pro­duce re­al W+, W-, or Zº par­ti­cles. How­ev­er, over the next ten years or so, the oth­er pre­dic­tions of the the­ory at low­er en­er­gies agreed so well with ex­per­iment that, in 1979, Salam and Wein­berg were award­ed the No­bel Prize for physics, to­geth­er with Shel­don Glashow, al­so at Har­vard, who had sug­gest­ed sim­ilar uni­fied the­ories of the elec­tro­mag­net­ic and weak nu­cle­ar forces. The No­bel com­mit­tee was spared the em­bar­rass­ment of hav­ing made a mis­take by the dis­cov­ery in 1983 at CERN (Eu­ro­pean Cen­tre for Nu­cle­ar Re­search) of the three mas­sive part­ners of the pho­ton, with the cor­rect pre­dict­ed mass­es and oth­er prop­er­ties. Car­lo Rub­bia, who led the team of sev­er­al hun­dred physi­cists that made the dis­cov­ery, re­ceived the No­bel Prize in 1984, along with Si­mon van der Meer, the CER­Nengi­neer who de­vel­oped the an­ti­mat­ter stor­age sys­tem em­ployed. (It is very dif­fi­cult to make a mark in ex­per­imen­tal physics these days un­less you are al­ready at the top! )

      The fourth cat­ego­ry is the strong nu­cle­ar force, which holds the quarks to­geth­er in the pro­ton and neu­tron, and holds the pro­tons and neu­trons to­geth­er in the nu­cle­us of an atom. It is be­lieved that this force is car­ried by an­oth­er spin-1 par­ti­cle, called the glu­on, which in­ter­acts on­ly with it­self and with the quarks. The strong nu­cle­ar force has a cu­ri­ous prop­er­ty called con­fine­ment: it al­ways binds par­ti­cles to­geth­er in­to com­bi­na­tions that have no col­or. One can­not have a sin­gle quark on its own be­cause it would have a col­or (red, green, or blue). In­stead, a red quark has to be joined to a green and a blue quark by a “string” of glu­ons (red + green + blue = white). Such a triplet con­sti­tutes a pro­ton or a neu­tron. An­oth­er pos­si­bil­ity is a pair con­sist­ing of a quark and an an­ti­quark (red + an­tired, or green + anti­green, or blue + an­tiblue = white). Such com­bi­na­tions make up the par­ti­cles known as mesons, which are un­sta­ble be­cause the quark and an­ti­quark can an­ni­hi­late each oth­er, pro­duc­ing elec­trons and oth­er par­ti­cles. Sim­ilar­ly, con­fine­ment pre­vents one hav­ing a sin­gle glu­on on its own, be­cause glu­ons al­so have col­or. In­stead, one has to have a col­lec­tion of glu­ons whose col­ors add up to white. Such a col­lec­tion forms an un­sta­ble par­ti­cle called a glue­ball.

      The fact that con­fine­ment pre­vents one from ob­serv­ing an iso­lat­ed quark or glu­on might seem to make the whole no­tion of quarks and glu­ons as par­ti­cles some­what meta­phys­ical. How­ev­er, there is an­oth­er prop­er­ty of the strong nu­cle­ar force, called asymp­tot­ic free­dom, that makes the con­cept of quarks and glu­ons well de­fined. At nor­mal en­er­gies, the strong nu­cle­ar force is in­deed strong, and it binds the quarks tight­ly to­geth­er. How­ev­er, ex­per­iments with large par­ti­cle ac­cel­er­ators in­di­cate that at high en­er­gies the strong force be­comes much weak­er, and the quarks and glu­ons be­have al­most like free par­ti­cles. Fig. 5.2 shows a pho­to­graph of a col­li­sion be­tween a high-​en­er­gy pro­ton and an­tipro­ton. The suc­cess of the uni­fi­ca­tion of the elec­tro­mag­net­ic and weak nu­cle­ar forces led to a num­ber of at­tempts to com­bine these two forces with the strong nu­cle­ar force in­to what is called a grand uni­fied the­ory (or GUT). This ti­tle is rather an ex­ag­ger­ation: the re­sul­tant the­ories are not all that grand, nor are they ful­ly uni­fied, as they do not in­clude grav­ity. Nor are they re­al­ly com­plete the­ories, be­cause they con­tain a num­ber of pa­ram­eters whose val­ues can­not be pre­dict­ed from the the­ory but have to be cho­sen to fit in with ex­per­iment. Nev­er­the­less, they may be a step to­ward a com­plete, ful­ly uni­fied the­ory. The ba­sic idea of GUTs is as fol­lows: as was men­tioned above, the strong nu­cle­ar force gets weak­er at high en­er­gies. On the oth­er hand, the elec­tro­mag­net­ic and weak forces, which are not asymp­tot­ical­ly free, get stronger at high en­er­gies. At some very high en­er­gy, called the grand uni­fi­ca­tion en­er­gy, these three forces would all have the same strength and so could just be dif­fer­ent as­pects of a sin­gle force. The GUTs al­so pre­dict that at this en­er­gy the dif­fer­ent spin-½ mat­ter par­ti­cles, like quarks and elec­trons, would al­so all be es­sen­tial­ly the same, thus achiev­ing an­oth­er uni­fi­ca­tion.

      The val­ue of the grand uni­fi­ca­tion en­er­gy is not very well known, but it would prob­ably have to be at least a thou­sand mil­lion mil­lion GeV. The present gen­er­ation of par­ti­cle ac­cel­er­ators can col­lide par­ti­cles at en­er­gies of about one hun­dred GeV, and ma­chines are planned that would raise this to a few thou­sand GeV. But a ma­chine that was pow­er­ful enough to ac­cel­er­ate par­ti­cles to the grand uni­fi­ca­tion en­er­gy would have to be as big as the So­lar Sys­tem - and would be un­like­ly to be fund­ed in the present eco­nom­ic cli­mate. Thus it is im­pos­si­ble to test grand uni­fied the­ories di­rect­ly in the lab­ora­to­ry. How­ev­er, just as in the case of the elec­tro­mag­net­ic and weak uni­fied the­ory, there are low-​en­er­gy con­se­quences of the the­ory that can be test­ed.

      The most in­ter­est­ing of these is the pre­dic­tion that pro­tons, which make up much of the mass of or­di­nary mat­ter, can spon­ta­neous­ly de­cay in­to lighter par­ti­cles such as anti­elec­trons. The rea­son this is pos­si­ble is that at the grand uni­fi­ca­tion en­er­gy there is no es­sen­tial dif­fer­ence be­tween a quark and an anti­elec­tron. The three quarks in­side a pro­ton nor­mal­ly do not have enough en­er­gy to change in­to anti­elec­trons, but very oc­ca­sion­al­ly one of them may ac­quire suf­fi­cient en­er­gy to make the tran­si­tion be­cause the un­cer­tain­ty prin­ci­ple means that the en­er­gy of the quarks in­side the pro­ton can­not be fixed ex­act­ly. The pro­ton would then de­cay. The prob­abil­ity of a quark gain­ing suf­fi­cient en­er­gy is so low that one is like­ly to have to wait at least a mil­lion mil­lion mil­lion mil­lion mil­lion years (1 fol­lowed by thir­ty ze­ros). This is much longer than the time since the big bang, which is a mere ten thou­sand mil­lion years or so (1 fol­lowed by ten ze­ros). Thus one might think that the pos­si­bil­ity of spon­ta­neous pro­ton de­cay could not be test­ed ex­per­imen­tal­ly. How­ev­er, one can in­crease one’s chances of de­tect­ing a de­cay by ob­serv­ing a large amount of mat­ter con­tain­ing a very large num­ber of pro­tons. (If, for ex­am­ple, one ob­served a num­ber of pro­tons equal to 1 fol­lowed by thir­ty-​one ze­ros for a pe­ri­od of one year, one would ex­pect, ac­cord­ing to the sim­plest GUT, to ob­serve more than one pro­ton de­cay.)

      A num­ber of such ex­per­iments have been car­ried out, but none have yield­ed def­inite ev­idence of pro­ton or neu­tron de­cay. One ex­per­iment used eight thou­sand tons of wa­ter and was per­formed in the Mor­ton Salt Mine in Ohio (to avoid oth­er events tak­ing place, caused by cos­mic rays, that might be con­fused with pro­ton de­cay). Since no spon­ta­neous pro­ton de­cay had been ob­served dur­ing the ex­per­iment, one can cal­cu­late that the prob­able life of the pro­ton must be greater than ten mil­lion mil­lion mil­lion mil­lion mil­lion years (1 with thir­ty-​one ze­ros). This is longer than the life­time pre­dict­ed by the sim­plest grand uni­fied the­ory, but there are more elab­orate the­ories in which the pre­dict­ed life­times are longer. Still more sen­si­tive ex­per­iments in­volv­ing even larg­er quan­ti­ties of mat­ter will be need­ed to test them.

      Even though it is very dif­fi­cult to ob­serve spon­ta­neous pro­ton de­cay, it may be that our very ex­is­tence is a con­se­quence of the re­verse pro­cess, the pro­duc­tion of pro­tons, or more sim­ply, of quarks, from an ini­tial sit­ua­tion in which there were no more quarks than an­ti­quarks, which is the most nat­ural way to imag­ine the uni­verse start­ing out. Mat­ter on the earth is made up main­ly of pro­tons and neu­trons, which in turn are made up of quarks. There are no an­tipro­tons or an­tineu­trons, made up from an­ti­quarks, ex­cept for a few that physi­cists pro­duce in large par­ti­cle ac­cel­er­ators. We have ev­idence from cos­mic rays that the same is true for all the mat­ter in our galaxy: there are no an­tipro­tons or an­tineu­trons apart from a small num­ber that are pro­duced as par­ti­cle/ an­tipar­ti­cle pairs in high-​en­er­gy col­li­sions. If there were large re­gions of an­ti­mat­ter in our galaxy, we would ex­pect to ob­serve large quan­ti­ties of ra­di­ation from the bor­ders be­tween the re­gions of mat­ter and an­ti­mat­ter, where many par­ti­cles would be col­lid­ing with their an­ti-​par­ti­cles, an­ni­hi­lat­ing each oth­er and giv­ing off high-​en­er­gy ra­di­ation.

      We have no di­rect ev­idence as to whether the mat­ter in oth­er galax­ies is made up of pro­tons and neu­trons or an­tipro­tons and an­ti-​neu­trons, but it must be one or the oth­er: there can­not be a mix­ture in a sin­gle galaxy be­cause in that case we would again ob­serve a lot of ra­di­ation from an­ni­hi­la­tions. We there­fore be­lieve that all galax­ies are com­posed of quarks rather than an­ti­quarks; it seems im­plau­si­ble that some galax­ies should be mat­ter and some an­ti­mat­ter.

      Why should there be so many more quarks than an­ti­quarks? Why are there not equal num­bers of each? It is cer­tain­ly for­tu­nate for us that the num­bers are un­equal be­cause, if they had been the same, near­ly all the quarks and an­ti­quarks would have an­ni­hi­lat­ed each oth­er in the ear­ly uni­verse and left a uni­verse filled with ra­di­ation but hard­ly any mat­ter. There would then have been no galax­ies, stars, or plan­ets on which hu­man life could have de­vel­oped. Luck­ily, grand uni­fied the­ories may pro­vide an ex­pla­na­tion of why the uni­verse should now con­tain more quarks than an­ti­quarks, even if it start­ed out with equal num­bers of each. As we have seen, GUTs al­low quarks to change in­to anti­elec­trons at high en­er­gy. They al­so al­low the re­verse pro­cess­es, an­ti­quarks turn­ing in­to elec­trons, and elec­trons and anti­elec­trons turn­ing in­to an­ti­quarks and quarks. There was a time in the very ear­ly uni­verse when it was so hot that the par­ti­cle en­er­gies would have been high enough for these trans­for­ma­tions to take place. But why should that lead to more quarks than an­ti­quarks? The rea­son is that the laws of physics are not quite the same for par­ti­cles and an­tipar­ti­cles.

      Up to 1956 it was be­lieved that the laws of physics obeyed each of three sep­arate sym­me­tries called C, P, and T. The sym­me­try C means that the laws are the same for par­ti­cles and an­tipar­ti­cles. The sym­me­try P means that the laws are the same for any sit­ua­tion and its mir­ror im­age (the mir­ror im­age of a par­ti­cle spin­ning in a right-​hand­ed di­rec­tion is one spin­ning in a left-​hand­ed di­rec­tion). The sym­me­try T means that if you re­verse the di­rec­tion of mo­tion of all par­ti­cles and an­tipar­ti­cles, the sys­tem should go back to what it was at ear­li­er times; in oth­er words, the laws are the same in the for­ward and back­ward di­rec­tions of time. In 1956 two Amer­ican physi­cists, Tsung-​Dao Lee and Chen Ning Yang, sug­gest­ed that the weak force does not in fact obey the sym­me­try P. In oth­er words, the weak force would make the uni­verse de­vel­op in a dif­fer­ent way from the way in which the mir­ror im­age of the uni­verse would de­vel­op. The same year, a col­league, Chien-​Shi­ung Wu, proved their pre­dic­tion cor­rect. She did this by lin­ing up the nu­clei of ra­dioac­tive atoms in a mag­net­ic field, so that they were all spin­ning in the same di­rec­tion, and showed that the elec­trons were giv­en off more in one di­rec­tion than an­oth­er. The fol­low­ing year, Lee and Yang re­ceived the No­bel Prize for their idea. It was al­so found that the weak force did not obey the sym­me­try C. That is, it would cause a uni­verse com­posed of an­tipar­ti­cles to be­have dif­fer­ent­ly from our uni­verse. Nev­er­the­less, it seemed that the weak force did obey the com­bined sym­me­try CP. That is, the uni­verse would de­vel­op in the same way as its mir­ror im­age if, in ad­di­tion, ev­ery par­ti­cle was swapped with its an­tipar­ti­cle! How­ev­er, in 1964 two more Amer­icans, J. W. Cronin and Val Fitch, dis­cov­ered that even the CP sym­me­try was not obeyed in the de­cay of cer­tain par­ti­cles called K-​mesons. Cronin and Fitch even­tu­al­ly re­ceived the No­bel Prize for their work in 1980. (A lot of prizes have been award­ed for show­ing that the uni­verse is not as sim­ple as we might have thought!)

      There is a math­emat­ical the­orem that says that any the­ory that obeys quan­tum me­chan­ics and rel­ativ­ity must al­ways obey the com­bined sym­me­try CPT. In oth­er words, the uni­verse would have to be­have the same if one re­placed par­ti­cles by an­tipar­ti­cles, took the mir­ror im­age, and al­so re­versed the di­rec­tion of time. But Cronin and Fitch showed that if one re­places par­ti­cles by an­tipar­ti­cles and takes the mir­ror im­age, but does not re­verse the di­rec­tion of time, then the uni­verse does not be­have the same. The laws of physics, there­fore, must change if one re­vers­es the di­rec­tion of time - they do not obey the sym­me­try T.

      Cer­tain­ly the ear­ly uni­verse does not obey the sym­me­try T: as time runs for­ward the uni­verse ex­pands - if it ran back­ward, the uni­verse would be con­tract­ing. And since there are forces that do not obey the sym­me­try T, it fol­lows that as the uni­verse ex­pands, these forces could cause more anti­elec­trons to turn in­to quarks than elec­trons in­to an­ti­quarks. Then, as the uni­verse ex­pand­ed and cooled, the an­ti­quarks would an­ni­hi­late with the quarks, but since there would be more quarks than an­ti­quarks, a small ex­cess of quarks would re­main. It is these that make up the mat­ter we see to­day and out of which we our­selves are made. Thus our very ex­is­tence could be re­gard­ed as a con­fir­ma­tion of grand uni­fied the­ories, though a qual­ita­tive one on­ly; the un­cer­tain­ties are such that one can­not pre­dict the num­bers of quarks that will be left af­ter the an­ni­hi­la­tion, or even whether it would be quarks or an­ti­quarks that would re­main. (Had it been an ex­cess of an­ti­quarks, how­ev­er, we would sim­ply have named an­ti­quarks quarks, and quarks an­ti­quarks.)

      Grand uni­fied the­ories do not in­clude the force of grav­ity. This does not mat­ter too much, be­cause grav­ity is such a weak force that its ef­fects can usu­al­ly be ne­glect­ed when we are deal­ing with el­emen­tary par­ti­cles or atoms. How­ev­er, the fact that it is both long range and al­ways at­trac­tive means that its ef­fects all add up. So for a suf­fi­cient­ly large num­ber of mat­ter par­ti­cles, grav­ita­tion­al forces can dom­inate over all oth­er forces. This is why it is grav­ity that de­ter­mines the evo­lu­tion of the uni­verse. Even for ob­jects the size of stars, the at­trac­tive force of grav­ity can win over all the oth­er forces and cause the star to col­lapse. My work in the 1970s fo­cused on the black holes that can re­sult from such stel­lar col­lapse and the in­tense grav­ita­tion­al fields around them. It was this that led to the first hints of how the the­ories of quan­tum me­chan­ics and gen­er­al rel­ativ­ity might af­fect each oth­er - a glimpse of the shape of a quan­tum the­ory of grav­ity yet to come.
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      CHAPTER 6

      BLACK HOLES

      The term black hole is of very re­cent ori­gin. It was coined in 1969 by the Amer­ican sci­en­tist John Wheel­er as a graph­ic de­scrip­tion of an idea that goes back at least two hun­dred years, to a time when there were two the­ories about light: one, which New­ton fa­vored, was that it was com­posed of par­ti­cles; the oth­er was that it was made of waves. We now know that re­al­ly both the­ories are cor­rect. By the wave/par­ti­cle du­al­ity of quan­tum me­chan­ics, light can be re­gard­ed as both a wave and a par­ti­cle. Un­der the the­ory that light is made up of waves, it was not clear how it would re­spond to grav­ity. But if light is com­posed of par­ti­cles, one might ex­pect them to be af­fect­ed by grav­ity in the same way that can­non­balls, rock­ets, and plan­ets are. At first peo­ple thought that par­ti­cles of light trav­eled in­finite­ly fast, so grav­ity would not have been able to slow them down, but the dis­cov­ery by Roe­mer that light trav­els at a fi­nite speed meant that grav­ity might have an im­por­tant ef­fect.

      On this as­sump­tion, a Cam­bridge don, John Michell, wrote a pa­per in 1783 in the Philo­soph­ical Trans­ac­tions of the Roy­al So­ci­ety of Lon­don in which he point­ed out that a star that was suf­fi­cient­ly mas­sive and com­pact would have such a strong grav­ita­tion­al field that light could not es­cape: any light emit­ted from the sur­face of the star would be dragged back by the star’s grav­ita­tion­al at­trac­tion be­fore it could get very far. Michell sug­gest­ed that there might be a large num­ber of stars like this. Al­though we would not be able to see them be­cause the light from them would not reach us, we would still feel their grav­ita­tion­al at­trac­tion. Such ob­jects are what we now call black holes, be­cause that is what they are: black voids in space. A sim­ilar sug­ges­tion was made a few years lat­er by the French sci­en­tist the Mar­quis de Laplace, ap­par­ent­ly in­de­pen­dent­ly of Michell. In­ter­est­ing­ly enough, Laplace in­clud­ed it in on­ly the first and sec­ond edi­tions of his book The Sys­tem of the World, and left it out of lat­er edi­tions; per­haps he de­cid­ed that it was a crazy idea. (Al­so, the par­ti­cle the­ory of light went out of fa­vor dur­ing the nine­teenth cen­tu­ry; it seemed that ev­ery­thing could be ex­plained by the wave the­ory, and ac­cord­ing to the wave the­ory, it was not clear that light would be af­fect­ed by grav­ity at all.)

      In fact, it is not re­al­ly con­sis­tent to treat light like can­non­balls in New­ton’s the­ory of grav­ity be­cause the speed of light is fixed. (A can­non­ball fired up­ward from the earth will be slowed down by grav­ity and will even­tu­al­ly stop and fall back; a pho­ton, how­ev­er, must con­tin­ue up­ward at a con­stant speed. How then can New­to­ni­an grav-​ity af­fect light?) A con­sis­tent the­ory of how grav­ity af­fects light did not come along un­til Ein­stein pro­posed gen­er­al rel­ativ­ity in 1915. And even then it was a long time be­fore the im­pli­ca­tions of the the­ory for mas­sive stars were un­der­stood.

      To un­der­stand how a black hole might be formed, we first need an un­der­stand­ing of the life cy­cle of a star. A star is formed when a large amount of gas (most­ly hy­dro­gen) starts to col­lapse in on it­self due to its grav­ita­tion­al at­trac­tion. As it con­tracts, the atoms of the gas col­lide with each oth­er more and more fre­quent­ly and at greater and greater speeds - the gas heats up. Even­tu­al­ly, the gas will be so hot that when the hy­dro­gen atoms col­lide they no longer bounce off each oth­er, but in­stead co­alesce to form he­li­um. The heat re­leased in this re­ac­tion, which is like a con­trolled hy­dro­gen bomb ex­plo­sion, is what makes the star shine. This ad­di­tion­al heat al­so in­creas­es the pres­sure of the gas un­til it is suf­fi­cient to bal­ance the grav­ita­tion­al at­trac­tion, and the gas stops con­tract­ing. It is a bit like a bal­loon - there is a bal­ance be­tween the pres­sure of the air in­side, which is try­ing to make the bal­loon ex­pand, and the ten­sion in the rub­ber, which is try­ing to make the bal­loon small­er. Stars will re­main sta­ble like this for a long time, with heat from the nu­cle­ar re­ac­tions bal­anc­ing the grav­ita­tion­al at­trac­tion. Even­tu­al­ly, how­ev­er, the star will run out of its hy­dro­gen and oth­er nu­cle­ar fu­els. Para­dox­ical­ly, the more fu­el a star starts off with, the soon­er it runs out. This is be­cause the more mas­sive the star is, the hot­ter it needs to be to bal­ance its grav­ita­tion­al at­trac­tion. And the hot­ter it is, the faster it will use up its fu­el. Our sun has prob­ably got enough fu­el for an­oth­er five thou­sand mil­lion years or so, but more mas­sive stars can use up their fu­el in as lit­tle as one hun­dred mil­lion years, much less than the age of the uni­verse. When a star runs out of fu­el, it starts to cool off and so to con­tract. What might hap­pen to it then was first un­der­stood on­ly at the end of the 1920s.

      In 1928 an In­di­an grad­uate stu­dent, Sub­rah­manyan Chan­drasekhar, set sail for Eng­land to study at Cam­bridge with the British as­tronomer Sir Arthur Ed­ding­ton, an ex­pert on gen­er­al rel­ativ­ity. (Ac­cord­ing to some ac­counts, a jour­nal­ist told Ed­ding­ton in the ear­ly 1920s that he had heard there were on­ly three peo­ple in the world who un­der­stood gen­er­al rel­ativ­ity. Ed­ding­ton paused, then replied, “I am try­ing to think who the third per­son is.”) Dur­ing his voy­age from In­dia, Chan­drasekhar worked out how big a star could be and still sup­port it­self against its own grav­ity af­ter it had used up all its fu­el. The idea was this: when the star be­comes small, the mat­ter par­ti­cles get very near each oth­er, and so ac­cord­ing to the Pauli ex­clu­sion prin­ci­ple, they must have very dif­fer­ent ve­loc­ities. This makes them move away from each oth­er and so tends to make the star ex­pand. A star can there­fore main­tain it­self at a con­stant ra­dius by a bal­ance be­tween the at­trac­tion of grav­ity and the re­pul­sion that aris­es from the ex­clu­sion prin­ci­ple, just as ear­li­er in its life grav­ity was bal­anced by the heat.

      Chan­drasekhar re­al­ized, how­ev­er, that there is a lim­it to the re­pul­sion that the ex­clu­sion prin­ci­ple can pro­vide. The the­ory of rel­ativ­ity lim­its the max­imum dif­fer­ence in the ve­loc­ities of the mat­ter par­ti­cles in the star to the speed of light. This means that when the star got suf­fi­cient­ly dense, the re­pul­sion caused by the ex­clu­sion prin­ci­ple would be less than the at­trac­tion of grav­ity. Chan­drasekhar cal­cu­lat­ed that a cold star of more than about one and a half times the mass of the sun would not be able to sup­port it­self against its own grav­ity. (This mass is now known as the Chan­drasekhar lim­it.) A sim­ilar dis­cov­ery was made about the same time by the Rus­sian sci­en­tist Lev Davi­dovich Lan­dau.

      This had se­ri­ous im­pli­ca­tions for the ul­ti­mate fate of mas­sive stars. If a star’s mass is less than the Chan­drasekhar lim­it, it can even­tu­al­ly stop con­tract­ing and set­tle down to a pos­si­ble fi­nal state as a “white dwarf” with a ra­dius of a few thou­sand miles and a den­si­ty of hun­dreds of tons per cu­bic inch. A white dwarf is sup­port­ed by the ex­clu­sion prin­ci­ple re­pul­sion be­tween the elec­trons in its mat­ter. We ob­serve a large num­ber of these white dwarf stars. One of the first to be dis­cov­ered is a star that is or­bit­ing around Sir­ius, the bright­est star in the night sky.

      Lan­dau point­ed out that there was an­oth­er pos­si­ble fi­nal state for a star, al­so with a lim­it­ing mass of about one or two times the mass of the sun but much small­er even than a white dwarf. These stars would be sup­port­ed by the ex­clu­sion prin­ci­ple re­pul­sion be­tween neu­trons and pro­tons, rather than be­tween elec­trons. They were there­fore called neu­tron stars. They would have a ra­dius of on­ly ten miles or so and a den­si­ty of hun­dreds of mil­lions of tons per cu­bic inch. At the time they were first pre­dict­ed, there was no way that neu­tron stars could be ob­served. They were not ac­tu­al­ly de­tect­ed un­til much lat­er.

      Stars with mass­es above the Chan­drasekhar lim­it, on the oth­er hand, have a big prob­lem when they come to the end of their fu­el. In some cas­es they may ex­plode or man­age to throw off enough mat­ter to re­duce their mass be­low the lim­it and so avoid catas­troph­ic grav­ita­tion­al col­lapse, but it was dif­fi­cult to be­lieve that this al­ways hap­pened, no mat­ter how big the star. How would it know that it had to lose weight? And even if ev­ery star man­aged to lose enough mass to avoid col­lapse, what would hap­pen if you added more mass to a white dwarf ‘or neu­tron star to take it over the lim­it? Would it col­lapse to in­fi­nite den­si­ty? Ed­ding­ton was shocked by that im­pli­ca­tion, and he re­fused to be­lieve Chan­drasekhar’s re­sult. Ed­ding­ton thought it was sim­ply not pos­si­ble that a star could col­lapse to a point. This was the view of most sci­en­tists: Ein­stein him­self wrote a pa­per in which he claimed that stars would not shrink to ze­ro size. The hos­til­ity of oth­er sci­en­tists, par­tic­ular­ly Ed­ding­ton, his for­mer teach­er and the lead­ing au­thor­ity on the struc­ture of stars, per­suad­ed Chan­drasekhar to aban­don this line of work and turn in­stead to oth­er prob­lems in as­tron­omy, such as the mo­tion of star clus­ters. How­ev­er, when he was award­ed the No­bel Prize in 1983, it was, at least in part, for his ear­ly work on the lim­it­ing mass of cold stars.

      Chan­drasekhar had shown that the ex­clu­sion prin­ci­ple could not halt the col­lapse of a star more mas­sive than the Chan­drasekhar lim­it, but the prob­lem of un­der­stand­ing what would hap­pen to such a star, ac­cord­ing to gen­er­al rel­ativ­ity, was first solved by a young Amer­ican, Robert Op­pen­heimer, in 1939. His re­sult, how­ev­er, sug­gest­ed that there would be no ob­ser­va­tion­al con­se­quences that could be de­tect­ed by the tele­scopes of the day. Then World War II in­ter­vened and Op­pen­heimer him­self be­came close­ly in­volved in the atom bomb project. Af­ter the war the prob­lem of grav­ita­tion­al col­lapse was large­ly for­got­ten as most sci­en­tists be­came caught up in what hap­pens on the scale of the atom and its nu­cle­us. In the 1960s, how­ev­er, in­ter­est in the large-​scale prob­lems of as­tron­omy and cos­mol­ogy was re­vived by a great in­crease in the num­ber and range of as­tro­nom­ical ob­ser­va­tions brought about by the ap­pli­ca­tion of mod­ern tech­nol­ogy. Op­pen­heimer’s work was then re­dis­cov­ered and ex­tend­ed by a num­ber of peo­ple.

      The pic­ture that we now have from Op­pen­heimer’s work is as fol­lows. The grav­ita­tion­al field of the star changes the paths of light rays in space-​time from what they would have been had the star not been present. The light cones, which in­di­cate the paths fol­lowed in space and time by flash­es of light emit­ted from their tips, are bent slight­ly in­ward near the sur­face of the star. This can be seen in the bend­ing of light from dis­tant stars ob­served dur­ing an eclipse of the sun. As the star con­tracts, the grav­ita­tion­al field at its sur­face gets stronger and the light cones get bent in­ward more. This makes it more dif­fi­cult for light from the star to es­cape, and the light ap­pears dim­mer and red­der to an ob­serv­er at a dis­tance. Even­tu­al­ly, when the star has shrunk to a cer­tain crit­ical ra­dius, the grav­ita­tion­al field at the sur­face be­comes so strong that the light cones are bent in­ward so much that light can no longer es­cape (Fig. 6.1). Ac­cord­ing to the the­ory of rel­ativ­ity, noth­ing can trav­el faster than light. Thus if light can­not es­cape, nei­ther can any­thing else; ev­ery­thing is dragged back by the grav­ita­tion­al field. So one has a set of events, a re­gion of space-​time, from which it is not pos­si­ble to es­cape to reach a dis­tant ob­serv­er. This re­gion is what we now call a black hole. Its bound­ary is called the event hori­zon and it co­in­cides with the paths of light rays that just fail to es­cape from the black hole.

      In or­der to un­der­stand what you would see if you were watch­ing a star col­lapse to form a black hole, one has to re­mem­ber that in the the­ory of rel­ativ­ity there is no ab­so­lute time. Each ob­serv­er has his own mea­sure of time. The time for some­one on a star will be dif­fer­ent from that for some­one at a dis­tance, be­cause of the grav­ita­tion­al field of the star. Sup­pose an in­trepid as­tro­naut on the sur­face of the col­laps­ing star, col­laps­ing in­ward with it, sent a sig­nal ev­ery sec­ond, ac­cord­ing to his watch, to his space­ship or­bit­ing about the star. At some time on his watch, say 11:00, the star would shrink be­low the crit­ical ra­dius at which the grav­ita­tion­al field be­comes so strong noth­ing can es­cape, and his sig­nals would no longer reach the space­ship. As 11:00 ap­proached his com­pan­ions watch­ing from the space­ship would find the in­ter­vals be­tween suc­ces­sive sig­nals from the as­tro­naut get­ting longer and longer, but this ef­fect would be very small be­fore 10:59:59. They would have to wait on­ly very slight­ly more than a sec­ond be­tween the as­tro­naut’s 10:59:58 sig­nal and the one that he sent when his watch read 10:59:59, but they would have to wait for­ev­er for the 11:00 sig­nal. The light waves emit­ted from the sur­face of the star be­tween 10:59:59 and 11:00, by the as­tro­naut’s watch, would be spread out over an in­fi­nite pe­ri­od of time, as seen from the space­ship. The time in­ter­val be­tween the ar­rival of suc­ces­sive waves at the space­ship would get longer and longer, so the light from the star would ap­pear 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 that would be left would be a black hole in space. The star would, how­ev­er, con­tin­ue to ex­ert the same grav­ita­tion­al force on the space­ship, which would con­tin­ue to or­bit the black hole. This sce­nario is not en­tire­ly re­al­is­tic, how­ev­er, be­cause of the fol­low­ing prob­lem. Grav­ity gets weak­er the far­ther you are from the star, so the grav­ita­tion­al force on our in­trepid as­tro­naut’s feet would al­ways be greater than the force on his head. This dif­fer­ence in the forces would stretch our as­tro­naut out like spaghet­ti or tear him apart be­fore the star had con­tract­ed to the crit­ical ra­dius at which the event hori­zon formed! How­ev­er, we be­lieve that there are much larg­er ob­jects in the uni­verse, like the cen­tral re­gions of galax­ies, that can al­so un­der­go grav­ita­tion­al col­lapse to pro­duce black holes; an as­tro­naut on one of these would not be torn apart be­fore the black hole formed. He would not, in fact, feel any­thing spe­cial as he reached the crit­ical ra­dius, and could pass the point of no re­turn with­out notic­ing it How­ev­er, with­in just a few hours, as the re­gion con­tin­ued to col­lapse, the dif­fer­ence in the grav­ita­tion­al forces on his head and his feet would be­come so strong that again it would tear him apart.

      The work that Roger Pen­rose and I did be­tween 1965 and 1970 showed that, ac­cord­ing to gen­er­al rel­ativ­ity, there must be a sin­gu­lar­ity of in­fi­nite den­si­ty and space-​time cur­va­ture with­in a black hole. This is rather like the big bang at the be­gin­ning of time, on­ly it would be an end of time for the col­laps­ing body and the as­tro­naut. At this sin­gu­lar­ity the laws of sci­ence and our abil­ity to pre­dict the fu­ture would break down. How­ev­er, any ob­serv­er who re­mained out­side the black hole would not be af­fect­ed by this fail­ure of pre­dictabil­ity, be­cause nei­ther light nor any oth­er sig­nal could reach him from the sin­gu­lar­ity. This re­mark­able fact led Roger Pen­rose to pro­pose the cos­mic cen­sor­ship hy­poth­esis, which might be para­phrased as “God ab­hors a naked sin­gu­lar­ity.” In oth­er words, the sin­gu­lar­ities pro­duced by grav­ita­tion­al col­lapse oc­cur on­ly in places, like black holes, where they are de­cent­ly hid­den from out­side view by an event hori­zon. Strict­ly, this is what is known as the weak cos­mic cen­sor­ship hy­poth­esis: it pro­tects ob­servers who re­main out­side the black hole from the con­se­quences of the break­down of pre­dictabil­ity that oc­curs at the sin­gu­lar­ity, but it does noth­ing at all for the poor un­for­tu­nate as­tro­naut who falls in­to the hole.

      There are some so­lu­tions of the equa­tions of gen­er­al rel­ativ­ity in which it is pos­si­ble for our as­tro­naut to see a naked sin­gu­lar­ity: he may be able to avoid hit­ting the sin­gu­lar­ity and in­stead fall through a “worm­hole” and come out in an­oth­er re­gion of the uni­verse. This would of­fer great pos­si­bil­ities for trav­el in space and time, but un­for­tu­nate­ly it seems that these so­lu­tions may all be high­ly un­sta­ble; the least dis­tur­bance, such as the pres­ence of an as­tro­naut, may change them so that the as­tro­naut could not see the sin­gu­lar­ity un­til he hit it and his time came to an end. In oth­er words, the sin­gu­lar­ity would al­ways lie in his fu­ture and nev­er in his past. The strong ver­sion of the cos­mic cen­sor­ship hy­poth­esis states that in a re­al­is­tic so­lu­tion, the sin­gu­lar­ities would al­ways lie ei­ther en­tire­ly in the fu­ture (like the sin­gu­lar­ities of grav­ita­tion­al col­lapse) or en­tire­ly in the past (like the , big bang). I strong­ly be­lieve in cos­mic cen­sor­ship so I bet Kip Thorne and John Preskill of Cal Tech that it would al­ways hold. I lost the bet on a tech­ni­cal­ity be­cause ex­am­ples were pro­duced of so­lu­tions with a sin­gu­lar­ity that was vis­ible from a long way away. So I had to pay up, which ac­cord­ing to the terms of the bet meant I had to clothe their

      naked­ness. But I can claim a moral vic­to­ry. The naked sin­gu­lar­ities were un­sta­ble: the least dis­tur­bance would cause them ei­ther to dis­ap­pear or to be hid­den be­hind an event hori­zon. So they would not oc­cur in re­al­is­tic sit­ua­tions.

      The event hori­zon, the bound­ary of the re­gion of space-​time from which it is not pos­si­ble to es­cape, acts rather like a one-​way mem­brane around the black hole: ob­jects, such as un­wary as­tro­nauts, can fall through the event hori­zon in­to the black hole, but noth­ing can ev­er get out of the black hole through the event hori­zon. (Re­mem­ber that the event hori­zon is the path in space-​time of light that is try­ing to es­cape from the black hole, and noth­ing can trav­el faster than light.) One could well say of the event hori­zon what the po­et Dante said of the en­trance to Hell: “All hope aban­don, ye who en­ter here.” Any­thing or any­one who falls through the event hori­zon will soon reach the re­gion of in­fi­nite den­si­ty and the end of time.

      Gen­er­al rel­ativ­ity pre­dicts that heavy ob­jects that are mov­ing will cause the emis­sion of grav­ita­tion­al waves, rip­ples in the cur­va­ture of space that trav­el at the speed of light. These are sim­ilar to light waves, which are rip­ples of the elec­tro­mag­net­ic field, but they are much hard­er to de­tect. They can be ob­served by the very slight change in sep­ara­tion they pro­duce be­tween neigh­bor­ing freely mov­ing ob­jects. A num­ber of de­tec­tors are be­ing built in the Unit­ed States, Eu­rope, and Japan that will mea­sure dis­place­ments of one part in a thou­sand mil­lion mil­lion mil­lion (1 with twen­ty-​one ze­ros af­ter it), or less than the nu­cle­us of an atom over a dis­tance of ten miles.

      Like light, grav­ita­tion­al waves car­ry en­er­gy away from the ob­jects that emit them. One would there­fore ex­pect a sys­tem of mas­sive ob­jects to set­tle down even­tu­al­ly to a sta­tion­ary state, be­cause the en­er­gy in any move­ment would be car­ried away by the emis­sion of grav­ita­tion­al waves. (It is rather like drop­ping a cork in­to wa­ter: at first it bobs up and down a great deal, but as the rip­ples car­ry away its en­er­gy, it even­tu­al­ly set­tles down to a sta­tion­ary state.) For ex­am­ple, the move­ment of the earth in its or­bit round the sun pro­duces grav­ita­tion­al waves. The ef­fect of the en­er­gy loss will be to change the or­bit of the earth so that grad­ual­ly it gets near­er and near­er to the sun, even­tu­al­ly col­lides with it, and set­tles down to a sta­tion­ary state. The rate of en­er­gy loss in the case of the earth and the sun is very low - about enough to run a small elec­tric heater. This means it will take about a thou­sand mil­lion mil­lion mil­lion mil­lion years for the earth to run in­to the sun, so there’s no im­me­di­ate cause for wor­ry! The change in the or­bit of the earth is too slow to be ob­served, but this same ef­fect has been ob­served over the past few years oc­cur­ring in the sys­tem called PSR 1913 + 16 (PSR stands for “pul­sar,” a spe­cial type of neu­tron star that emits reg­ular puls­es of ra­dio waves). This sys­tem con­tains two neu­tron stars or­bit­ing each oth­er, and the en­er­gy they are los­ing by the emis­sion of grav­ita­tion­al waves is caus­ing them to spi­ral in to­ward each oth­er. This con­fir­ma­tion of gen­er­al rel­ativ­ity won J. H. Tay­lor and R. A. Hulse the No­bel Prize in 1993. It will take about three hun­dred mil­lion . years for them to col­lide. Just be­fore they do, they will be or­bit­ing so fast that they will emit enough grav­ita­tion­al waves for de­tec­tors like LIGO to pick up.

      Dur­ing the grav­ita­tion­al col­lapse of a star to form a black hole, the move­ments would be much more rapid, so the rate at which en­er­gy is car­ried away would be much high­er. It would there­fore not be too long ‘ be­fore it set­tled down to a sta­tion­ary state. What would this fi­nal stage look like? One might sup­pose that it would de­pend on all the com­plex fea­tures of the star from which it had formed - not on­ly its mass and rate of ro­ta­tion, but al­so the dif­fer­ent den­si­ties of var­ious parts of the star, and the com­pli­cat­ed move­ments of the gas­es with­in the star. And if black holes were as var­ied as the ob­jects that col­lapsed to form them, it might be very dif­fi­cult to make any pre­dic­tions about black holes in gen­er­al.

      In 1967, how­ev­er, the study of black holes was rev­olu­tion­ized by Wern­er Is­rael, a Cana­di­an sci­en­tist (who was born in Berlin, brought up in South Africa, and took his doc­tor­al de­gree in Ire­land). Is­rael showed that, ac­cord­ing to gen­er­al rel­ativ­ity, non-​ro­tat­ing black holes must be very sim­ple; they were per­fect­ly spher­ical, their size de­pend­ed on­ly on their mass, and any two such black holes with the same mass were iden­ti­cal. They could, in fact, be de­scribed by a par­tic­ular so­lu­tion of Ein­stein’s equa­tions that had been known since 1917, found by Karl Schwarzschild short­ly af­ter the dis­cov­ery of gen­er­al rel­ativ­ity. At first many peo­ple, in­clud­ing Is­rael him­self, ar­gued that since black holes had to be per­fect­ly spher­ical, a black hole could on­ly form from the col­lapse of a per­fect­ly spher­ical ob­ject. Any re­al star - which would nev­er be per­fect­ly spher­ical - could there­fore on­ly col­lapse to form a naked sin­gu­lar­ity.

      There was, how­ev­er, a dif­fer­ent in­ter­pre­ta­tion of Is­rael’s re­sult, which was ad­vo­cat­ed by Roger Pen­rose and John Wheel­er in par­tic­ular. They ar­gued that the rapid move­ments in­volved in a star’s col­lapse would mean that the grav­ita­tion­al waves it gave off would make it ev­er more spher­ical, and by the time it had set­tled down to a sta­tion­ary state, it would be pre­cise­ly spher­ical. Ac­cord­ing to this view, any non-​ro­tat­ing star, how­ev­er com­pli­cat­ed its shape and in­ter­nal struc­ture, would end up af­ter grav­ita­tion­al col­lapse as a per­fect­ly spher­ical black hole, whose size would de­pend on­ly on its mass. Fur­ther cal­cu­la­tions sup­port­ed this view, and it soon came to be adopt­ed gen­er­al­ly.

      Is­rael’s re­sult dealt with the case of black holes formed from non-​ro­tat­ing bod­ies on­ly. In 1963, Roy Kerr, a New Zealan­der, found a set of so­lu­tions of the equa­tions of gen­er­al rel­ativ­ity that de­scribed ro­tat­ing black holes. These “Kerr” black holes ro­tate at a con­stant rate, their size and shape de­pend­ing on­ly on their mass and rate of ro­ta­tion. If the ro­ta­tion is ze­ro, the black hole is per­fect­ly round and the so­lu­tion is iden­ti­cal to the Schwarzschild so­lu­tion. If the ro­ta­tion is non-​ze­ro, the black hole bulges out­ward near its equa­tor (just as the earth or the sun bulge due to their ro­ta­tion), and the faster it ro­tates, the more it bulges. So, to ex­tend Is­rael’s re­sult to in­clude ro­tat­ing bod­ies, it was con­jec­tured that any ro­tat­ing body that col­lapsed to form a black hole would even­tu­al­ly set­tle down to a sta­tion­ary state de­scribed by the Kerr so­lu­tion. In 1970 a col­league and fel­low re­search stu­dent of mine at Cam­bridge, Bran­don Carter, took the first step to­ward prov­ing this con­jec­ture. He showed that, pro­vid­ed a sta­tion­ary ro­tat­ing black hole had an ax­is of sym­me­try, like a spin­ning top, its size and shape would de­pend on­ly on its mass and rate of ro­ta­tion. Then, in 1971, I proved that any sta­tion­ary ro­tat­ing black hole would in­deed have such an ax­is of sym­me­try. Fi­nal­ly, in 1973, David Robin­son at Kings Col­lege, Lon­don, used Carter’s and my re­sults to show that the con­jec­ture had been cor­rect: such a black hole had in­deed to be the Kerr so­lu­tion. So af­ter grav­ita­tion­al col­lapse a black hole must set­tle down in­to a state in which it could be ro­tat­ing, but not pul­sat­ing. More­over, its size and shape would de­pend on­ly on its mass and rate of ro­ta­tion, and not on the na­ture of the body that had col­lapsed to form it. This re­sult be­came known by the max­im: “A black hole has no hair.” The “no hair” the­orem is of great prac­ti­cal im­por­tance, be­cause it so great­ly re­stricts the pos­si­ble types of black holes. One can there­fore make de­tailed mod­els of ob­jects that might con­tain black holes and com­pare the pre­dic­tions of the mod­els with ob­ser­va­tions. It al­so means that a very large amount of in­for­ma­tion about the body that has col­lapsed must be lost when a black hole is formed, be­cause af­ter­ward all we can pos­si­bly mea­sure about the body is its mass and rate of ro­ta­tion. The sig­nif­icance of this will be seen in the next chap­ter.

      Black holes are one of on­ly a fair­ly small num­ber of cas­es in the his­to­ry of sci­ence in which a the­ory was de­vel­oped in great de­tail as a math­emat­ical mod­el be­fore there was any ev­idence from ob­ser­va­tions that it was cor­rect. In­deed, this used to be the main ar­gu­ment of op­po­nents of black holes: how could one be­lieve in ob­jects for which the on­ly ev­idence was cal­cu­la­tions based on the du­bi­ous the­ory of gen­er­al rel­ativ­ity? In 1963, how­ev­er, Maarten Schmidt, an as­tronomer at the Palo­mar Ob­ser­va­to­ry in Cal­ifor­nia, mea­sured the red shift of a faint star­like ob­ject in the di­rec­tion of the source of ra­dio waves called 3C273 (that is, source num­ber 273 in the third Cam­bridge cat­alogue of ra­dio sources). He found it was too large to be caused by a grav­ita­tion­al field: if it had been a grav­ita­tion­al red shift, the ob­ject would have to be so mas­sive and so near to us that it would dis­turb the or­bits of plan­ets in the So­lar Sys­tem. This sug­gest­ed that the red shift was in­stead caused by the ex­pan­sion of the uni­verse, which, in turn, meant that the ob­ject was a very long dis­tance away. And to be vis­ible at such a great dis­tance, the ob­ject must be very bright, must, in oth­er words, be emit­ting a huge amount of en­er­gy. The on­ly mech­anism that peo­ple could think of that would pro­duce such large quan­ti­ties of en­er­gy seemed to be the grav­ita­tion­al col­lapse not just of a star but of a whole cen­tral re­gion of a galaxy. A num­ber of oth­er sim­ilar “quasi-​stel­lar ob­jects,” or quasars, have been dis­cov­ered, all with large red shifts. But they are all too far away and there­fore too dif­fi­cult to ob­serve to pro­vide con­clu­sive ev­idence of black holes.

      Fur­ther en­cour­age­ment for the ex­is­tence of black holes came in 1967 with the dis­cov­ery by a re­search stu­dent at Cam­bridge, Jo­ce­lyn Bell-​Bur­nell, of ob­jects in the sky that were emit­ting reg­ular puls­es of ra­dio waves. At first Bell and her su­per­vi­sor, Antony Hewish, thought they might have made con­tact with an alien civ­iliza­tion in the galaxy! In­deed, at the sem­inar at which they an­nounced their dis­cov­ery, I re­mem­ber that they called the first four sources to be found LGM 1 - 4, LGM stand­ing for “Lit­tle Green Men.” In the end, how­ev­er, they and ev­ery­one else came to the less ro­man­tic con­clu­sion that these ob­jects, which were giv­en the name pul­sars, were in fact ro­tat­ing neu­tron stars that were emit­ting puls­es of ra­dio waves be­cause of a com­pli­cat­ed in­ter­ac­tion be­tween their mag­net­ic fields and sur­round­ing mat­ter. This was bad news for writ­ers of space west­erns, but very hope­ful for the small num­ber of us who be­lieved in black holes at that time: it was the first pos­itive ev­idence that neu­tron stars ex­ist­ed. A neu­tron star has a ra­dius of about ten miles, on­ly a few times the crit­ical ra­dius at which a star be­comes a black hole. If a star could col­lapse to such a small size, it is not un­rea­son­able to ex­pect that oth­er stars could col­lapse to even small­er size and be­come black holes.

      How could we hope to de­tect a black hole, as by its very def­ini­tion it does not emit any light? It might seem a bit like look­ing for a black cat in a coal cel­lar. For­tu­nate­ly, there is a way. As John Michell point­ed out in his pi­oneer­ing pa­per in 1783, a black hole still ex­erts a grav­ita­tion­al fierce on near­by ob­jects. As­tronomers have ob­served many sys­tems in which two stars or­bit around each oth­er, at­tract­ed to­ward each oth­er by grav­ity. They al­so ob­serve sys­tems in which there is on­ly one vis­ible star that is or­bit­ing around some un­seen com­pan­ion. One can­not, of course, im­me­di­ate­ly con­clude that the com­pan­ion is a black hole: it might mere­ly be a star that is too faint to be seen. How­ev­er, some of these sys­tems, like the one called Cygnus X-1 (Fig. 6.2), are al­so strong sources of X-​rays. The best ex­pla­na­tion for this phe­nomenon is that mat­ter has been blown off the sur­face of the vis­ible star. As it falls to­ward the un­seen com­pan­ion, it de­vel­ops a spi­ral mo­tion (rather like wa­ter run­ning out of a bath), and it gets very hot, emit­ting X-​rays (Fig. 63). For this mech­anism to work, the un­seen ob­ject has to be very small, like a white dwarf, neu­tron star, or black hole. From the ob­served or­bit of the vis­ible star, one can de­ter­mine the low­est pos­si­ble mass of the un­seen ob­ject. In the case of Cygnus X-l, this is about six times the mass of the sun, which, ac­cord­ing to Chan­drasekhar’r re­sult, is too great for the un­seen ob­ject to be a white dwarf. It is al­so too large a mass to be a neu­tron star. It seems, there­fore, that it must be a black hole.

      There are oth­er mod­els to ex­plain Cygnus X-1 that do not in­clude a black hole, but they are all rather far-​fetched. A black hole seems to be the on­ly re­al­ly nat­ural ex­pla­na­tion of the ob­ser­va­tions. De­spite this, I had a bet with Kip Thorne of the Cal­ifor­nia In­sti­tute of Tech­nol­ogy that in fact Cygnus X-1 does not con­tain a black hole! This was a form f in­sur­ance pol­icy for me. I have done a lot of work on black holes, and it would all be wast­ed if it turned out that black holes do not ex­ist. But in that case, I would have the con­so­la­tion of win­ning my bet, which would bring me four years of the mag­azine Pri­vate Eye. In fact, al­though the sit­ua­tion with Cygnus X-1 has not changed much since we made the bet in 1975, there is now so much oth­er ob­ser­va­tion­al ev­idence in fa­vor of black holes that I have con­ced­ed the bet. I paid the spec­ified penal­ty, which was a one-​year sub­scrip­tion to Pent­house, to the out­rage of Kip’s lib­er­at­ed wife.

      We al­so now have ev­idence for sev­er­al oth­er black holes in sys­tems like Cygnus X-1 in our galaxy and in two neigh­bor­ing galax­ies called the Mag­el­lan­ic Clouds. The num­ber of black holes, how­ev­er, is al­most cer­tain­ly very much high­er; in the long his­to­ry of the uni­verse, many stars must have burned all their nu­cle­ar fu­el and have had to col­lapse. The num­ber of black holes may well be greater even than the num­ber of vis­ible stars, which to­tals about a hun­dred thou­sand mil­lion in our galaxy alone. The ex­tra grav­ita­tion­al at­trac­tion of such a large num­ber of black holes could ex­plain why our galaxy ro­tates at the rate it does: the mass of the vis­ible stars is in­suf­fi­cient to ac­count for this. We al­so have some ev­idence that there is a much larg­er black hole, with a mass of about a hun­dred thou­sand times that of the sun, at the cen­ter of our galaxy. Stars in the galaxy that come too near this black hole will be torn apart by the dif­fer­ence in the grav­ita­tion­al forces on their near and far sides. Their re­mains and gas that is thrown off oth­er stars, will fall to­ward the black hole. As in the case of Cygnus X-l, the gas will spi­ral in­ward and will heat up, though not as much as in that case. It will not get hot enough to emit X rays, but it could ac­count for the very com­pact source of ra­dio waves and in­frared rays that is ob­served at the galac­tic cen­ter.

      It is thought that sim­ilar but even larg­er black holes, with mass­es of about a hun­dred mil­lion times the mass of the sun, oc­cur at the cen­ters of quasars. For ex­am­ple, ob­ser­va­tions with the Hub­ble tele­scope of the galaxy known as M87 re­veal that it con­tains a disk of gas 130 light-​years across ro­tat­ing about a cen­tral ob­ject two thou­sand mil­lion times the mass of the sun. This can on­ly be a black hole. Mat­ter falling in­to such a su­per­mas­sive black hole would pro­vide the on­ly source of pow­er great enough to ex­plain the enor­mous amounts of en­er­gy that these ob­jects are emit­ting. As the mat­ter spi­rals in­to the black hole, it would make the black hole ro­tate in the same di­rec­tion, caus­ing it to de­vel­op a mag­net­ic field rather like that of the earth. Very high-​en­er­gy par­ti­cles would be gen­er­at­ed near the black hole by the in-​falling mat­ter. The mag­net­ic field would be so strong that it could fo­cus these par­ti­cles in­to jets eject­ed out­ward along the ax­is of ro­ta­tion of the black hole, that is, in the di­rec­tions of its north and south poles. Such jets are in­deed ob­served in a num­ber of galax­ies and quasars. One can al­so con­sid­er the pos­si­bil­ity that there might be black holes with mass­es much less than that of the sun. Such black holes could not be formed by grav­ita­tion­al col­lapse, be­cause their mass­es are be­low the Chan­drasekhar mass lim­it: stars of this low mass can sup­port them­selves against the force of grav­ity even when they have ex­haust­ed their nu­cle­ar fu­el. Low-​mass black holes could form on­ly if mat­ter was com­pressed to enor­mous den­si­ties by very large ex­ter­nal pres­sures. Such con­di­tions could oc­cur in a very big hy­dro­gen bomb: the physi­cist John Wheel­er once cal­cu­lat­ed that if one took all the heavy wa­ter in all the oceans of the world, one could build a hy­dro­gen bomb that would com­press mat­ter at the cen­ter so much that a black hole would be cre­at­ed. (Of course, 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 very ear­ly uni­verse. Black holes would have been formed on­ly if the ear­ly uni­verse had not been per­fect­ly smooth and uni­form, be­cause on­ly a small re­gion that was denser than av­er­age could be com­pressed in this way to form a black hole. But we know that there must have been some ir­reg­ular­ities, be­cause oth­er­wise the mat­ter in the uni­verse would still be per­fect­ly uni­form­ly dis­tribut­ed at the present epoch, in­stead of be­ing clumped to­geth­er in stars and galax­ies.

      Whether the ir­reg­ular­ities re­quired to ac­count for stars and galax­ies would have led to the for­ma­tion of a sig­nif­icant num­ber of “pri­mor­dial” black holes clear­ly de­pends on the de­tails of the con­di­tions in the ear­ly uni­verse. So if we could de­ter­mine how many pri­mor­dial black holes there are now, we would learn a lot about the very ear­ly stages of the uni­verse. Pri­mor­dial black holes with mass­es more than a thou­sand mil­lion tons (the mass of a large moun­tain) could be de­tect­ed on­ly by their grav­ita­tion­al in­flu­ence on oth­er, vis­ible mat­ter or on the ex­pan­sion of the uni­verse. How­ev­er, as we shall learn in the next chap­ter, black holes are not re­al­ly black af­ter all: they glow like a hot body, and the small­er they are, the more they glow. So, para­dox­ical­ly, small­er black holes might ac­tu­al­ly turn out to be eas­ier to de­tect than large ones!
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      CHAPTER 7

      BLACK HOLES AIN’T SO BLACK

      Be­fore 1970, my re­search on gen­er­al rel­ativ­ity had con­cen­trat­ed main­ly on the ques­tion of whether or not there had been a big bang sin­gu­lar­ity. How­ev­er, one evening in Novem­ber 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 makes this rather a slow pro­cess, so I had plen­ty of time. At that date there was no pre­cise def­ini­tion of which points in space-​time lay in­side a black hole and which lay out­side. I had al­ready dis­cussed with Roger Pen­rose the idea of defin­ing a black hole as the set of events from which it was not pos­si­ble to es­cape to a large dis­tance, which is now the gen­er­al­ly ac­cept­ed def­ini­tion. It means that the bound­ary of the black hole, the event hori­zon, is formed by the light rays that just fail to es­cape from the black hole, hov­er­ing for­ev­er just on the edge (Fig. 7.1). It is a bit like run­ning away from the po­lice and just man­ag­ing to keep one step ahead but not be­ing able to get clear away!

      Sud­den­ly I re­al­ized that the paths of these light rays could nev­er ap­proach one an­oth­er. If they did they must even­tu­al­ly run in­to one an­oth­er. It would be like meet­ing some­one else run­ning away from the po­lice in the op­po­site di­rec­tion - you would both be caught! (Or, in this case, fall in­to a black hole.) But if these light rays were swal­lowed up by the black hole, then they could not have been on the bound­ary of the black hole. So the paths of light rays in the event hori­zon had al­ways to be mov­ing par­al­lel to, or away from, each oth­er. An­oth­er way of see­ing this is that the event hori­zon, the bound­ary of the black hole, is like the edge of a shad­ow - the shad­ow of im­pend­ing doom. If you look at the shad­ow cast by a source at a great dis­tance, such as the sun, you will see that the rays of light in the edge are not ap­proach­ing each oth­er.

      If the rays of light that form the event hori­zon, the bound­ary of the black hole, can nev­er ap­proach each oth­er, the area of the event hori­zon might stay the same or in­crease with time, but it could nev­er de­crease be­cause that would mean that at least some of the rays of light in the bound­ary would have to be ap­proach­ing each oth­er. In fact, the area would in­crease when­ev­er mat­ter or ra­di­ation fell in­to the black hole (Fig. 7.2). Or if two black holes col­lid­ed and merged to­geth­er to form a sin­gle black hole, the area of the event hori­zon of the fi­nal black hole would be greater than or equal to the sum of the ar­eas of the event hori­zons of the orig­inal black holes (Fig. 7.3). This non­de­creas­ing prop­er­ty of the event hori­zon’s area placed an im­por­tant re­stric­tion on the pos­si­ble be­hav­ior of black holes. I was so ex­cit­ed with my dis­cov­ery that I did not get much sleep that night. The next day I rang up Roger Pen­rose. He agreed with me. I think, in fact, that he had been aware of this prop­er­ty of the area. How­ev­er, he had been us­ing a slight­ly dif­fer­ent def­ini­tion of a black hole. He had not re­al­ized that the bound­aries of the black hole ac­cord­ing to the two def­ini­tions would be the same, and hence so would their ar­eas, pro­vid­ed the black hole had set­tled down to a state in which it was not chang­ing with time.

      The non­de­creas­ing be­hav­ior of a black hole’s area was very rem­inis­cent of the be­hav­ior of a phys­ical quan­ti­ty called en­tropy, which mea­sures the de­gree of dis­or­der of a sys­tem. It is a mat­ter of com­mon ex­pe­ri­ence that dis­or­der will tend to in­crease if things are left to them­selves. (One has on­ly to stop mak­ing re­pairs around the house to see that!) One can cre­ate or­der out of dis­or­der (for ex­am­ple, one can paint the house), but that re­quires ex­pen­di­ture of ef­fort or en­er­gy and so de­creas­es the amount of or­dered en­er­gy avail­able.

      A pre­cise state­ment of this idea is known as the sec­ond law of ther­mo­dy­nam­ics. It states that the en­tropy of an iso­lat­ed sys­tem al­ways in­creas­es, and that when two sys­tems are joined to­geth­er, the en­tropy of the com­bined sys­tem is greater than the sum of the en­tropies of the in­di­vid­ual sys­tems. For ex­am­ple, con­sid­er a sys­tem of gas molecules in a box. The molecules can be thought of as lit­tle bil­liard balls con­tin­ual­ly col­lid­ing with each oth­er and bounc­ing off the walls of the box. The high­er the tem­per­ature of the gas, the faster the molecules move, and so the more fre­quent­ly and hard­er they col­lide with the walls of the box and the greater the out­ward pres­sure they ex­ert on the walls. Sup­pose that ini­tial­ly the molecules are all con­fined to the left-​hand side of the box by a par­ti­tion. If the par­ti­tion is then re­moved, the molecules will tend to spread out and oc­cu­py both halves of the box. At some lat­er time they could, by chance, all be in the right half or back in the left half, but it is over­whelm­ing­ly more prob­able that there will be rough­ly equal num­bers in the two halves. Such a state is less or­dered, or more dis­or­dered, than the orig­inal state in which all the molecules were in one half. One there­fore says that the en­tropy of the gas has gone up. Sim­ilar­ly, sup­pose one starts with two box­es, one con­tain­ing oxy­gen molecules and the oth­er con­tain­ing ni­tro­gen molecules. If one joins the box­es to­geth­er and re­moves the in­ter­ven­ing wall, the oxy­gen and the ni­tro­gen molecules will start to mix. At a lat­er time the most prob­able state would be a fair­ly uni­form mix­ture of oxy­gen and ni­tro­gen molecules through­out the two box­es. This state would be less or­dered, and hence have more en­tropy, than the ini­tial state of two sep­arate box­es.

      The sec­ond law of ther­mo­dy­nam­ics has a rather dif­fer­ent sta­tus than that of oth­er laws of sci­ence, such as New­ton’s law of grav­ity, for ex­am­ple, be­cause it does not hold al­ways, just in the vast ma­jor­ity of cas­es. The prob­abil­ity of all the gas molecules in our first box

      found in one half of the box at a lat­er time is many mil­lions of mil­lions to one, but it can hap­pen. How­ev­er, if one has a black hole around there seems to be a rather eas­ier way of vi­olat­ing the sec­ond law: just throw some mat­ter with a lot of en­tropy such as a box of gas, down the black hole. The to­tal en­tropy of mat­ter out­side the black hole would go down. One could, of course, still say that the to­tal en­tropy, in­clud­ing the en­tropy in­side the black hole, has not gone down - but since there is no way to look in­side the black hole, we can­not see how much en­tropy the mat­ter in­side it has. It would be nice, then, if there was some fea­ture of the black hole by which ob­servers out­side the black

      hole could tell its en­tropy, and which would in­crease when­ev­er mat­ter car­ry­ing en­tropy fell in­to the black hole. Fol­low­ing the dis­cov­ery, de­scribed above, that the area of the event hori­zon in­creased when­ev­er mat­ter fell in­to a black hole, a re­search stu­dent at Prince­ton named Ja­cob Beken­stein sug­gest­ed that the area of the event hori­zon was a mea­sure of the en­tropy of the black hole. As mat­ter car­ry­ing en­tropy fell in­to a black hole, the area of its event hori­zon would go up, so that the sum of the en­tropy of mat­ter out­side black holes and the area of the hori­zons would nev­er go down.

      This sug­ges­tion seemed to pre­vent the sec­ond law of ther­mo­dy­nam­ics from be­ing vi­olat­ed in most sit­ua­tions. How­ev­er, there was one fa­tal flaw. If a black hole has en­tropy, then it ought to al­so have a tem­per­ature. But a body with a par­tic­ular tem­per­ature must emit ra­di­ation at a cer­tain rate. It is a mat­ter of com­mon ex­pe­ri­ence that if one heats up a pok­er in a fire it glows red hot and emits ra­di­ation, but bod­ies at low­er tem­per­atures emit ra­di­ation too; one just does not nor­mal­ly no­tice it be­cause the amount is fair­ly small. This ra­di­ation is re­quired in or­der to pre­vent vi­ola­tion of the sec­ond law. So black holes ought to emit ra­di­ation. But by their very def­ini­tion, black holes are ob­jects that are not sup­posed to emit any­thing. It there­fore seemed that the area of the event hori­zon of a black hole could not be re­gard­ed as its en­tropy. In 1972 I wrote a pa­per with Bran­don Carter and an Amer­ican col­league, Jim Bardeen, in which we point­ed out that al­though there were many sim­ilar­ities be­tween en­tropy and the area of the event hori­zon, there was this ap­par­ent­ly fa­tal dif­fi­cul­ty. I must ad­mit that in writ­ing this pa­per I was mo­ti­vat­ed part­ly by ir­ri­ta­tion with Beken­stein, who, I felt, had mis­used my dis­cov­ery of the in­crease of the area of the event hori­zon. How­ev­er, it turned out in the end that he was ba­si­cal­ly cor­rect, though in a man­ner he had cer­tain­ly not ex­pect­ed.

      In Septem­ber 1973, while I was vis­it­ing Moscow, I dis­cussed black holes with two lead­ing So­vi­et ex­perts, Yakov Zel­dovich and Alexan­der Starobin­sky. They con­vinced me that, ac­cord­ing to the quan­tum me­chan­ical un­cer­tain­ty prin­ci­ple, ro­tat­ing black holes should cre­ate and emit par­ti­cles. I be­lieved their ar­gu­ments on phys­ical grounds, but I did not like the math­emat­ical way in which they cal­cu­lat­ed the emis­sion. I there­fore set about de­vis­ing a bet­ter math­emat­ical treat­ment, which I de­scribed at an in­for­mal sem­inar in Ox­ford at the end of Novem­ber 1973. At that time I had not done the cal­cu­la­tions to find out how much would ac­tu­al­ly be emit­ted. I was ex­pect­ing to dis­cov­er just the ra­di­ation that Zel­dovich and Starobin­sky had pre­dict­ed from ro­tat­ing black holes. How­ev­er, when I did the cal­cu­la­tion, I found, to my sur­prise and an­noy­ance, that even non-​ro­tat­ing black holes should ap­par­ent­ly cre­ate and emit par­ti­cles at a steady rate. At first I thought that this emis­sion in­di­cat­ed that one of the ap­prox­ima­tions I had used was not valid. I was afraid that if Beken­stein found out about it, he would use it as a fur­ther ar­gu­ment to sup­port his ideas about the en­tropy of black holes, which I still did not like. How­ev­er, the more I thought about it, the more it seemed that the ap­prox­ima­tions re­al­ly ought to hold. But what fi­nal­ly con­vinced me that the emis­sion was re­al was that the spec­trum of the emit­ted par­ti­cles was ex­act­ly that which would be emit­ted by a hot body, and that the black hole was emit­ting par­ti­cles at ex­act­ly the cor­rect rate to pre­vent vi­ola­tions of the sec­ond law. Since then the cal­cu­la­tions have been re­peat­ed in a num­ber of dif­fer­ent forms by oth­er peo­ple. They all con­firm that a black hole ought to emit par­ti­cles and ra­di­ation as if it were a hot body with a tem­per­ature that de­pends on­ly on the black hole’s mass: the high­er the mass, the low­er the tem­per­ature.

      How is it pos­si­ble that a black hole ap­pears to emit par­ti­cles when we know that noth­ing can es­cape from with­in its event hori­zon? The an­swer, quan­tum the­ory tells us, is that the par­ti­cles do not come from with­in the black hole, but from the “emp­ty” space just out­side the black hole’s event hori­zon! We can un­der­stand this in the fol­low­ing way: what we think of as “emp­ty” space can­not be com­plete­ly emp­ty be­cause that would mean that all the fields, such as the grav­ita­tion­al and elec­tro­mag­net­ic fields, would have to be ex­act­ly ze­ro. How­ev­er, the val­ue of a field and its rate of change with time are like the po­si­tion and ve­loc­ity of a par­ti­cle: the un­cer­tain­ty prin­ci­ple im­plies that the more ac­cu­rate­ly one knows one of these quan­ti­ties, the less ac­cu­rate­ly one can know the oth­er. So in emp­ty space the field can­not be fixed at ex­act­ly ze­ro, be­cause then it would have both a pre­cise val­ue (ze­ro) and a pre­cise rate of change (al­so ze­ro). There must be a cer­tain min­imum amount of un­cer­tain­ty, or quan­tum fluc­tu­ations, in the val­ue of the field. One can think of these fluc­tu­ations as pairs of par­ti­cles of light or grav­ity that ap­pear to­geth­er at some time, move apart, and then come to­geth­er again and an­ni­hi­late each oth­er. These par­ti­cles are vir­tu­al par­ti­cles like the par­ti­cles that car­ry the grav­ita­tion­al force of the sun: un­like re­al par­ti­cles, they can­not be ob­served di­rect­ly with a par­ti­cle de­tec­tor. How­ev­er, their in­di­rect ef­fects, such as small changes in the en­er­gy of elec­tron or­bits in atoms, can be mea­sured and agree with the the­oret­ical pre­dic­tions to a re­mark­able de­gree of ac­cu­ra­cy. The un­cer­tain­ty prin­ci­ple al­so pre­dicts that there will be sim­ilar vir­tu­al pairs of mat­ter par­ti­cles, such as elec­trons or quarks. In this case, how­ev­er, one mem­ber of the pair will be a par­ti­cle and the oth­er an an­tipar­ti­cle (the an­tipar­ti­cles of light and grav­ity are the same as the par­ti­cles).

      Be­cause en­er­gy can­not be cre­at­ed out of noth­ing, one of the part­ners in a par­ti­cle/an­tipar­ti­cle pair will have pos­itive en­er­gy, and the oth­er part­ner neg­ative en­er­gy. The one with neg­ative en­er­gy is con­demned to be a short-​lived vir­tu­al par­ti­cle be­cause re­al par­ti­cles al­ways have pos­itive en­er­gy in nor­mal sit­ua­tions. It must there­fore seek out its part­ner and an­ni­hi­late with it. How­ev­er, a re­al par­ti­cle close to a mas­sive body has less en­er­gy than if it were far away, be­cause it would take en­er­gy to lift it far away against the grav­ita­tion­al at­trac­tion of the body. Nor­mal­ly, the en­er­gy of the par­ti­cle is still pos­itive, but the grav­ita­tion­al field in­side a black hole is so strong that even a re­al par­ti­cle can have neg­ative en­er­gy there. It is there­fore pos­si­ble, if a black hole is present, for the vir­tu­al par­ti­cle with neg­ative en­er­gy to fall in­to the black hole and be­come a re­al par­ti­cle or an­tipar­ti­cle. In this case it no longer has to an­ni­hi­late with its part­ner. Its for­sak­en part­ner may fall in­to the black hole as well. Or, hav­ing pos­itive en­er­gy, it might al­so es­cape from the vicin­ity of the black hole as a re­al par­ti­cle or an­tipar­ti­cle (Fig. 7.4). To an ob­serv­er at a dis­tance, it will ap­pear to have been emit­ted from the black hole. The small­er the black hole, the short­er the dis­tance the par­ti­cle with neg­ative en­er­gy will have to go be­fore it be­comes a re­al par­ti­cle, and thus the greater the rate of emis­sion, and the ap­par­ent tem­per­ature, of the black hole.

      The pos­itive en­er­gy of the out­go­ing ra­di­ation would be bal­anced by a flow of neg­ative en­er­gy par­ti­cles in­to the black hole. By Ein­stein’s equa­tion E = mc2 (where E is en­er­gy, m is mass, and c is the speed of light), en­er­gy is pro­por­tion­al to mass. A flow of neg­ative en­er­gy in­to the black hole there­fore re­duces its mass. As the black hole los­es mass, the area of its event hori­zon gets small­er, but this de­crease in the en­tropy of the black hole is more than com­pen­sat­ed for by the en­tropy of the emit­ted ra­di­ation, so the sec­ond law is nev­er vi­olat­ed.

      More­over, the low­er the mass of the black hole, the high­er its tem­per­ature. So as the black hole los­es mass, its tem­per­ature and rate of emis­sion in­crease, so it los­es mass more quick­ly. What hap­pens when the mass of the black hole even­tu­al­ly be­comes ex­treme­ly small is not quite clear, but the most rea­son­able guess is that it would dis­ap­pear com­plete­ly in a tremen­dous fi­nal burst of emis­sion, equiv­alent to the ex­plo­sion of mil­lions of H-​bombs.

      A black hole with a mass a few times that of the sun would have a tem­per­ature of on­ly one ten mil­lionth of a de­gree above ab­so­lute ze­ro. This is much less than the tem­per­ature of the mi­crowave ra­di­ation that fills the uni­verse (about 2.7º above ab­so­lute ze­ro), so such black holes would emit even less than they ab­sorb. If the uni­verse is des­tined to go on ex­pand­ing for­ev­er, the tem­per­ature of the mi­crowave ra­di­ation will even­tu­al­ly de­crease to less than that of such a black hole, which will then be­gin to lose mass. But, even then, its tem­per­ature would be so low that it would take about a mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion years (1 with six­ty-​six ze­ros af­ter it) to evap­orate com­plete­ly. This is much longer than the age of the uni­verse, which is on­ly about ten or twen­ty thou­sand mil­lion years (1 or 2 with ten ze­ros af­ter it). On the oth­er hand, as men­tioned in Chap­ter 6, there might be pri­mor­dial black holes with a very much small­er mass that were made by the col­lapse of ir­reg­ular­ities in the very ear­ly stages of the uni­verse. Such black holes would have a much high­er tem­per­ature and would be emit­ting ra­di­ation at a much greater rate. A pri­mor­dial black hole with an ini­tial mass of a thou­sand mil­lion tons would have a life­time rough­ly equal to the age of the uni­verse. Pri­mor­dial black holes with ini­tial mass­es less than this fig­ure would al­ready have com­plete­ly evap­orat­ed, but those with slight­ly greater mass­es would still be emit­ting ra­di­ation in the form of X rays and gam­ma rays. These X rays and gam­ma rays are like waves of light, but with a much short­er wave­length. Such holes hard­ly de­serve the ep­ithet black: they re­al­ly are white hot and are emit­ting en­er­gy at a rate of about ten thou­sand megawatts.

      One such black hole could run ten large pow­er sta­tions, if on­ly we could har­ness its pow­er. This would be rather dif­fi­cult, how­ev­er: the black hole would have the mass of a moun­tain com­pressed in­to less than a mil­lion mil­lionth of an inch, the size of the nu­cle­us of an atom! If you had one of these black holes on the sur­face of the earth, there would be no way to stop it from falling through the floor to the cen­ter of the earth. It would os­cil­late through the earth and back, un­til even­tu­al­ly it set­tled down at the cen­ter. So the on­ly place to put such a black hole, in which one might use the en­er­gy that it emit­ted, would be in or­bit around the earth - and the on­ly way that one could get it to or­bit the earth would be to at­tract it there by tow­ing a large mass in front of it, rather like a car­rot in front of a don­key. This does not sound like a very prac­ti­cal propo­si­tion, at least not in the im­me­di­ate fu­ture.

      But even if we can­not har­ness the emis­sion from these pri­mor­dial black holes, what are our chances of ob­serv­ing them? We could look for the gam­ma rays that the pri­mor­dial black holes emit dur­ing most of their life­time. Al­though the ra­di­ation from most would be very weak be­cause they are far away, the to­tal from all of them might be de­tectable. We do ob­serve such a back­ground of gam­ma rays: Fig. 7.5 shows how the ob­served in­ten­si­ty dif­fers at dif­fer­ent fre­quen­cies (the num­ber of waves per sec­ond). How­ev­er, this back­ground could have been, and prob­ably was, gen­er­at­ed by pro­cess­es oth­er than pri­mor­dial black holes. The dot­ted line in Fig. 7.5 shows how the in­ten­si­ty should vary with fre­quen­cy for gam­ma rays giv­en off by pri­mor­dial black holes, if there were on av­er­age 300 per cu­bic light-​year. One can there­fore say that the ob­ser­va­tions of the gam­ma ray back­ground do not pro­vide any pos­itive ev­idence for pri­mor­dial black holes, but they do tell us that on av­er­age there can­not be more than 300 in ev­ery cu­bic light-​year in the uni­verse. This lim­it means that pri­mor­dial black holes could make up at most one mil­lionth of the mat­ter in the uni­verse.

      With pri­mor­dial black holes be­ing so scarce, it might seem un­like­ly that there would be one near enough for us to ob­serve as an in­di­vid­ual source of gam­ma rays. But since grav­ity would draw pri­mor­dial black holes to­ward any mat­ter, they should be much more com­mon in and around galax­ies. So al­though the gam­ma ray back­ground tells us that there can be no more than 300 pri­mor­dial black holes per cu­bic light-​year on av­er­age, it tells us noth­ing about how com­mon they might be in our own galaxy. If they were, say, a mil­lion times more com­mon than this, then the near­est black hole to us would prob­ably be at a dis­tance of about a thou­sand mil­lion kilo­me­ters, or about as far away as Plu­to, the far­thest known plan­et. At this dis­tance it would still be very dif­fi­cult to de­tect the steady emis­sion of a black hole, even if it was ten thou­sand megawatts. In or­der to ob­serve a pri­mor­dial black hole one would have to de­tect sev­er­al gam­ma ray quan­ta com­ing from the same di­rec­tion with­in a rea­son­able space of time, such as a week. Oth­er­wise, they might sim­ply be part of the back­ground. But Planck’s quan­tum prin­ci­ple tells us that each gam­ma ray quan­tum has a very high en­er­gy, be­cause gam­ma rays have a very high fre­quen­cy, so it would not take many quan­ta to ra­di­ate even ten thou­sand megawatts. And to ob­serve these few com­ing from the dis­tance of Plu­to would re­quire a larg­er gam­ma ray de­tec­tor than any that have been con­struct­ed so far. More­over, the de­tec­tor would have to be in space, be­cause gam­ma rays can­not pen­etrate the at­mo­sphere.

      Of course, if a black hole as close as Plu­to were to reach the end of its life and blow up, it would be easy to de­tect the fi­nal burst of emis­sion. But if the black hole has been emit­ting for the last ten or twen­ty thou­sand mil­lion years, the chance of it reach­ing the end of its life with­in the next few years, rather than sev­er­al mil­lion years in the past or fu­ture, is re­al­ly rather small! So in or­der to have a rea­son­able chance of see­ing an ex­plo­sion be­fore your re­search grant ran out, you would have to find a way to de­tect any ex­plo­sions with­in a dis­tance of about one light-​year. In fact bursts of gam­ma rays from space have been de­tect­ed by satel­lites orig­inal­ly con­struct­ed to look for vi­ola­tions of the Test Ban Treaty. These seem to oc­cur about six­teen times a month and to be rough­ly uni­form­ly dis­tribut­ed in di­rec­tion across the sky. This in­di­cates that they come from out­side the So­lar Sys­tem since oth­er­wise we would ex­pect them to be con­cen­trat­ed to­ward the plane of the or­bits of the plan­ets. The uni­form dis­tri­bu­tion al­so in­di­cates that the sources are ei­ther fair­ly near to us in our galaxy or right out­side it at cos­mo­log­ical dis­tances be­cause oth­er­wise, again, they would be con­cen­trat­ed to­ward the plane of the galaxy. In the lat­ter case, the en­er­gy re­quired to ac­count for the bursts would be far too high to have been pro­duced by tiny black holes, but if the sources were close in galac­tic terms, it might be pos­si­ble that they were ex­plod­ing black holes. I would very much like this to be the case but I have to rec­og­nize that there are oth­er pos­si­ble ex­pla­na­tions for the gam­ma ray bursts, such as col­lid­ing neu­tron stars. New ob­ser­va­tions in the next few years, par­tic­ular­ly by grav­ita­tion­al wave de­tec­tors like LIGO, should en­able us to dis­cov­er the ori­gin of the gam­ma ray bursts.

      Even if the search for pri­mor­dial black holes proves neg­ative, as it seems it may, it will still give us im­por­tant in­for­ma­tion about the very ear­ly stages of the uni­verse. If the ear­ly uni­verse had been chaot­ic or ir­reg­ular, or if the pres­sure of mat­ter had been low, one would have ex­pect­ed it to pro­duce many more pri­mor­dial black holes than the lim­it al­ready set by our ob­ser­va­tions of the gam­ma ray back­ground. On­ly if the ear­ly uni­verse was very smooth and uni­form, with a high pres­sure, can one ex­plain the ab­sence of ob­serv­able num­bers of pri­mor­dial black holes.

      The idea of ra­di­ation from black holes was the first ex­am­ple of a pre­dic­tion that de­pend­ed in an es­sen­tial way on both the great the­ories of this cen­tu­ry, gen­er­al rel­ativ­ity and quan­tum me­chan­ics. It aroused a lot of op­po­si­tion ini­tial­ly be­cause it up­set the ex­ist­ing view­point: “How can a black hole emit any­thing?” When I first an­nounced the re­sults of my cal­cu­la­tions at a con­fer­ence at the Ruther­ford-​Ap­ple­ton Lab­ora­to­ry near Ox­ford, I was greet­ed with gen­er­al in­creduli­ty. At the end of my talk the chair­man of the ses­sion, John G. Tay­lor from Kings Col­lege, Lon­don, claimed it was all non­sense. He even wrote a pa­per to that ef­fect. How­ev­er, in the end most peo­ple, in­clud­ing John Tay­lor, have come to the con­clu­sion that black holes must ra­di­ate like hot bod­ies if our oth­er ideas about gen­er­al rel­ativ­ity and quan­tum me­chan­ics are cor­rect. Thus, even though we have not yet man­aged to find a pri­mor­dial black hole, there is fair­ly gen­er­al agree­ment that if we did, it would have to be emit­ting a lot of gam­ma rays and X rays.

      The ex­is­tence of ra­di­ation from black holes seems to im­ply that grav­ita­tion­al col­lapse is not as fi­nal and ir­re­versible as we once thought. If an as­tro­naut falls in­to a black hole, its mass will in­crease, but even­tu­al­ly the en­er­gy equiv­alent of that ex­tra mass will be re­turned to the uni­verse in the form of ra­di­ation. Thus, in a sense, the as­tro­naut will be “re­cy­cled.” It would be a poor sort of im­mor­tal­ity, how­ev­er, be­cause any per­son­al con­cept of time for the as­tro­naut would al­most cer­tain­ly come to an end as he was torn apart in­side the black hole! Even the types of par­ti­cles that were even­tu­al­ly emit­ted by the black hole would in gen­er­al be dif­fer­ent from those that made up the as­tro­naut: the on­ly fea­ture of the as­tro­naut that would sur­vive would be his mass or en­er­gy.

      The ap­prox­ima­tions I used to de­rive the emis­sion from black holes should work well when the black hole has a mass greater than a frac­tion of a gram. How­ev­er, they will break down at the end of the black hole’s life when its mass gets very small. The most like­ly out­come seems to be that the black hole will just dis­ap­pear, at least from our re­gion of the uni­verse, tak­ing with it the as­tro­naut and any sin­gu­lar­ity there might be in­side it, if in­deed there is one. This was the first in­di­ca­tion that quan­tum me­chan­ics might re­move the sin­gu­lar­ities that were pre­dict­ed by gen­er­al rel­ativ­ity. How­ev­er, the meth­ods that I and oth­er peo­ple were us­ing in 1974 were not able to an­swer ques­tions such as whether sin­gu­lar­ities would oc­cur in quan­tum grav­ity. From 1975 on­ward I there­fore start­ed to de­vel­op a more pow­er­ful ap­proach to quan­tum grav­ity based on Richard Feyn­rnan’s idea of a sum over his­to­ries. The an­swers that this ap­proach sug­gests for the ori­gin and fate of the uni­verse and its con­tents, such as as­tro­nauts, will be de-​scribed in the next two chap­ters. We shall see that al­though the un­cer­tain­ty prin­ci­ple places lim­ita­tions on the ac­cu­ra­cy of all our pre­dic­tions, it may at the same time re­move the fun­da­men­tal un­pre­dictabil­ity that oc­curs at a space-​time sin­gu­lar­ity.
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      CHAPTER 8

      THE ORI­GIN AND FATE OF THE UNI­VERSE

      Ein­stein’s gen­er­al the­ory of rel­ativ­ity, on its own, pre­dict­ed that space-​time be­gan at the big bang sin­gu­lar­ity and would come to an end ei­ther at the big crunch sin­gu­lar­ity (if the whole uni­verse rec­ol­lapsed), or at a sin­gu­lar­ity in­side a black hole (if a lo­cal re­gion, such as a star, were to col­lapse). Any mat­ter that fell in­to the hole would be de­stroyed at the sin­gu­lar­ity, and on­ly the grav­ita­tion­al ef­fect of its mass would con­tin­ue to be felt out­side. On the oth­er hand, when quan­tum ef­fects were tak­en in­to ac­count, it seemed that the mass or en­er­gy of the mat­ter would even­tu­al­ly be re­turned to the rest of the uni­verse, and that the black hole, along with any sin­gu­lar­ity in­side it, would evap­orate away and fi­nal­ly dis­ap­pear. Could quan­tum me­chan­ics have an equal­ly dra­mat­ic ef­fect on the big bang and big crunch sin­gu­lar­ities? What re­al­ly hap­pens dur­ing the very ear­ly or late stages of the uni­verse, when grav­ita­tion­al fields are so strong that quan­tum ef­fects can­not be ig­nored? Does the uni­verse in fact have a be­gin­ning or an end? And if so, what are they like?

      Through­out the 1970s I had been main­ly study­ing black holes, but in 1981 my in­ter­est in ques­tions about the ori­gin and fate of the uni­verse was reawak­ened when I at­tend­ed a con­fer­ence on cos­mol­ogy or­ga­nized by the Je­suits in the Vat­ican. The Catholic Church had made a bad mis­take with Galileo when it tried to lay down the law on a ques­tion of sci­ence, declar­ing that the sun went round the earth. Now, cen­turies lat­er, it had de­cid­ed to in­vite a num­ber of ex­perts to ad­vise it on cos­mol­ogy. At the end of the con­fer­ence the par­tic­ipants were grant­ed an au­di­ence with the Pope. He told us that it was all right to study the evo­lu­tion of the uni­verse af­ter the big bang, but we should not in­quire in­to the big bang it­self be­cause that was the mo­ment of Cre­ation and there­fore the work of God. I was glad then that he did not know the sub­ject of the talk I had just giv­en at the con­fer­ence - the pos­si­bil­ity that space-​time was fi­nite but had no bound­ary, which means that it had no be­gin­ning, no mo­ment of Cre­ation. I had no de­sire to share the fate of Galileo, with whom I feel a strong sense of iden­ti­ty, part­ly be­cause of the co­in­ci­dence of hav­ing been born ex­act­ly 300 years af­ter his death!

      In or­der to ex­plain the ideas that I and oth­er peo­ple have had about how quan­tum me­chan­ics may af­fect the ori­gin and fate of the uni­verse, it is nec­es­sary first to un­der­stand the gen­er­al­ly ac­cept­ed his­to­ry of the uni­verse, ac­cord­ing to what is known as the “hot big bang mod­el.” This as­sumes that the uni­verse is de­scribed by a Fried­mann mod­el, right back to the big bang. In such mod­els one finds that as the uni­verse ex­pands, any mat­ter or ra­di­ation in it gets cool­er. (When the uni­verse dou­bles in size, its tem­per­ature falls by half.) Since tem­per­ature is sim­ply a mea­sure of the av­er­age en­er­gy - or speed - of the par­ti­cles, this cool­ing of the uni­verse would have a ma­jor ef­fect on the mat­ter in it. At very high tem­per­atures, par­ti­cles would be mov­ing around so fast that they could es­cape any at­trac­tion to­ward each oth­er due to nu­cle­ar or elec­tro­mag­net­ic forces, but as they cooled off one would ex­pect par­ti­cles that at­tract each oth­er to start to clump to­geth­er. More­over, even the types of par­ti­cles that ex­ist in the uni­verse would de­pend on the tem­per­ature. At high enough tem­per­atures, par­ti­cles have so much en­er­gy that when­ev­er they col­lide many dif­fer­ent par­ti­cle/an­tipar­ti­cle pairs would be pro­duced - and al­though some of these par­ti­cles would an­ni­hi­late on hit­ting an­tipar­ti­cles, they would be pro­duced more rap-​idly than they could an­ni­hi­late. At low­er tem­per­atures, how­ev­er, when col­lid­ing par­ti­cles have less en­er­gy, par­ti­cle/an­tipar­ti­cle pairs would be pro­duced less quick­ly - and an­ni­hi­la­tion would be­come faster than pro­duc­tion.

      At the big bang it­self the uni­verse is thought to have had ze­ro size, and so to have been in­finite­ly hot. But as the uni­verse ex­pand­ed, the tem­per­ature of the ra­di­ation de­creased. One sec­ond af­ter the big bang, it would have fall­en to about ten thou­sand mil­lion de­grees. This is about a thou­sand times the tem­per­ature at the cen­ter of the sun, but tem­per­atures as high as this are reached in H-​bomb ex­plo­sions. At this time the uni­verse would have con­tained most­ly pho­tons, elec­trons, and neu­tri­nos (ex­treme­ly light par­ti­cles that are af­fect­ed on­ly by the weak force and grav­ity) and their an­tipar­ti­cles, to­geth­er with some pro­tons and neu­trons. As the uni­verse con­tin­ued to ex­pand and the tem­per­ature to drop, the rate at which elec­tron/anti­elec­tron pairs were be­ing pro­duced in col­li­sions would have fall­en be­low the rate at which they were be­ing de­stroyed by an­ni­hi­la­tion. So most of the elec­trons and anti­elec­trons would have an­ni­hi­lat­ed with each oth­er to pro­duce more pho­tons, leav­ing on­ly a few elec­trons left over. The neu­tri­nos and an­tineu­tri­nos, how­ev­er, would not have an­ni­hi­lat­ed with each oth­er, be­cause these par­ti­cles in­ter­act with them­selves and with oth­er par­ti­cles on­ly very weak­ly. So they should still be around to­day. If we could ob­serve them, it would pro­vide a good test of this pic­ture of a very hot ear­ly stage of the uni­verse. Un­for­tu­nate­ly, their en­er­gies nowa­days would be too low for us to ob­serve them di­rect­ly. How­ev­er, if neu­tri­nos are not mass­less, but have a small mass of their own, as sug­gest­ed by some re­cent ex­per­iments, we might be able to de­tect them in­di­rect­ly: they could be a form of “dark mat­ter,” like that men­tioned ear­li­er, with suf­fi­cient grav­ita­tion­al at­trac­tion to stop the ex­pan­sion of the uni­verse and cause it to col­lapse again.

      About one hun­dred sec­onds af­ter the big bang, the tem­per­ature would have fall­en to one thou­sand mil­lion de­grees, the tem­per­ature in­side the hottest stars. At this tem­per­ature pro­tons and neu­trons would no longer have suf­fi­cient en­er­gy to es­cape the at­trac­tion of the strong nu­cle­ar force, and would have start­ed to com­bine to­geth­er to pro­duce the nu­clei of atoms of deu­teri­um (heavy hy­dro­gen), which con­tain one pro­ton and one neu­tron. The deu­teri­um nu­clei would then have com­bined with more pro­tons and neu­trons to make he­li­um nu­clei, which con­tain two pro­tons and two neu­trons, and al­so small amounts of a cou­ple of heav­ier el­ements, lithi­um and beryl­li­um. One can cal­cu­late that in the hot big bang mod­el about a quar­ter of the pro­tons and neu­trons would have been con­vert­ed in­to he­li­um nu­clei, along with a small amount of heavy hy­dro­gen and oth­er el­ements. The re­main­ing neu­trons would have de­cayed in­to pro­tons, which are the nu­clei of or­di­nary hy­dro­gen atoms.

      This pic­ture of a hot ear­ly stage of the uni­verse was first put for­ward by the sci­en­tist George Gamow in a fa­mous pa­per writ­ten in 1948 with a stu­dent of his, Ralph Alpher. Gamow had quite a sense of hu­mor - he per­suad­ed the nu­cle­ar sci­en­tist Hans Bethe to add his name to the pa­per to make the list of au­thors “Alpher, Bethe, Gamow,” like the first three let­ters of the Greek al­pha­bet, al­pha, be­ta, gam­ma: par­tic­ular­ly ap­pro­pri­ate for a pa­per on the be­gin­ning of the uni­verse! In this pa­per they made the re­mark­able pre­dic­tion that ra­di­ation (in the form of pho­tons) from the very hot ear­ly stages of the uni­verse should still be around to­day, but with its tem­per­ature re­duced to on­ly a few de­grees above ab­so­lute ze­ro (-273ºC). It was this ra­di­ation that Pen­zias and Wil­son found in 1965. At the time that Alpher, Bethe, and Gamow wrote their pa­per, not much was known about the nu­cle­ar re­ac­tions of pro­tons and neu­trons. Pre­dic­tions made for the pro­por­tions of var­ious el­ements in the ear­ly uni­verse were there­fore rather in­ac­cu­rate, but these cal­cu­la­tions have been re­peat­ed in the light of bet­ter knowl­edge and now agree very well with what we ob­serve. It is, more­over, very dif­fi­cult to ex­plain in any oth­er way why there should be so much he­li­um in the uni­verse. We are there­fore fair­ly con­fi­dent that we have the right pic­ture, at least back to about one sec­ond af­ter the big bang.

      With­in on­ly a few hours of the big bang, the pro­duc­tion of he­li­um and oth­er el­ements would have stopped. And af­ter that, for the next mil­lion years or so, the uni­verse would have just con­tin­ued ex­pand­ing, with­out any­thing much hap­pen­ing. Even­tu­al­ly, once the tem­per­ature had dropped to a few thou­sand de­grees, and elec­trons and nu­clei no longer had enough en­er­gy to over­come the elec­tro­mag­net­ic at­trac­tion be­tween them, they would have start­ed com­bin­ing to form atoms. The uni­verse as a whole would have con­tin­ued ex­pand­ing and cool­ing, but in re­gions that were slight­ly denser than av­er­age, the ex­pan­sion would have been slowed down by the ex­tra grav­ita­tion­al at­trac­tion. This would even­tu­al­ly stop ex­pan­sion in some re­gions and cause them to start to rec­ol­lapse. As they were col­laps­ing, the grav­ita­tion­al pull of mat­ter out­side these re­gions might start them ro­tat­ing slight­ly. As the col­laps­ing re­gion got small­er, it would spin faster - just as skaters spin­ning on ice spin faster as they draw in their arms. Even­tu­al­ly, when the re­gion got small enough, it would be spin­ning fast enough to bal­ance the at­trac­tion of grav­ity, and in this way disk­like ro­tat­ing galax­ies were born. Oth­er re­gions, which did not hap­pen to pick up a ro­ta­tion, would be­come oval-​shaped ob­jects called el­lip­ti­cal galax­ies. In these, the re­gion would stop col­laps­ing be­cause in­di­vid­ual parts of the galaxy would be or­bit­ing sta­bly round its cen­ter, but the galaxy would have no over­all ro­ta­tion.

      As time went on, the hy­dro­gen and he­li­um gas in the galax­ies would break up in­to small­er clouds that would col­lapse un­der their own grav­ity. As these con­tract­ed, and the atoms with­in them col­lid­ed with one an­oth­er, the tem­per­ature of the gas would in­crease, un­til even­tu­al­ly it be­came hot enough to start nu­cle­ar fu­sion re­ac­tions. These would con­vert the hy­dro­gen in­to more he­li­um, and the heat giv­en off would raise the pres­sure, and so stop the clouds from con­tract­ing any fur­ther. They would re­main sta­ble in this state for a long time as stars like our sun, burn­ing hy­dro­gen in­to he­li­um and ra­di­at­ing the re­sult­ing en­er­gy as heat and light. More mas­sive stars would need to be hot­ter to bal­ance their stronger grav­ita­tion­al at­trac­tion, mak­ing the nu­cle­ar fu­sion re­ac­tions pro­ceed so much more rapid­ly that they would use up their hy­dro­gen in as lit­tle as a hun­dred mil­lion years. They would then con­tract slight­ly, and as they heat­ed up fur­ther, would start to con­vert he­li­um in­to heav­ier el­ements like car­bon or oxy­gen. This, how­ev­er, would not re­lease much more en­er­gy, so a cri­sis would oc­cur, as was de­scribed in the chap­ter on black holes. What hap­pens next is not com­plete­ly clear, but it seems like­ly that the cen­tral re­gions of the star would col­lapse to a very dense state, such as a neu­tron star or black hole. The out­er re­gions of the star may some­times get blown off in a tremen­dous ex­plo­sion called a su­per­no­va, which would out­shine all the oth­er stars in its galaxy. Some of the heav­ier el­ements pro­duced near the end of the star’s life would be flung back in­to the gas in the galaxy, and would pro­vide some of the raw ma­te­ri­al for the next gen­er­ation of stars. Our own sun con­tains about 2 per­cent of these heav­ier el­ements, be­cause it is a sec­ond- or third-​gen­er­ation star, formed some five thou­sand mil­lion years ago out of a cloud of ro­tat­ing gas con­tain­ing the de­bris of ear­li­er su­per­novas. Most of the gas in that cloud went to form the sun or got blown away, but a small amount of the heav­ier el­ements col­lect­ed to­geth­er to form the bod­ies that now or­bit the sun as plan­ets like the earth.

      The earth was ini­tial­ly very hot and with­out an at­mo­sphere. In the course of time it cooled and ac­quired an at­mo­sphere from the emis­sion of gas­es from the rocks. This ear­ly at­mo­sphere was not one in which we could have sur­vived. It con­tained no oxy­gen, but a lot of oth­er gas­es that are poi­sonous to us, such as hy­dro­gen sul­fide (the gas that gives rot­ten eggs their smell). There are, how­ev­er, oth­er prim­itive forms of life that can flour­ish un­der such con­di­tions. It is thought that they de­vel­oped in the oceans, pos­si­bly as a re­sult of chance com­bi­na­tions of atoms in­to large struc­tures, called macro­molecules, which were ca­pa­ble of as­sem­bling oth­er atoms in the ocean in­to sim­ilar struc­tures. They would thus have re­pro­duced them­selves and mul­ti­plied. In some cas­es there would be er­rors in the re­pro­duc­tion. Most­ly these er­rors would have been such that the new macro­molecule could not re­pro­duce it­self and even­tu­al­ly would have been de­stroyed. How­ev­er, a few of the er­rors would have pro­duced new macro­molecules that were even bet­ter at re­pro­duc­ing them­selves. They would have there­fore had an ad­van­tage and would have tend­ed to re­place the orig­inal macro­molecules. In this way a pro­cess of evo­lu­tion was start­ed that led to the de­vel­op­ment of more and more com­pli­cat­ed, self-​re­pro­duc­ing or­gan­isms. The first prim­itive forms of life con­sumed var­ious ma­te­ri­als, in­clud­ing hy­dro­gen sul­fide, and re­leased oxy­gen. This grad­ual­ly changed the at­mo­sphere to the com­po­si­tion that it has to­day, and al­lowed the de­vel­op­ment of high­er forms of life such as fish, rep­tiles, mam­mals, and ul­ti­mate­ly the hu­man race.

      This pic­ture of a uni­verse that start­ed off very hot and cooled as it ex­pand­ed is in agree­ment with all the ob­ser­va­tion­al ev­idence that we have to­day. Nev­er­the­less, it leaves a num­ber of im­por­tant ques­tions unan­swered:

      1. Why was the ear­ly uni­verse so hot?

      2. Why is the uni­verse so uni­form on a large scale? Why does it look the same at all points of space and in all di­rec­tions? In par­tic­ular, why is the tem­per­ature of the mi­crowave back-​ground ra­di­ation so near­ly the same when we look in dif­fer­ent di­rec­tions? It is a bit like ask­ing a num­ber of stu­dents an ex­am ques­tion. If they all give ex­act­ly the same an­swer, you can be pret­ty sure they have com­mu­ni­cat­ed with each oth­er. Yet, in the mod­el de­scribed above, there would not have been time since the big bang for light to get from one dis­tant re­gion to an­oth­er, even though the re­gions were close to­geth­er in the ear­ly uni­verse. Ac­cord­ing to the the­ory of rel­ativ­ity, if light can­not get from one re­gion to an­oth­er, no oth­er in­for­ma­tion can. So there would be no way in which dif­fer­ent re­gions in the ear­ly uni­verse could have come to have the same tem­per­ature as each oth­er, un­less for some un­ex­plained rea­son they hap­pened to start out with the same tem­per­ature.

      3. Why did the uni­verse start out with so near­ly the crit­ical rate of ex­pan­sion that sep­arates mod­els that rec­ol­lapse from those that go on ex­pand­ing for­ev­er, that even now, ten thou­sand mil­lion years lat­er, it is still ex­pand­ing at near­ly the crit­ical rate? If the rate of ex­pan­sion one sec­ond af­ter the big bang had been small­er by even one part in a hun­dred thou­sand mil­lion mil­lion, the uni­verse would have rec­ol­lapsed be­fore it ev­er reached its present size.

      4. De­spite the fact that the uni­verse is so uni­form and ho­mo­ge­neous on a large scale, it con­tains lo­cal ir­reg­ular­ities, such as stars and galax­ies. These are thought to have de­vel­oped from small dif­fer­ences in the den­si­ty of the ear­ly uni­verse from one re­gion to an­oth­er. What was the ori­gin of these den­si­ty fluc­tu­ations?

      The gen­er­al the­ory of rel­ativ­ity, on its own, can­not ex­plain these fea­tures or an­swer these ques­tions be­cause of its pre­dic­tion that the uni­verse start­ed off with in­fi­nite den­si­ty at the big bang sin­gu­lar­ity. At the sin­gu­lar­ity, gen­er­al rel­ativ­ity and all oth­er phys­ical laws would break down: one couldn’t pre­dict what would come out of the sin­gu­lar­ity. As ex­plained be­fore, this means that one might as well cut the big bang, and any events be­fore it, out of the the­ory, be­cause they can have no ef­fect on what we ob­serve. Space-​time would have a bound­ary - a be­gin­ning at the big bang.

      Sci­ence seems to have un­cov­ered a set of laws that, with­in the lim­its set by the un­cer­tain­ty prin­ci­ple, tell us how the uni­verse will de­vel­op with time, if we know its state at any one time. These laws may have orig­inal­ly been de­creed by God, but it ap­pears that he has since left the uni­verse to evolve ac­cord­ing to them and does not now in­ter­vene in it. But how did he choose the ini­tial state or con­fig­ura­tion of the uni­verse? What were the “bound­ary con­di­tions” at the be­gin­ning of time?

      One pos­si­ble an­swer is to say that God chose the ini­tial con­fig­ura­tion of the uni­verse for rea­sons that we can­not hope to un­der­stand. This would cer­tain­ly have been with­in the pow­er of an om­nipo­tent be­ing, but if he had start­ed it off in such an in­com­pre­hen­si­ble way, why did he choose to let it evolve ac­cord­ing to laws that we could un­der­stand? The whole his­to­ry of sci­ence has been the grad­ual re­al­iza­tion that events do not hap­pen in an ar­bi­trary man­ner, but that they re­flect a cer­tain un­der­ly­ing or­der, which may or may not be di­vine­ly in­spired. It would be on­ly nat­ural to sup­pose that this or­der should ap­ply not on­ly to the laws, but al­so to the con­di­tions at the bound­ary of space-​time that spec­ify the ini­tial state of the uni­verse. There may be a large num­ber of mod­els of the uni­verse with dif­fer­ent ini­tial con­di­tions that all obey the laws. There ought to be some prin­ci­ple that picks out one ini­tial state, and hence one mod­el, to rep­re­sent our uni­verse.

      One such pos­si­bil­ity is what are called chaot­ic bound­ary con­di­tions. These im­plic­it­ly as­sume ei­ther that the uni­verse is spa­tial­ly in­fi­nite or that there are in­finite­ly many uni­vers­es. Un­der chaot­ic bound­ary con­di­tions, the prob­abil­ity of find­ing any par­tic­ular re­gion of space in any giv­en con­fig­ura­tion just af­ter the big bang is the same, in some sense, as the prob­abil­ity of find­ing it in any oth­er con­fig­ura­tion: the ini­tial state of the uni­verse is cho­sen pure­ly ran­dom­ly. This would mean that the ear­ly uni­verse would have prob­ably been very chaot­ic and ir­reg­ular be­cause there are many more chaot­ic and dis­or­dered con­fig­ura­tions for the uni­verse than there are smooth and or­dered ones. (If each con­fig­ura­tion is equal­ly prob­able, it is like­ly that the uni­verse start­ed out in a chaot­ic and dis­or­dered state, sim­ply be­cause there are so many more of them.) It is dif­fi­cult to see how such chaot­ic ini­tial con­di­tions could have giv­en rise to a uni­verse that is so smooth and reg­ular on a large scale as ours is to­day. One would al­so have ex­pect­ed the den­si­ty fluc­tu­ations in such a mod­el to have led to the for­ma­tion of many more pri­mor­dial black holes than the up­per lim­it that has been set by ob­ser­va­tions of the gam­ma ray back­ground.

      If the uni­verse is in­deed spa­tial­ly in­fi­nite, or if there are in­finite­ly many uni­vers­es, there would prob­ably be some large re­gions some­where that start­ed out in a smooth and uni­form man­ner. It is a bit like the well-​known horde of mon­keys ham­mer­ing away on type­writ­ers - most of what they write will be garbage, but very oc­ca­sion­al­ly by pure chance they will type out one of Shake­speare’s son­nets. Sim­ilar­ly, in the case of the uni­verse, could it be that we are liv­ing in a re­gion that just hap­pens by chance to be smooth and uni­form? At first sight this might seem very im­prob­able, be­cause such smooth re­gions would be heav­ily out­num­bered by chaot­ic and ir­reg­ular re­gions. How­ev­er, sup­pose that on­ly in the smooth re­gions were galax­ies and stars formed and were con­di­tions right for the de­vel­op­ment of com­pli­cat­ed self-​repli­cat­ing or­gan­isms like our­selves who were ca­pa­ble of ask­ing the ques­tion: why is the uni­verse so smooth.? This is an ex­am­ple of the ap­pli­ca­tion of what is known as the an­throp­ic prin­ci­ple, which can be para­phrased as “We see the uni­verse the way it is be­cause we ex­ist.”

      There are two ver­sions of the an­throp­ic prin­ci­ple, the weak and the strong. The weak an­throp­ic prin­ci­ple states that in a uni­verse that is large or in­fi­nite in space and/or time, the con­di­tions nec­es­sary for the de­vel­op­ment of in­tel­li­gent life will be met on­ly in cer­tain re­gions that are lim­it­ed in space and time. The in­tel­li­gent be­ings in these re­gions should there­fore not be sur­prised if they ob­serve that their lo­cal­ity in the uni­verse sat­is­fies the con­di­tions that are nec­es­sary for their ex­is­tence. It is a bit like a rich per­son liv­ing in a wealthy neigh­bor­hood not see­ing any pover­ty.

      One ex­am­ple of the use of the weak an­throp­ic prin­ci­ple is to “ex­plain” why the big bang oc­curred about ten thou­sand mil­lion years ago - it takes about that long for in­tel­li­gent be­ings to evolve. As ex­plained above, an ear­ly gen­er­ation of stars first had to form. These stars con­vert­ed some of the orig­inal hy­dro­gen and he­li­um in­to el­ements like car­bon and oxy­gen, out of which we are made. The stars then ex­plod­ed as su­per­novas, and their de­bris went to form oth­er stars and plan­ets, among them those of our So­lar Sys­tem, which is about five thou­sand mil­lion years old. The first one or two thou­sand mil­lion years of the earth’s ex­is­tence were too hot for the de­vel­op­ment of any­thing com­pli­cat­ed. The re­main­ing three thou­sand mil­lion years or so have been tak­en up by the slow pro­cess of bi­olog­ical evo­lu­tion, which has led from the sim­plest or­gan­isms to be­ings who are ca­pa­ble of mea­sur­ing time back to the big bang.

      Few peo­ple would quar­rel with the va­lid­ity or util­ity of the weak an­throp­ic prin­ci­ple. Some, how­ev­er, go much fur­ther and pro­pose a strong ver­sion of the prin­ci­ple. Ac­cord­ing to this the­ory, there are ei­ther many dif­fer­ent uni­vers­es or many dif­fer­ent re­gions of a sin­gle uni­verse, each with its own ini­tial con­fig­ura­tion and, per­haps, with its own set of laws of sci­ence. In most of these uni­vers­es the con­di­tions would not be right for the de­vel­op­ment of com­pli­cat­ed or­gan­isms; on­ly in the few uni­vers­es that are like ours would in­tel­li­gent be­ings de­vel­op and ask the ques­tion, “Why is the uni­verse the way we see it?” The an­swer is then sim­ple: if it had been dif­fer­ent, we would not be here!

      The laws of sci­ence, as we know them at present, con­tain many fun­da­men­tal num­bers, like the size of the elec­tric charge of the elec­tron and the ra­tio of the mass­es of the pro­ton and the elec­tron. We can­not, at the mo­ment at least, pre­dict the val­ues of these num­bers from the­ory - we have to find them by ob­ser­va­tion. It may be that one day we shall dis­cov­er a com­plete uni­fied the­ory that pre­dicts them all, but it is al­so pos­si­ble that some or all of them vary from uni­verse to uni­verse or with­in a sin­gle uni­verse. The re­mark­able fact is that the val­ues of these num­bers seem to have been very fine­ly ad­just­ed to make pos­si­ble the de­vel­op­ment of life. For ex­am­ple, if the elec­tric charge of the elec­tron had been on­ly slight­ly dif­fer­ent, stars ei­ther would have been un­able to burn hy­dro­gen and he­li­um, or else they would not have ex­plod­ed. Of course, there might be oth­er forms of in­tel­li­gent life, not dreamed of even by writ­ers of sci­ence fic­tion, that did not re­quire the light of a star like the sun or the heav­ier chem­ical el­ements that are made in stars and are flung back in­to space when the stars ex­plode. Nev­er­the­less, it seems clear that there are rel­ative­ly few ranges of val­ues for the num­bers that would al­low the de­vel­op­ment of any form of in­tel­li­gent life. Most sets of val­ues would give rise to uni­vers­es that, al­though they might be very beau­ti­ful, would con­tain no one able to won­der at that beau­ty. One can take this ei­ther as ev­idence of a di­vine pur­pose in Cre­ation and the choice of the laws of sci­ence or as sup­port for the strong an­throp­ic prin­ci­ple.

      There are a num­ber of ob­jec­tions that one can raise to the strong an­throp­ic prin­ci­ple as an ex­pla­na­tion of the ob­served state of the uni­verse. First, in what sense can all these dif­fer­ent uni­vers­es be said to ex­ist? If they are re­al­ly sep­arate from each oth­er, what hap­pens in an­oth­er uni­verse can have no ob­serv­able con­se­quences in our own uni­verse. We should there­fore use the prin­ci­ple of econ­omy and cut them out of the the­ory. If, on the oth­er hand, they are just dif­fer­ent re­gions of a sin­gle uni­verse, the laws of sci­ence would have to be the same in each re­gion, be­cause oth­er­wise one could not move con­tin­uous­ly from one re­gion to an­oth­er. In this case the on­ly dif­fer­ence be­tween the re­gions would be their ini­tial con­fig­ura­tions and so the strong an­throp­ic prin­ci­ple would re­duce to the weak one.

      A sec­ond ob­jec­tion to the strong an­throp­ic prin­ci­ple is that it runs against the tide of the whole his­to­ry of sci­ence. We have de­vel­oped from the geo­cen­tric cos­molo­gies of Ptole­my and his fore­bears, through the he­lio­cen­tric cos­mol­ogy of Coper­ni­cus and Galileo, to the mod­ern pic­ture in which the earth is a medi­um-​sized plan­et or­bit­ing around an av­er­age star in the out­er sub­urbs of an or­di­nary spi­ral galaxy, which is it­self on­ly one of about a mil­lion mil­lion galax­ies in the ob­serv­able uni­verse. Yet the strong an­throp­ic prin­ci­ple would claim that this whole vast con­struc­tion ex­ists sim­ply for our sake. This is very hard to be­lieve. Our So­lar Sys­tem is cer­tain­ly a pre­req­ui­site for our ex­is­tence, hand one might ex­tend this to the whole of our galaxy to al­low for an ear­li­er gen­er­ation of stars that cre­at­ed the heav­ier el­ements. But there does not seem to be any need for all those oth­er galax­ies, nor for the uni­verse to be so uni­form and sim­ilar in ev­ery di­rec­tion on the large scale.

      One would feel hap­pi­er about the an­throp­ic prin­ci­ple, at least in its weak ver­sion, if one could show that quite a num­ber of dif­fer­ent ini­tial con­fig­ura­tions for the uni­verse would have evolved to pro­duce a uni­verse like the one we ob­serve. If this is the case, a uni­verse that de­vel­oped from some sort of ran­dom ini­tial con­di­tions should con­tain a num­ber of re­gions that are smooth and uni­form and are suit­able for the evo­lu­tion of in­tel­li­gent life. On the oth­er hand, if the ini­tial state of the uni­verse had to be cho­sen ex­treme­ly care­ful­ly to lead to some­thing like what we see around us, the uni­verse would be un­like­ly to con­tain any re­gion in which life would ap­pear. In the hot big bang mod­el de­scribed above, there was not enough time in the ear­ly uni­verse for heat to have flowed from one re­gion to an­oth­er. This means that the ini­tial state of the uni­verse would have to have had ex­act­ly the same tem­per­ature ev­ery­where in or­der to ac­count for the fact that the mi­crowave back-​ground has the same tem­per­ature in ev­ery di­rec­tion we look. The ini­tial rate of ex­pan­sion al­so would have had to be cho­sen very pre­cise­ly for the rate of ex­pan­sion still to be so close to the crit­ical rate need­ed to avoid rec­ol­lapse. This means that the ini­tial state of the uni­verse must have been very care­ful­ly cho­sen in­deed if the hot big bang mod­el was cor­rect right back to the be­gin­ning of time. It would be very dif­fi­cult to ex­plain why the uni­verse should have be­gun in just this way, ex­cept as the act of a God who in­tend­ed to cre­ate be­ings like us.

      In an at­tempt to find a mod­el of the uni­verse in which many dif­fer­ent ini­tial con­fig­ura­tions could have evolved to some­thing like the present uni­verse, a sci­en­tist at the Mas­sachusetts In­sti­tute of Tech­nol­ogy, Alan Guth, sug­gest­ed that the ear­ly uni­verse might have gone through a pe­ri­od of very rapid ex­pan­sion. This ex­pan­sion is said to be “in­fla­tion­ary,” mean­ing that the uni­verse at one time ex­pand­ed at an in­creas­ing rate rather than the de­creas­ing rate that it does to­day. Ac­cord­ing to Guth, the ra­dius of the uni­verse in­creased by a mil­lion mil­lion mil­lion mil­lion mil­lion (1 with thir­ty ze­ros af­ter it) times in on­ly a tiny frac­tion of a sec­ond.

      Guth sug­gest­ed that the uni­verse start­ed out from the big bang in a very hot, but rather chaot­ic, state. These high tem­per­atures would have meant that the par­ti­cles in the uni­verse would be mov­ing very fast and would have high en­er­gies. As we dis­cussed ear­li­er, one would ex­pect that at such high tem­per­atures the strong and weak nu­cle­ar forces and the elec­tro­mag­net­ic force would all be uni­fied in­to a sin­gle force. As the uni­verse ex­pand­ed, it would cool, and par­ti­cle en­er­gies would go down. Even­tu­al­ly there would be what is called a phase tran­si­tion and the sym­me­try be­tween the forces would be bro­ken: the strong force would be­come dif­fer­ent from the weak and elec­tro­mag­net­ic forces. One com­mon ex­am­ple of a phase tran­si­tion is the freez­ing of wa­ter when you cool it down. Liq­uid wa­ter is sym­met­ri­cal, the same at ev­ery point and in ev­ery di­rec­tion. How­ev­er, when ice crys­tals form, they will have def­inite po­si­tions and will be lined up in some di­rec­tion. This breaks wa­ter’s sym­me­try.

      In the case of wa­ter, if one is care­ful, one can “su­per­cool” it: that is, one can re­duce the tem­per­ature be­low the freez­ing point (OºC) with­out ice form­ing. Guth sug­gest­ed that the uni­verse might be­have in a sim­ilar way: the tem­per­ature might drop be­low the crit­ical val­ue with­out the sym­me­try be­tween the forces be­ing bro­ken. If this hap­pened, the uni­verse would be in an un­sta­ble state, with more en­er­gy than if the sym­me­try had been bro­ken. This spe­cial ex­tra en­er­gy can be shown to have an anti­grav­ita­tion­al ef­fect: it would have act­ed just like the cos­mo­log­ical con­stant that Ein­stein in­tro­duced in­to gen­er­al rel­ativ­ity when he was try­ing to con­struct a stat­ic mod­el of the uni­verse. Since the uni­verse would al­ready be ex­pand­ing just as in the hot big bang mod­el, the re­pul­sive ef­fect of this cos­mo­log­ical con­stant would there­fore have made the uni­verse ex­pand at an ev­er-​in­creas­ing rate. Even in re­gions where there were more mat­ter par­ti­cles than av­er­age, the grav­ita­tion­al at­trac­tion of the mat­ter would have been out­weighed by the re­pul­sion of the ef­fec­tive cos­mo­log­ical con­stant. Thus these re­gions would al­so ex­pand in an ac­cel­er­at­ing in­fla­tion­ary man­ner. As they ex­pand­ed and the mat­ter par­ti­cles got far­ther apart, one would be left with an ex­pand­ing uni­verse that con­tained hard­ly any par­ti­cles and was still in the su­per­cooled state. Any ir­reg­ular­ities in the uni­verse would sim­ply have been smoothed out by the ex­pan­sion, as the wrin­kles in a bal­loon are smoothed away when you blow it up. Thus the present smooth and uni­form state of the uni­verse could have evolved from many dif­fer­ent non-​uni­form ini­tial states.

      In such a uni­verse, in which the ex­pan­sion was ac­cel­er­at­ed by a cos­mo­log­ical con­stant rather than slowed down by the grav­ita­tion­al at­trac­tion of mat­ter, there would be enough time for light to trav­el from one re­gion to an­oth­er in the ear­ly uni­verse. This could pro­vide a so­lu­tion to the prob­lem, raised ear­li­er, of why dif­fer­ent re­gions in the ear­ly uni­verse have the same prop­er­ties. More­over, the rate of ex­pan­sion of the uni­verse would au­to­mat­ical­ly be­come very close to the crit­ical rate de­ter­mined by the en­er­gy den­si­ty of the uni­verse. This could then ex­plain why the rate of ex­pan­sion is still so close to the crit­ical rate, with­out hav­ing to as­sume that the ini­tial rate of ex­pan­sion of the uni­verse was very care­ful­ly cho­sen.

      The idea of in­fla­tion could al­so ex­plain why there is so much mat­ter in the uni­verse. There are some­thing like ten mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion (1 with eighty ze­ros af­ter it) par­ti­cles in the re­gion of the uni­verse that we can ob­serve. Where did they all come from? The an­swer is that, in quan­tum the­ory, par­ti­cles can be cre­at­ed out of en­er­gy in the form of par­ti­cle/an­tipar­ti­cle pairs. But that just rais­es the ques­tion of where the en­er­gy came from. The an­swer is that the to­tal en­er­gy of the uni­verse is ex­act­ly ze­ro. The mat­ter in the uni­verse is made out of pos­itive en­er­gy. How­ev­er, the mat­ter is all at­tract­ing it­self by grav­ity. Two pieces of mat­ter that are close to each oth­er have less en­er­gy than the same two pieces a long way apart, be­cause you have to ex­pend en­er­gy to sep­arate them against the grav­ita­tion­al force that is pulling them to­geth­er. Thus, in a sense, the grav­ita­tion­al field has neg­ative en­er­gy. In the case of a uni­verse that is ap­prox­imate­ly uni­form in space, one can show that this neg­ative grav­ita­tion­al en­er­gy ex­act­ly can­cels the pos­itive en­er­gy rep­re­sent­ed by the mat­ter. So the to­tal en­er­gy of the uni­verse is ze­ro.

      Now twice ze­ro is al­so ze­ro. Thus the uni­verse can dou­ble the amount of pos­itive mat­ter en­er­gy and al­so dou­ble the neg­ative grav­ita­tion­al en­er­gy with­out vi­ola­tion of the con­ser­va­tion of en­er­gy. This does not hap­pen in the nor­mal ex­pan­sion of the uni­verse in which the mat­ter en­er­gy den­si­ty goes down as the uni­verse gets big­ger. It does hap­pen, how­ev­er, in the in­fla­tion­ary ex­pan­sion be­cause the en­er­gy den­si­ty of the su­per­cooled state re­mains con­stant while the uni­verse ex­pands: when the uni­verse dou­bles in size, the pos­itive mat­ter en­er­gy and the neg­ative grav­ita­tion­al en­er­gy both dou­ble, so the to­tal en­er­gy re­mains ze­ro. Dur­ing the in­fla­tion­ary phase, the uni­verse in­creas­es its size by a very large amount. Thus the to­tal amount of en­er­gy avail­able to make par­ti­cles be­comes very large. As Guth has re­marked, “It is said that there’s no such thing as a free lunch. But the uni­verse is the ul­ti­mate free lunch.”

      The uni­verse is not ex­pand­ing in an in­fla­tion­ary way to­day. Thus there has to be some mech­anism that would elim­inate the very large ef­fec­tive cos­mo­log­ical con­stant and so change the rate of ex­pan­sion from an ac­cel­er­at­ed one to one that is slowed down by grav­ity, as we have to­day. In the in­fla­tion­ary ex­pan­sion one might ex­pect that even­tu­al­ly the sym­me­try be­tween the forces would be bro­ken, just as su­per-​cooled wa­ter al­ways freezes in the end. The ex­tra en­er­gy of the un­bro­ken sym­me­try state would then be re­leased and would re­heat the uni­verse to a tem­per­ature just be­low the crit­ical tem­per­ature for sym­me­try be­tween the forces. The uni­verse would then go on to ex­pand and cool just like the hot big bang mod­el, but there would now be an ex­pla­na­tion of why the uni­verse was ex­pand­ing at ex­act­ly the crit­ical rate and why dif­fer­ent re­gions had the same tem­per­ature.

      In Guth’s orig­inal pro­pos­al the phase tran­si­tion was sup­posed to oc­cur sud­den­ly, rather like the ap­pear­ance of ice crys­tals in very cold wa­ter. The idea was that “bub­bles” of the new phase of bro­ken sym­me­try would have formed in the old phase, like bub­bles of steam sur­round­ed by boil­ing wa­ter. The bub­bles were sup­posed to ex­pand and meet up with each oth­er un­til the whole uni­verse was in the new phase. The trou­ble was, as I and sev­er­al oth­er peo­ple point­ed out, that the uni­verse was ex­pand­ing so fast that even if the bub­bles grew at the speed of light, they would be mov­ing away from each oth­er and so could not join up. The uni­verse would be left in a very non-​uni­form state, with some re­gions still hav­ing sym­me­try be­tween the dif­fer­ent forces. Such a mod­el of the uni­verse would not cor­re­spond to what we see.

      In Oc­to­ber 1981, I went to Moscow for a con­fer­ence on quan­tum grav­ity. Af­ter the con­fer­ence I gave a sem­inar on the in­fla­tion­ary mod­el and its prob­lems at the Stern­berg As­tro­nom­ical In­sti­tute. Be­fore this, I had got some­one else to give my lec­tures for me, be­cause most peo­ple could not un­der­stand my voice. But there was not time to pre­pare this sem­inar, so I gave it my­self, with one of my grad­uate stu­dents re­peat­ing my words. It worked well, and gave me much more con­tact with my au­di­ence. In the au­di­ence was a young Rus­sian, An­drei Linde, from the Lebe­dev In­sti­tute in Moscow. He said that the dif­fi­cul­ty with the bub­bles not join­ing up could be avoid­ed if the bub­bles were so big that our re­gion of the uni­verse is all con­tained in­side a sin­gle bub­ble. In or­der for this to work, the change from sym­me­try to bro­ken sym­me­try must have tak­en place very slow­ly in­side the bub­ble, but this is quite pos­si­ble ac­cord­ing to grand uni­fied the­ories. Linde’s idea of a slow break­ing of sym­me­try was very good, but I lat­er re­al­ized that his bub­bles would have to have been big­ger than the size of the uni­verse at the time! I showed that in­stead the sym­me­try would have bro­ken ev­ery­where at the same time, rather than just in­side bub­bles. This would lead to a uni­form uni­verse, as we ob­serve. I was very ex­cit­ed by this idea and dis­cussed it with one of my stu­dents, Ian Moss. As a friend of Linde’s, I was rather em­bar­rassed, how­ev­er, when I was lat­er sent his pa­per by a sci­en­tif­ic jour­nal and asked whether it was suit­able for pub­li­ca­tion. I replied that there was this flaw about the bub­bles be­ing big­ger than the uni­verse, but that the ba­sic idea of a slow break­ing of sym­me­try was very good. I rec­om­mend­ed that the pa­per ¿ pub­lished as it was be­cause it would take Linde sev­er­al months to cor­rect it, since any­thing he sent to the West would have to be passed by So­vi­et cen­sor­ship, which was nei­ther very skill­ful nor very quick with sci­en­tif­ic pa­pers. In­stead, I wrote a short pa­per with Ian Moss in the same jour­nal in which we point­ed out this prob­lem with the bub­ble and showed how it could be re­solved.

      The day af­ter I got back from Moscow I set out for Philadel­phia, where I was due to re­ceive a medal from the Franklin In­sti­tute. My sec­re­tary, Judy Fel­la, had used her not in­con­sid­er­able charm to per­suade British Air­ways to give her­self and me free seats on a Con­corde as a pub­lic­ity ven­ture. How­ev­er, I .was held up on my way to the air­port by heavy rain and I missed the plane. Nev­er­the­less, I got to Philadel­phia in the end and re­ceived my medal. I was then asked to give a sem­inar on the in­fla­tion­ary uni­verse at Drex­el Uni­ver­si­ty in Philadel­phia. I gave the same sem­inar about the prob­lems of the in­fla­tion­ary uni­verse, just as in Moscow.

      A very sim­ilar idea to Linde’s was put forth in­de­pen­dent­ly a few months lat­er by Paul Stein­hardt and An­dreas Al­brecht of the Uni­ver­si­ty of Penn­syl­va­nia. They are now giv­en joint cred­it with Linde for what is called “the new in­fla­tion­ary mod­el,” based on the idea of a slow break­ing of sym­me­try. (The old in­fla­tion­ary mod­el was Guth’s orig­inal sug­ges­tion of fast sym­me­try break­ing with the for­ma­tion of bub­bles.)

      The new in­fla­tion­ary mod­el was a good at­tempt to ex­plain why the uni­verse is the way it is. How­ev­er, I and sev­er­al oth­er peo­ple showed that, at least in its orig­inal form, it pre­dict­ed much greater vari­ations in the tem­per­ature of the mi­crowave back­ground ra­di­ation than are ob­served. Lat­er work has al­so cast doubt on whether there could be a phase tran­si­tion in the very ear­ly uni­verse of the kind re­quired. In my per­son­al opin­ion, the new in­fla­tion­ary mod­el is now dead as a sci­en­tif­ic the­ory, al­though a lot of peo­ple do not seem to have heard of its demise and are still writ­ing pa­pers as if it were vi­able. A bet­ter mod­el, called the chaot­ic in­fla­tion­ary mod­el, was put for­ward by Linde in 1983. In this there is no phase tran­si­tion or su­per­cool­ing. In­stead, there is a spin 0 field, which, be­cause of quan­tum fluc­tu­ations, would have large val­ues in some re­gions of the ear­ly uni­verse. The en­er­gy of the field in those re­gions would be­have like a cos­mo­log­ical con­stant. It would have a re­pul­sive grav­ita­tion­al ef­fect, and thus make those re­gions ex­pand in an in­fla­tion­ary man­ner. As they ex­pand­ed, the en­er­gy of the field in them would slow­ly de­crease un­til the in­fla­tion­ary ex­pan­sion changed to an ex­pan­sion like that in the hot big bang mod­el. One of these re­gions would be­come what we now see as the ob­serv­able uni­verse. This mod­el has all the ad­van­tages of the ear­li­er in­fla­tion­ary mod­els, but it does not de­pend on a du­bi­ous phase tran­si­tion, and it can more­over give a rea­son­able size for the fluc­tu­ations in the tem­per­ature of the mi­crowave back­ground that agrees with ob­ser­va­tion.

      This work on in­fla­tion­ary mod­els showed that the present state of the uni­verse could have arisen from quite a large num­ber of dif­fer­ent ini­tial con­fig­ura­tions. This is im­por­tant, be­cause it shows that the ini­tial state of the part of the uni­verse that we in­hab­it did not have to be cho­sen with great care. So we may, if we wish, use the weak an­throp­ic prin­ci­ple to ex­plain why the uni­verse looks the way it does now. It can­not be the case, how­ev­er, that ev­ery ini­tial con­fig­ura­tion would have led to a uni­verse like the one we ob­serve. One can show this by con­sid­er­ing a very dif­fer­ent state for the uni­verse at the present time, say, a very lumpy and ir­reg­ular one. One could use the laws of sci­ence to evolve the uni­verse back in time to de­ter­mine its con­fig­ura­tion at ear­li­er times. Ac­cord­ing to the sin­gu­lar­ity the­orems of clas­si­cal gen­er­al rel­ativ­ity, there would still have been a big bang sin­gu­lar­ity. If you evolve such a uni­verse for­ward in time ac­cord­ing to the laws of sci­ence, you will end up with the lumpy and ir­reg­ular state you start­ed with. Thus there must have been ini­tial con­fig­ura­tions that would not have giv­en rise to a uni­verse like the one we see to­day. So even the in­fla­tion­ary mod­el does not tell us why the ini­tial con­fig­ura­tion was not such as to pro­duce some­thing very dif­fer­ent from what we ob­serve. Must we turn to the an­throp­ic prin­ci­ple for an ex­pla­na­tion? Was it all just a lucky chance? That would seem a coun­sel of de­spair, a nega­tion of all our hopes of un­der­stand­ing the un­der­ly­ing or­der of the uni­verse.

      In or­der to pre­dict how the uni­verse should have start­ed off, one needs laws that hold at the be­gin­ning of time. If the clas­si­cal the­ory of gen­er­al rel­ativ­ity was cor­rect, the sin­gu­lar­ity the­orems that Roger Pen­rose and I proved show that the be­gin­ning of time would have been a point of in­fi­nite den­si­ty and in­fi­nite cur­va­ture of space-​time. All the known laws of sci­ence would break down at such a point. One might sup­pose that there were new laws that held at sin­gu­lar­ities, but it would be very dif­fi­cult even to for­mu­late such laws at such bad­ly be­haved points, and we would have no guide from ob­ser­va­tions as to what those laws might be. How­ev­er, what the sin­gu­lar­ity the­orems re­al­ly in­di­cate is that the grav­ita­tion­al field be­comes so strong that quan­tum grav­ita­tion­al ef­fects be­come im­por­tant: clas­si­cal the­ory is no longer a good de­scrip­tion of the uni­verse. So one has to use a quan­tum the­ory of grav­ity to dis­cuss the very ear­ly stages of the uni­verse. As we shall see, it is pos­si­ble in the quan­tum the­ory for the or­di­nary laws of sci­ence to hold ev­ery­where, in­clud­ing at the be­gin­ning of time: it is not nec­es­sary to pos­tu­late new laws for sin­gu­lar­ities, be­cause there need not be any sin­gu­lar­ities in the quan­tum the­ory.

      We don’t yet have a com­plete and con­sis­tent the­ory that com­bines quan­tum me­chan­ics and grav­ity. How­ev­er, we are fair­ly cer­tain of some fea­tures that such a uni­fied the­ory should have. One is that it should in­cor­po­rate Feyn­man’s pro­pos­al to for­mu­late quan­tum the­ory in terms of a sum over his­to­ries. In this ap­proach, a par­ti­cle does not have just a sin­gle his­to­ry, as it would in a clas­si­cal the­ory. In­stead, it is sup­posed to fol­low ev­ery pos­si­ble path in space-​time, and with each of these his­to­ries there are as­so­ci­at­ed a cou­ple of num­bers, one rep­re­sent-​ing the size of a wave and the oth­er rep­re­sent­ing its po­si­tion in the cy­cle (its phase). The prob­abil­ity that the par­ti­cle, say, pass­es through some par­tic­ular point is found by adding up the waves as­so­ci­at­ed with ev­ery pos­si­ble his­to­ry that pass­es through that point. When one ac­tu­al­ly tries to per­form these sums, how­ev­er, one runs in­to se­vere tech­ni­cal prob­lems. The on­ly way around these is the fol­low­ing pe­cu­liar pre­scrip­tion: one must add up the waves for par­ti­cle his­to­ries that are not in the “re­al” time that you and I ex­pe­ri­ence but take place in what is called imag­inary time. Imag­inary time may sound like sci­ence fic­tion but it is in fact a well-​de­fined math­emat­ical con­cept. If we take any or­di­nary (or “re­al”) num­ber and mul­ti­ply it by it­self, the re­sult is a pos­itive num­ber. (For ex­am­ple, 2 times 2 is 4, but so is - 2 times - 2.) There are, how­ev­er, spe­cial num­bers (called imag­inary num­bers) that give neg­ative num­bers when mul­ti­plied by them­selves. (The one called i, when mul­ti­plied by it­self, gives - 1, 2i mul­ti­plied by it­self gives - 4, and so on.)

      One can pic­ture re­al and imag­inary num­bers in the fol­low­ing way: The re­al num­bers can be rep­re­sent­ed by a line go­ing from left to right, with ze­ro in the mid­dle, neg­ative num­bers like - 1, - 2, etc. on the left, and pos­itive num­bers, 1, 2, etc. on the right. Then imag­inary num­bers are rep­re­sent­ed by a line go­ing up and down the page, with i, 2i, etc. above the mid­dle, and - i, - 2i, etc. be­low. Thus imag­inary num­bers are in a sense num­bers at right an­gles to or­di­nary re­al num­bers.

      To avoid the tech­ni­cal dif­fi­cul­ties with Feyn­man’s sum over his­to­ries, one must use imag­inary time. That is to say, for the pur­pos­es of the cal­cu­la­tion one must mea­sure time us­ing imag­inary num­bers, rather than re­al ones. This has an in­ter­est­ing ef­fect on space-​time: the dis­tinc­tion be­tween time and space dis­ap­pears com­plete­ly. A space-​time in which events have imag­inary val­ues of the time co­or­di­nate is said to be Eu­clidean, af­ter the an­cient Greek Eu­clid, who found­ed the study of the ge­om­etry of two-​di­men­sion­al sur­faces. What we now call Eu­clidean space-​time is very sim­ilar ex­cept that it has four di­men­sions in­stead of two. In Eu­clidean space-​time there is no dif­fer­ence be­tween the time di­rec­tion and di­rec­tions in space. On the oth­er hand, in re­al space-​time, in which events are la­beled by or­di­nary, re­al val­ues of the time co­or­di­nate, it is easy to tell the dif­fer­ence - the time di­rec­tion at all points lies with­in the light cone, and space di­rec­tions lie out­side. In any case, as far as ev­ery­day quan­tum me­chan­ics is con­cerned, we may re­gard our use of imag­inary time and Eu­clidean space-​time as mere­ly a math­emat­ical de­vice (or trick) to cal­cu­late an­swers about re­al space-​time.

      A sec­ond fea­ture that we be­lieve must be part of any ul­ti­mate the­ory is Ein­stein’s idea that the grav­ita­tion­al field is rep­re­sent­ed by curved space-​time: par­ti­cles try to fol­low the near­est thing to a straight path in a curved space, but be­cause space-​time is not flat their paths ap­pear to be bent, as if by a grav­ita­tion­al field. When we ap­ply Feyn­man’s sum over his­to­ries to Ein­stein’s view of grav­ity, the ana­logue of the his­to­ry of a par­ti­cle is now a com­plete curved space-​time that rep­re­sents the his­to­ry of the whole uni­verse. To avoid the tech­ni­cal dif­fi­cul­ties in ac­tu­al­ly per­form­ing the sum over his­to­ries, these curved space-​times must be tak­en to be Eu­clidean. That is, time is imag­inary and is in­dis­tin­guish­able from di­rec­tions in space. To cal­cu­late the prob­abil­ity of find­ing a re­al space-​time with some cer­tain prop­er­ty, such as look­ing the same at ev­ery point and in ev­ery di­rec­tion, one adds up the waves as­so­ci­at­ed with all the his­to­ries that have that prop­er­ty.

      In the clas­si­cal the­ory of gen­er­al rel­ativ­ity, there are many dif­fer­ent pos­si­ble curved space-​times, each cor­re­spond­ing to a dif­fer­ent ini­tial state of the uni­verse. If we knew the ini­tial state of our uni­verse, we would know its en­tire his­to­ry. Sim­ilar­ly, in the quan­tum the­ory of grav­ity, there are many dif­fer­ent pos­si­ble quan­tum states for the uni­verse. Again, if we knew how the Eu­clidean curved space-​times in the sum over his­to­ries be­haved at ear­ly times, we would know the quan­tum state of the uni­verse.

      In the clas­si­cal the­ory of grav­ity, which is based on re­al space-​time, there are on­ly two pos­si­ble ways the uni­verse can be­have: ei­ther it has ex­ist­ed for an in­fi­nite time, or else it had a be­gin­ning at a sin­gu­lar­ity at some fi­nite time in the past. In the quan­tum the­ory of grav­ity, on the oth­er hand, a third pos­si­bil­ity aris­es. Be­cause one is us­ing Eu­clidean space-​times, in which the time di­rec­tion is on the same foot­ing as di­rec­tions in space, it is pos­si­ble for space-​time to be fi­nite in ex­tent and yet to have no sin­gu­lar­ities that formed a bound­ary or edge. Space-​time would be like the sur­face of the earth, on­ly with two more di­men­sions. The sur­face of the earth is fi­nite in ex­tent but it doesn’t have a bound­ary or edge: if you sail off in­to the sun­set, you don’t fall off the edge or run in­to a sin­gu­lar­ity. (I know, be­cause I have been round the world!)

      If Eu­clidean space-​time stretch­es back to in­fi­nite imag­inary time, or else starts at a sin­gu­lar­ity in imag­inary time, we have the same prob­lem as in the clas­si­cal the­ory of spec­ify­ing the ini­tial state of the uni­verse: God may know how the uni­verse be­gan, but we can­not give any par­tic­ular rea­son for think­ing it be­gan one way rather than an­oth­er. On the oth­er hand, the quan­tum the­ory of grav­ity has opened up a new pos­si­bil­ity, in which there would be no bound­ary to space-​time and so there would be no need to spec­ify the be­hav­ior at the bound­ary. There would be no sin­gu­lar­ities at which the laws of sci­ence broke down, and no edge of space-​time at which one would have to ap­peal to God or some new law to set the bound­ary con­di­tions for space-​time. One could say: “The bound­ary con­di­tion of the uni­verse is that it has no bound­ary.” The uni­verse would be com­plete­ly self-​con­tained and not af­fect­ed by any­thing out­side it­self. It would nei­ther be cre­at­ed nor de­stroyed, It would just BE.

      It was at the con­fer­ence in the Vat­ican men­tioned ear­li­er that I first put for­ward the sug­ges­tion that maybe time and space to­geth­er formed a sur­face that was fi­nite in size but did not have any bound­ary or edge. My pa­per was rather math­emat­ical, how­ev­er, so its im­pli­ca­tions for the role of God in the cre­ation of the uni­verse were not gen­er­al­ly rec­og­nized at the time (just as well for me). At the time of the Vat­ican con­fer­ence, I did not know how to use the “no bound­ary” idea to make pre­dic­tions about the uni­verse. How­ev­er, I spent the fol­low­ing sum-​mer at the Uni­ver­si­ty of Cal­ifor­nia, San­ta Bar­bara. There a friend and col­league of mine, Jim Har­tle, worked out with me what con­di­tions the uni­verse must sat­is­fy if space-​time had no bound­ary. When I re­turned to Cam­bridge, I con­tin­ued this work with two of my re­search stu­dents, Ju­lian Lut­trel and Jonathan Hal­li­well.

      I’d like to em­pha­size that this idea that time and space should be fi­nite “with­out bound­ary” is just a pro­pos­al: it can­not be de­duced from some oth­er prin­ci­ple. Like any oth­er sci­en­tif­ic the­ory, it may ini­tial­ly be put for­ward for aes­thet­ic or meta­phys­ical rea­sons, but the re­al test is whether it makes pre­dic­tions that agree with ob­ser­va­tion. This, how-​ev­er, is dif­fi­cult to de­ter­mine in the case of quan­tum grav­ity, for two rea­sons. First, as will be ex­plained in Chap­ter 11, we are not yet sure ex­act­ly which the­ory suc­cess­ful­ly com­bines gen­er­al rel­ativ­ity and quan­tum me­chan­ics, though we know quite a lot about the form such a the­ory must have. Sec­ond, any mod­el that de­scribed the whole uni­verse in de­tail would be much too com­pli­cat­ed math­emat­ical­ly for us to be able to cal­cu­late ex­act pre­dic­tions. One there­fore has to make sim­pli­fy­ing as­sump­tions and ap­prox­ima­tions - and even then, the prob­lem of ex­tract­ing pre­dic­tions re­mains a formidable one.

      Each his­to­ry in the sum over his­to­ries will de­scribe not on­ly the space-​time but ev­ery­thing in it as well, in­clud­ing any com­pli­cat­ed or­gan­isms like hu­man be­ings who can ob­serve the his­to­ry of the uni­verse. This may pro­vide an­oth­er jus­ti­fi­ca­tion for the an­throp­ic prin­ci­ple, for if all the his­to­ries are pos­si­ble, then so long as we ex­ist in one of the his­to­ries, we may use the an­throp­ic prin­ci­ple to ex­plain why the uni­verse is found to be the way it is. Ex­act­ly what mean­ing can be at­tached to the oth­er his­to­ries, in which we do not ex­ist, is not clear. This view of a quan­tum the­ory of grav­ity would be much more sat­is­fac­to­ry, how­ev­er, if one could show that, us­ing the sum over his­to­ries, our uni­verse is not just one of the pos­si­ble his­to­ries but one of the most prob­able ones. To do this, we must per­form the sum over his­to­ries for all pos­si­ble Eu­clidean space-​times that have no bound­ary.

      Un­der the “no bound­ary” pro­pos­al one learns that the chance of the uni­verse be­ing found to be fol­low­ing most of the pos­si­ble his­to­ries is neg­li­gi­ble, but there is a par­tic­ular fam­ily of his­to­ries that are much more prob­able than the oth­ers. These his­to­ries may be pic­tured as be­ing like the sur­face of the earth, with the dis­tance from the North Pole rep­re­sent­ing imag­inary time and the size of a cir­cle of con­stant dis­tance from the North Pole rep­re­sent­ing the spa­tial size of the uni­verse. The uni­verse starts at the North Pole as a sin­gle point. As one moves south, the cir­cles of lat­itude at con­stant dis­tance from the North Pole get big­ger, cor­re­spond­ing to the uni­verse ex­pand­ing with imag­inary time (Fig. 8.1). The uni­verse would reach a max­imum size at the equa­tor and would con­tract with in­creas­ing imag­inary time to a sin­gle point at the South Pole. Ev­er though the uni­verse would have ze­ro size at the North and South Poles, these points would not be sin­gu­lar­ities, any more than the North aid South Poles on the earth are sin­gu­lar. The laws of sci­ence will hold at them, just as they do at the North and South Poles on the earth.

      The his­to­ry of the uni­verse in re­al time, how­ev­er, would look very dif­fer­ent. At about ten or twen­ty thou­sand mil­lion years ago, it would have a min­imum size, which was equal to the max­imum ra­dius of the his­to­ry in imag­inary time. At lat­er re­al times, the uni­verse would ex­pand like the chaot­ic in­fla­tion­ary mod­el pro­posed by Linde (but one would not now have to as­sume that the uni­verse was cre­at­ed some­how in the right sort of state). The uni­verse would ex­pand to a very large size (Fig. 8.1) and even­tu­al­ly it would col­lapse again in­to what looks like a sin­gu­lar­ity in re­al time. Thus, in a sense, we are still all doomed, even if we keep away from black holes. On­ly if we could pic­ture the uni­verse in terms of imag­inary time would there be no sin­gu­lar­ities.

      If the uni­verse re­al­ly is in such a quan­tum state, there would be no sin­gu­lar­ities in the his­to­ry of the uni­verse in imag­inary time. It might seem there­fore that my more re­cent work had com­plete­ly un­done the re­sults of my ear­li­er work on sin­gu­lar­ities. But, as in­di­cat­ed above, the re­al im­por­tance of the sin­gu­lar­ity the­orems was that they showed that the grav­ita­tion­al field must be­come so strong that quan­tum grav­ita­tion­al ef­fects could not be ig­nored. This in turn led to the idea that the uni­verse could be fi­nite in imag­inary time but with­out bound­aries or sin­gu­lar­ities. When one goes back to the re­al time in which we live, how­ev­er, there will still ap­pear to be sin­gu­lar­ities. The poor as­tro­naut who falls in­to a black hole will still come to a sticky end; on­ly if he lived in imag­inary time would he en­counter no sin­gu­lar­ities.

      This might sug­gest that the so-​called imag­inary time is re­al­ly the re­al time, and that what we call re­al time is just a fig­ment of our imag­ina­tions. In re­al time, the uni­verse has a be­gin­ning and an end at sin­gu­lar­ities that form a bound­ary to space-​time and at which the laws of sci­ence break down. But in imag­inary time, there are no sin­gu­lar­ities or bound­aries. So maybe what we call imag­inary time is re­al­ly more ba­sic, and what we call re­al is just an idea that we in­vent to help us de­scribe what we think the uni­verse is like. But ac­cord­ing to the ap­proach I de­scribed in Chap­ter 1, a sci­en­tif­ic the­ory is just a math­emat­ical mod­el we make to de­scribe our ob­ser­va­tions: it ex­ists on­ly in our minds. So it is mean­ing­less to ask: which is re­al, “re­al” or “imag­inary” time? It is sim­ply a mat­ter of which is the more use­ful de­scrip­tion.

      One can al­so use the sum over his­to­ries, along with the no bound­ary pro­pos­al, to find which prop­er­ties of the uni­verse are like­ly to oc­cur to­geth­er. For ex­am­ple, one can cal­cu­late the prob­abil­ity that the uni­verse is ex­pand­ing at near­ly the same rate in all dif­fer­ent di­rec­tions at a time when the den­si­ty of the uni­verse has its present val­ue. In the sim­pli­fied mod­els that have been ex­am­ined so far, this prob­abil­ity turns out to be high; that is, the pro­posed no bound­ary con­di­tion leads to the pre­dic­tion that it is ex­treme­ly prob­able that the present rate of ex­pan­sion of the uni­verse is al­most the same in each di­rec­tion. This is con­sis­tent with the ob­ser­va­tions of the mi­crowave back­ground ra­di­ation, which show that it has al­most ex­act­ly the same in­ten­si­ty in any di­rec­tion. If the uni­verse were ex­pand­ing faster in some di­rec­tions than in oth­ers, the in­ten­si­ty of the ra­di­ation in those di­rec­tions would be re­duced by an ad­di­tion­al red shift.

      Fur­ther pre­dic­tions of the no bound­ary con­di­tion are cur­rent­ly be­ing worked out. A par­tic­ular­ly in­ter­est­ing prob­lem is the size of the small de­par­tures from uni­form den­si­ty in the ear­ly uni­verse that caused the for­ma­tion first of the galax­ies, then of stars, and fi­nal­ly of us. The un­cer­tain­ty prin­ci­ple im­plies that the ear­ly uni­verse can­not have been com­plete­ly uni­form be­cause there must have been some un­cer­tain­ties or fluc­tu­ations in the po­si­tions and ve­loc­ities of the par­ti­cles. Us­ing the no bound­ary con­di­tion, we find that the uni­verse must in fact have start­ed off with just the min­imum pos­si­ble non-​uni­for­mi­ty al­lowed by the un­cer­tain­ty prin­ci­ple. The uni­verse would have then un­der­gone a pe­ri­od of rapid ex­pan­sion, as in the in­fla­tion­ary mod­els. Dur­ing this pe­ri­od, the ini­tial non-​uni­for­mi­ties would have been am­pli­fied un­til they were big enough to ex­plain the ori­gin of the struc­tures we ob­serve around us. In 1992 the Cos­mic Back­ground Ex­plor­er satel­lite (COBE) first de­tect­ed very slight vari­ations in the in­ten­si­ty of the mi­crowave back­ground with di­rec­tion. The way these non-​uni­for­mi­ties de­pend on di­rec­tion seems to agree with the pre­dic­tions of the in­fla­tion­ary mod­el and the no bound­ary pro­pos­al. Thus the no bound­ary pro­pos­al is a good sci­en­tif­ic the­ory in the sense of Karl Pop­per: it could have been fal­si­fied by ob­ser­va­tions but in­stead its pre­dic­tions have been con­firmed. In an ex­pand­ing uni­verse in which the den­si­ty of mat­ter var­ied slight­ly from place to place, grav­ity would have caused the denser re­gions to slow down their ex­pan­sion and start con­tract­ing. This would lead to the for­ma­tion of galax­ies, stars, and even­tu­al­ly even in­signif­icant crea­tures like our­selves. Thus all the com­pli­cat­ed struc­tures that we see in the uni­verse might be ex­plained by the no bound­ary con­di­tion for the uni­verse to­geth­er with the un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics.

      The idea that space and time may form a closed sur­face with­out bound­ary al­so has pro­found im­pli­ca­tions for the role of God in the af­fairs of the uni­verse. With the suc­cess of sci­en­tif­ic the­ories in de­scrib­ing events, most peo­ple have come to be­lieve that God al­lows the uni­verse to evolve ac­cord­ing to a set of laws and does not in­ter­vene in the uni­verse to break these laws. How­ev­er, the laws do not tell us what the uni­verse should have looked like when it start­ed - it would still be up to God to wind up the clock­work and choose how to start it off. So long as the uni­verse had a be­gin­ning, we could sup­pose it had a cre­ator. But if the uni­verse is re­al­ly com­plete­ly self-​con­tained, hav­ing no bound­ary or edge, it would have nei­ther be­gin­ning nor end: it would sim­ply be. What place, then, for a cre­ator?

    

  
    
      A Brief History of Time

    

    
      CHAPTER 9

      THE AR­ROW OF TIME

      In pre­vi­ous chap­ters we have seen how our views of the na­ture of time have changed over the years. Up to the be­gin­ning of this cen­tu­ry peo­ple be­lieved in an ab­so­lute time. That is, each event could be la­beled by a num­ber called “time” in a unique way, and all good clocks would agree on the time in­ter­val be­tween two events. How­ev­er, the dis­cov­ery that the speed of light ap­peared the same to ev­ery ob­serv­er, no mat­ter how he was mov­ing, led to the the­ory of rel­ativ­ity - and in that one had to aban­don the idea that there was a unique ab­so­lute time. In­stead, each ob­serv­er would have his own mea­sure of time as record­ed by a clock that he car­ried: clocks car­ried by dif­fer­ent ob­servers would not nec­es­sar­ily agree. Thus time be­came a more per­son­al con­cept, rel­ative to the ob­serv­er who mea­sured it.

      When one tried to uni­fy grav­ity with quan­tum me­chan­ics, one had to in­tro­duce the idea of “imag­inary” time. Imag­inary time is in­dis­tin­guish­able from di­rec­tions in space. If one can go north, one can turn around and head south; equal­ly, if one can go for­ward in imag­inary time, one ought to be able to turn round and go back­ward. This means that there can be no im­por­tant dif­fer­ence be­tween the for­ward and back­ward di­rec­tions of imag­inary time. On the oth­er hand, when one looks at “re­al” time, there’s a very big dif­fer­ence be­tween the for­ward and back­ward di­rec­tions, as we all know. Where does this dif­fer­ence be­tween the past and the fu­ture come from? Why do we re­mem­ber the past but not the fu­ture?

      The laws of sci­ence do not dis­tin­guish be­tween the past and the fu­ture. More pre­cise­ly, as ex­plained ear­li­er, the laws of sci­ence are un­changed un­der the com­bi­na­tion of op­er­ations (or sym­me­tries) known as C, P, and T. (C means chang­ing par­ti­cles for an­tipar­ti­cles. P means tak­ing the mir­ror im­age, so left and right are in­ter­changed. And T means re­vers­ing the di­rec­tion of mo­tion of all par­ti­cles: in ef­fect, run­ning the mo­tion back­ward.) The laws of sci­ence that gov­ern the be­hav­ior of mat­ter un­der all nor­mal sit­ua­tions are un­changed un­der the com­bi­na­tion of the two op­er­ations C and P on their own. In oth­er words, life would be just the same for the in­hab­itants of an­oth­er plan­et who were both mir­ror im­ages of us and who were made of an­ti­mat­ter, rather than mat­ter.

      If the laws of sci­ence are un­changed by the com­bi­na­tion of op­er­ations C and P, and al­so by the com­bi­na­tion C, P, and T, they must al­so be un­changed un­der the op­er­ation T alone. Yet there is a big dif­fer­ence be­tween the for­ward and back­ward di­rec­tions of re­al time in or­di­nary life. Imag­ine a cup of wa­ter falling off a ta­ble and break­ing in­to pieces on the floor. If you take a film of this, you can eas­ily tell whether it is be­ing run for­ward or back­ward. If you run it back­ward you will see the pieces sud­den­ly gath­er them­selves to­geth­er off the floor and jump back to form a whole cup on the ta­ble. You can tell that the film is be­ing run back­ward be­cause this kind of be­hav­ior is nev­er ob­served in or­di­nary life. If it were, crock­ery man­ufac­tur­ers would go out of busi­ness.

      The ex­pla­na­tion that is usu­al­ly giv­en as to why we don’t see bro­ken cups gath­er­ing them­selves to­geth­er off the floor and jump­ing back on­to the ta­ble is that it is for­bid­den by the sec­ond law of ther­mo­dy­nam­ics. This says that in any closed sys­tem dis­or­der, or en­tropy, al­ways in­creas­es with time. In oth­er words, it is a form of Mur­phy’s law: things al­ways tend to go wrong! An in­tact cup on the ta­ble is a state of high or­der, but a bro­ken cup on the floor is a dis­or­dered state. One can go read­ily from the cup on the ta­ble in the past to the bro­ken cup on the floor in the fu­ture, but not the oth­er way round.

      The in­crease of dis­or­der or en­tropy with time is one ex­am­ple of what is called an ar­row of time, some­thing that dis­tin­guish­es the past from the fu­ture, giv­ing a di­rec­tion to time. There are at least three dif­fer­ent ar­rows of time. First, there is the ther­mo­dy­nam­ic ar­row of time, the di­rec­tion of time in which dis­or­der or en­tropy in­creas­es. Then, there is the psy­cho­log­ical ar­row of time. This is the di­rec­tion in which we feel time pass­es, the di­rec­tion in which we re­mem­ber the past but not the fu­ture. Fi­nal­ly, there is the cos­mo­log­ical ar­row of time. This is the di­rec­tion of time in which the uni­verse is ex­pand­ing rather than con­tract­ing.

      In this chap­ter I shall ar­gue that the no bound­ary con­di­tion for the uni­verse, to­geth­er with the weak an­throp­ic prin­ci­ple, can ex­plain why all three ar­rows point in the same di­rec­tion - and more­over, why a well-​de­fined ar­row of time should ex­ist at all. I shall ar­gue that the psy­cho­log­ical ar­row is de­ter­mined by the ther­mo­dy­nam­ic ar­row, and that these two ar­rows nec­es­sar­ily al­ways point in the same di­rec­tion. If one as­sumes the no bound­ary con­di­tion for the uni­verse, we shall see that there must be well-​de­fined ther­mo­dy­nam­ic and cos­mo­log­ical ar­rows of time, but they will not point in the same di­rec­tion for the whole his­to­ry of the uni­verse. How­ev­er, I shall ar­gue that it is on­ly when they do point in the same di­rec­tion that con­di­tions are suit­able for the de­vel­op­ment of in­tel­li­gent be­ings who can ask the ques­tion: why does dis­or­der in­crease in the same di­rec­tion of time as that in which the uni­verse ex­pands?

      I shall dis­cuss first the ther­mo­dy­nam­ic ar­row of time. The sec­ond law of ther­mo­dy­nam­ics re­sults from the fact that there are al­ways many more dis­or­dered states than there are or­dered ones. For ex­am­ple, con­sid­er the pieces of a jig­saw in a box. There is one, and. on­ly one, ar­range­ment in which the pieces make a com­plete pic­ture. On the oth­er hand, there are a very large num­ber of ar­range­ments in which the pieces are dis­or­dered and don’t make a pic­ture.

      Sup­pose a sys­tem starts out in one of the small num­ber of or­dered states. As time goes by, the sys­tem will evolve ac­cord­ing to the laws of sci­ence and its state will change. At a lat­er time, it is more prob­able that the sys­tem will be in a dis­or­dered state than in an or­dered one be­cause there are more dis­or­dered states. Thus dis­or­der will tend to in­crease with time if the sys­tem obeys an ini­tial con­di­tion of high or­der.

      Sup­pose the pieces of the jig­saw start off in a box in the or­dered ar­range­ment in which they form a pic­ture. If you shake the box, the pieces will take up an­oth­er ar­range­ment. This will prob­ably be a dis­or­dered ar­range­ment in which the pieces don’t form a prop­er pic­ture, sim­ply be­cause there are so many more dis­or­dered ar­range­ments. Some groups of pieces may still form parts of the pic­ture, but the more you shake the box, the more like­ly it is that these groups will get bro­ken up and the pieces will be in a com­plete­ly jum­bled state in which they don’t form any sort of pic­ture. So the dis­or­der of the pieces will prob­ably in­crease with time if the pieces obey the ini­tial con­di­tion that they start off in a con­di­tion of high or­der.

      Sup­pose, how­ev­er, that God de­cid­ed that the uni­verse should fin­ish up in a state of high or­der but that it didn’t mat­ter what state it start­ed in. At ear­ly times the uni­verse would prob­ably be in a dis­or­dered state. This would mean that dis­or­der would de­crease with time. You would see bro­ken cups gath­er­ing them­selves to­geth­er and jump­ing back on­to the ta­ble. How­ev­er, any hu­man be­ings who were ob­serv­ing the cups would be liv­ing in a uni­verse in which dis­or­der de­creased with time. I shall ar­gue that such be­ings would have a psy­cho­log­ical ar­row of time that was back­ward. That is, they would re­mem­ber events in the fu­ture, and not re­mem­ber events in their past. When the cup was bro­ken, they would re­mem­ber it be­ing on the ta­ble, but when it was on the ta­ble, they would not re­mem­ber it be­ing on the floor.

      It is rather dif­fi­cult to talk about hu­man mem­ory be­cause we don’t know how the brain works in de­tail. We do, how­ev­er, know all about how com­put­er mem­ories work. I shall there­fore dis­cuss the psy­cho­log­ical ar­row of time for com­put­ers. I think it is rea­son­able to as­sume that the ar­row for com­put­ers is the same as that for hu­mans. If it were not, one could make a killing on the stock ex­change by hav­ing a com­put­er that would re­mem­ber to­mor­row’s prices! A com­put­er mem­ory is ba­si­cal­ly a de­vice con­tain­ing el­ements that can ex­ist in ei­ther of two states. A sim­ple ex­am­ple is an aba­cus. In its sim­plest form, this con­sists of a num­ber of wires; on each wire there are a num­ber of beads that can be put in one of two po­si­tions. Be­fore an item is record­ed in a com­put­er’s mem­ory, the mem­ory is in a dis­or­dered state, with equal prob­abil­ities for the two pos­si­ble states. (The aba­cus beads are scat­tered ran­dom­ly on the wires of the aba­cus.) Af­ter the mem­ory in­ter­acts with the sys­tem to be re­mem­bered, it will def­inite­ly be in one state or the oth­er, ac­cord­ing to the state of the sys­tem. (Each aba­cus bead will be at ei­ther the left or the right of the aba­cus wire.) So the mem­ory has passed from a dis­or­dered state to an or­dered one. How­ev­er, in or­der to make sure that the mem­ory is in the right state, it is nec­es­sary to use a cer­tain amount of en­er­gy (to move the bead or to pow­er the com­put­er, for ex­am­ple). This en­er­gy is dis­si­pat­ed as heat, and in­creas­es the amount of dis­or­der in the uni­verse. One can show that this in­crease in dis­or­der is al­ways greater than the in­crease in the or­der of the mem­ory it­self. Thus the heat ex­pelled by the com­put­er’s cool­ing fan means that when a com­put­er records an item in mem­ory, the to­tal amount of dis­or­der in the uni­verse still goes up. The di­rec­tion of time in which a com­put­er re­mem­bers the past is the same as that in which dis­or­der in­creas­es.

      Our sub­jec­tive sense of the di­rec­tion of time, the psy­cho­log­ical ar­row of time, is there­fore de­ter­mined with­in our brain by the ther­mo­dy­nam­ic ar­row of time. Just like a com­put­er, we must re­mem­ber things in the or­der in which en­tropy in­creas­es. This makes the sec­ond law of ther­mo­dy­nam­ics al­most triv­ial. Dis­or­der in­creas­es with time be­cause we mea­sure time in the di­rec­tion in which dis­or­der in­creas­es You can’t have a safer bet than that!

      But why should the ther­mo­dy­nam­ic ar­row of time ex­ist at all? Or, in oth­er words, why should the uni­verse be in a state of high or­der at one end of time, the end that we call the past? Why is it not in a state of com­plete dis­or­der at all times? Af­ter all, this might seem more prob­able. And why is the di­rec­tion of time in which dis­or­der in­creas­es the same as that in which the uni­verse ex­pands?

      In the clas­si­cal the­ory of gen­er­al rel­ativ­ity one can­not pre­dict how the uni­verse would have be­gun be­cause all the known laws of sci­ence would have bro­ken down at the big bang sin­gu­lar­ity. The uni­verse could have start­ed out in a very smooth and or­dered state. This would have led to well-​de­fined ther­mo­dy­nam­ic and cos­mo­log­ical ar­rows of time, as we ob­serve. But it could equal­ly well have start­ed out in a very lumpy and dis­or­dered state. In that case, the uni­verse would al­ready be in a state of com­plete dis­or­der, so dis­or­der could not in­crease with time. It would ei­ther stay con­stant, in which case there would be no well-​de­fined ther­mo­dy­nam­ic ar­row of time, or it would de­crease, in which case the ther­mo­dy­nam­ic ar­row of time would point in the op­po­site di­rec­tion to the cos­mo­log­ical ar­row. Nei­ther of these pos­si­bil­ities agrees with what we ob­serve. How­ev­er, as we have seen, clas­si­cal gen­er­al rel­ativ­ity pre­dicts its own down­fall. When the cur­va­ture of space-​time be­comes large, quan­tum grav­ita­tion­al ef­fects will be­come im­por­tant and the clas­si­cal the­ory will cease to be a good de­scrip­tion of the uni­verse. One has to use a quan­tum the­ory of grav­ity to un­der­stand how the uni­verse be­gan.

      In a quan­tum the­ory of grav­ity, as we saw in the last chap­ter, in or­der to spec­ify the state of the uni­verse one would still have to say how the pos­si­ble his­to­ries of the uni­verse would be­have at the bound­ary of space-​time in the past. One could avoid this dif­fi­cul­ty of hav­ing to de­scribe what we do not and can­not know on­ly if the his­to­ries sat­is­fy the no bound­ary con­di­tion: they are fi­nite in ex­tent but have no bound­aries, edges, or sin­gu­lar­ities. In that case, the be­gin­ning of time would be a reg­ular, smooth point of space-​time and the uni­verse would have be­gun its ex­pan­sion in a very smooth and or­dered state. It could not have been com­plete­ly uni­form, be­cause that would vi­olate the un­cer­tain­ty prin­ci­ple of quan­tum the­ory. There had to be small fluc­tu­ations in the den­si­ty and ve­loc­ities of par­ti­cles. The no bound­ary con­di­tion, how­ev­er, im­plied that these fluc­tu­ations were as small as they could be, con­sis­tent with the un­cer­tain­ty prin­ci­ple.

      The uni­verse would have start­ed off with a pe­ri­od of ex­po­nen­tial or “in­fla­tion­ary” ex­pan­sion in which it would have in­creased its size by a very large fac­tor. Dur­ing this ex­pan­sion, the den­si­ty fluc­tu­ations would have re­mained small at first, but lat­er would have start­ed to grow. Re­gions in which the den­si­ty was slight­ly high­er than av­er­age would have had their ex­pan­sion slowed down by the grav­ita­tion­al at­trac­tion of the ex­tra mass. Even­tu­al­ly, such re­gions would stop ex­pand­ing and col­lapse to form galax­ies, stars, and be­ings like us. The uni­verse would have start­ed in a smooth and or­dered state, and would be­come lumpy and dis­or­dered as time went on. This would ex­plain the ex­is­tence of the ther­mo­dy­nam­ic ar­row of time.

      But what would hap­pen if and when the uni­verse stopped ex­pand­ing and be­gan to con­tract? Would the ther­mo­dy­nam­ic ar­row re­verse and dis­or­der be­gin to de­crease with time? This would lead to all sorts of sci­ence-​fic­tion-​like pos­si­bil­ities for peo­ple who sur­vived from the ex­pand­ing to the con­tract­ing phase. Would they see bro­ken cups gath­er­ing them­selves to­geth­er off the floor and jump­ing back on­to the ta­ble? Would they be able to re­mem­ber to­mor­row’s prices and make a for­tune on the stock mar­ket? It might seem a bit aca­dem­ic to wor­ry about what will hap­pen when the uni­verse col­laps­es again, as it will not start to con­tract for at least an­oth­er ten thou­sand mil­lion years. But there is a quick­er way to find out what will hap­pen: jump in­to a black hole. The col­lapse of a star to form a black hole is rather like the lat­er stages of the col­lapse of the whole uni­verse. So if dis­or­der were to de­crease in the con­tract­ing phase of the uni­verse, one might al­so ex­pect it to de­crease in­side a black hole. So per­haps an as­tro­naut who fell in­to a black hole would be able to make mon­ey at roulette by re­mem­ber­ing where the ball went be­fore he placed his bet. (Un­for­tu­nate­ly, how­ev­er, he would not have long to play be­fore he was turned to spaghet­ti. Nor would he be able to let us know about the re­ver­sal of the ther­mo­dy­nam­ic ar­row, or even bank his win­nings, be­cause he would be trapped be­hind the event hori­zon of the black hole.)

      At first, I be­lieved that dis­or­der would de­crease when the uni­verse rec­ol­lapsed. This was be­cause I thought that the uni­verse had to re­turn to a smooth and or­dered state when it be­came small again. This would mean that the con­tract­ing phase would be like the time re­verse of the ex­pand­ing phase. Peo­ple in the con­tract­ing phase would live their lives back­ward: they would die be­fore they were born and get younger as the uni­verse con­tract­ed.

      This idea is at­trac­tive be­cause it would mean a nice sym­me­try be­tween the ex­pand­ing and con­tract­ing phas­es. How­ev­er, one can­not adopt it on its own, in­de­pen­dent of oth­er ideas about the uni­verse. The ques­tion is: is it im­plied by the no bound­ary con­di­tion, or is it in­con­sis­tent with that con­di­tion? As I said, I thought at first that the no bound­ary con­di­tion did in­deed im­ply that dis­or­der would de­crease in the con­tract­ing phase. I was mis­led part­ly by the anal­ogy with the sur­face of the earth. If one took the be­gin­ning of the uni­verse to cor­re­spond to the North Pole, then the end of the uni­verse should be sim­ilar to the be­gin­ning, just as the South Pole is sim­ilar to the North. How­ev­er, the North and South Poles cor­re­spond to the be­gin­ning and end of the uni­verse in imag­inary time. The be­gin­ning and end in re­al time can be very dif­fer­ent from each oth­er. I was al­so mis­led by work I had done on a sim­ple mod­el of the uni­verse in which the col­laps­ing phase looked like the time re­verse of the ex­pand­ing phase. How­ev­er, a col­league of mine, Don Page, of Penn State Uni­ver­si­ty, point­ed out that the no bound­ary con­di­tion did not re­quire the con­tract­ing phase nec­es­sar­ily to be 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 dif­fer­ent from the ex­pan­sion. I re­al­ized that I had made a mis­take: the no bound­ary con­di­tion im­plied that dis­or­der would in fact con­tin­ue to in­crease dur­ing the con­trac­tion. The ther­mo­dy­nam­ic and psy­cho­log­ical ar­rows of time would not re­verse when the uni­verse be­gins to re­con­tract, or in­side black holes.

      What should you do when you find you have made a mis­take like that? Some peo­ple nev­er ad­mit that they are wrong and con­tin­ue to find new, and of­ten mu­tu­al­ly in­con­sis­tent, ar­gu­ments to sup­port their case - as Ed­ding­ton did in op­pos­ing black hole the­ory. Oth­ers claim to have nev­er re­al­ly sup­port­ed the in­cor­rect view in the first place or, if they did, it was on­ly to show that it was in­con­sis­tent. It seems to me much bet­ter and less con­fus­ing if you ad­mit in print that you were wrong. A good ex­am­ple of this was Ein­stein, who called the cos­mo­log­ical con­stant, which he in­tro­duced when he was try­ing to make a stat­ic mod­el of the uni­verse, the biggest mis­take of his life.

      To re­turn to the ar­row of time, there re­mains the ques­tion: why do we ob­serve that the ther­mo­dy­nam­ic and cos­mo­log­ical ar­rows point in the same di­rec­tion? Or in oth­er words, why does dis­or­der in­crease in the same di­rec­tion of time as that in which the uni­verse ex­pands? If one be­lieves that the uni­verse will ex­pand and then con­tract again, as the no bound­ary pro­pos­al seems to im­ply, this be­comes a ques­tion of why we should be in the ex­pand­ing phase rather than the con­tract­ing phase.

      One can an­swer this on the ba­sis of the weak an­throp­ic prin­ci­ple. Con­di­tions in the con­tract­ing phase would not be suit­able for the ex­is­tence of in­tel­li­gent be­ings who could ask the ques­tion: why is dis­or­der in­creas­ing in the same di­rec­tion of time as that in which the uni­verse is ex­pand­ing? The in­fla­tion in the ear­ly stages of the uni­verse, which the no bound­ary pro­pos­al pre­dicts, means that the uni­verse must be ex­pand­ing at very close to the crit­ical rate at which it would just avoid rec­ol­lapse, and so will not rec­ol­lapse for a very long time. By then all the stars will have burned out and the pro­tons and neu­trons in them will prob­ably have de­cayed in­to light par­ti­cles and ra­di­ation. The uni­verse would be in a state of al­most com­plete dis­or­der. There would be no strong ther­mo­dy­nam­ic ar­row of time. Dis­or­der couldn’t in­crease much be­cause the uni­verse would be in a state of al­most com­plete dis­or­der al­ready. How­ev­er, a strong ther­mo­dy­nam­ic ar­row is nec­es­sary for in­tel­li­gent life to op­er­ate. In or­der to sur­vive, hu­man be­ings have to con­sume food, which is an or­dered form of en­er­gy, and con­vert it in­to heat, which is a dis­or­dered form of en­er­gy. Thus in­tel­li­gent life could not ex­ist in the con­tract­ing phase of the uni­verse. This is the ex­pla­na­tion of why we ob­serve that the ther­mo­dy­nam­ic and cos­mo­log­ical ar­rows of time point in the same di­rec­tion. It is not that the ex­pan­sion of the uni­verse caus­es dis­or­der to in­crease. Rather, it is that the no bound­ary con­di­tion caus­es dis­or­der to in­crease and the con­di­tions to be suit­able for in­tel­li­gent life on­ly in the ex­pand­ing phase.

      To sum­ma­rize, the laws of sci­ence do not dis­tin­guish be­tween the for­ward and back­ward di­rec­tions of time. How­ev­er, there are at least three ar­rows of time that do dis­tin­guish the past from the fu­ture. They are the ther­mo­dy­nam­ic ar­row, the di­rec­tion of time in which dis­or­der in­creas­es; the psy­cho­log­ical ar­row, the di­rec­tion of time in which we re­mem­ber the past and not the fu­ture; and the cos­mo­log­ical ar­row, the di­rec­tion of time in which the uni­verse ex­pands rather than con­tracts. I have shown that the psy­cho­log­ical ar­row is es­sen­tial­ly the same as the ther­mo­dy­nam­ic ar­row, so that the two would al­ways point in the same di­rec­tion. The no bound­ary pro­pos­al for the uni­verse pre­dicts the ex­is­tence of a well-​de­fined ther­mo­dy­nam­ic ar­row of time be­cause the uni­verse must start off in a smooth and or­dered state. And the rea­son we ob­serve this ther­mo­dy­nam­ic ar­row to agree with the cos­mo­log­ical ar­row is that in­tel­li­gent be­ings can ex­ist on­ly in the ex­pand­ing phase. The con­tract­ing phase will be un­suit­able be­cause it has no strong ther­mo­dy­nam­ic ar­row of time.

      The progress of the hu­man race in un­der­stand­ing the uni­verse has es­tab­lished a small cor­ner of or­der in an in­creas­ing­ly dis­or­dered uni­verse. If you re­mem­ber ev­ery word in this book, your mem­ory will have record­ed about two mil­lion pieces of in­for­ma­tion: the or­der in your brain will have in­creased by about two mil­lion units. How­ev­er, while you have been read­ing the book, you will have con­vert­ed at least a thou­sand calo­ries of or­dered en­er­gy, in the form of food, in­to dis­or­dered en­er­gy, in the form of heat that you lose to the air around you by con­vec­tion and sweat. This will in­crease the dis­or­der of the uni­verse by about twen­ty mil­lion mil­lion mil­lion mil­lion units - or about ten mil­lion mil­lion mil­lion times the in­crease in or­der in your brain - and that’s if you re­mem­ber ev­ery­thing in this book. In the next chap­ter but one I will try to in­crease the or­der in our neck of the woods a lit­tle fur­ther by ex­plain­ing how peo­ple are try­ing to fit to­geth­er the par­tial the­ories I have de­scribed to form a com­plete uni­fied the­ory that would cov­er ev­ery­thing in the uni­verse.
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      CHAPTER 10

      WORM­HOLES AND TIME TRAV­EL

      The last chap­ter dis­cussed why we see time go for­ward: why dis­or­der in­creas­es and why we re­mem­ber the past but not the fu­ture. Time was treat­ed as if it were a straight rail­way line on which one could on­ly go one way or the oth­er.

      But what if the rail­way line had loops and branch­es so that a train could keep go­ing for­ward but come back to a sta­tion it had al­ready passed? In oth­er words, might it be pos­si­ble for some­one to trav­el in­to the fu­ture or the past?

      H. G. Wells in The Time Ma­chine ex­plored these pos­si­bil­ities as have count­less oth­er writ­ers of sci­ence fic­tion. Yet many of the ideas of sci­ence fic­tion, like sub­marines and trav­el to the moon, have be­come mat­ters of sci­ence fact. So what are the prospects for time trav­el?

      The first in­di­ca­tion that the laws of physics might re­al­ly al­low peo­ple to trav­el in time came in 1949 when Kurt Godel dis­cov­ered a new space-​time al­lowed by gen­er­al rel­ativ­ity. Godel was a math­emati­cian who was fa­mous for prov­ing that it is im­pos­si­ble to prove all true state­ments, even if you lim­it your­self to try­ing to prove all the true state­ments in a sub­ject as ap­par­ent­ly cut and dried as arith­metic. Like the un­cer­tain­ty prin­ci­ple, Godel’s in­com­plete­ness the­orem may be a fun­da­men­tal lim­ita­tion on our abil­ity to un­der­stand and pre­dict the uni­verse, but so far at least it hasn’t seemed to be an ob­sta­cle in our search for a com­plete uni­fied the­ory.

      Godel got to know about gen­er­al rel­ativ­ity when he and Ein­stein spent their lat­er years at the In­sti­tute for Ad­vanced Study in Prince­ton. His space-​time had the cu­ri­ous prop­er­ty that the whole uni­verse was ro­tat­ing. One might ask: “Ro­tat­ing with re­spect to what?” The an­swer is that dis­tant mat­ter would be ro­tat­ing with re­spect to di­rec­tions that lit­tle tops or gy­ro­scopes point in.

      This had the side ef­fect that it would be pos­si­ble for some­one to go off in a rock­et ship and re­turn to earth be­fore he set out. This prop­er­ty re­al­ly up­set Ein­stein, who had thought that gen­er­al rel­ativ­ity wouldn’t al­low time trav­el. How­ev­er, giv­en Ein­stein’s record of ill-​found­ed op­po­si­tion to grav­ita­tion­al col­lapse and the un­cer­tain­ty prin­ci­ple, maybe this was an en­cour­ag­ing sign. The so­lu­tion Godel found doesn’t cor­re­spond to the uni­verse we live in be­cause we can show that the uni­verse is not ro­tat­ing. It al­so had a non-​ze­ro val­ue of the cos­mo­log­ical con­stant that Ein­stein in­tro­duced when he thought the uni­verse was un­chang­ing. Af­ter Hub­ble dis­cov­ered the ex­pan­sion of the uni­verse, there was no need for a cos­mo­log­ical con­stant and it is now gen­er­al­ly be­lieved to be ze­ro. How­ev­er, oth­er more rea­son­able space-​times that are al­lowed by gen­er­al rel­ativ­ity and which per­mit trav­el in­to the past have since been found. One is in the in­te­ri­or of a ro­tat­ing black hole. An­oth­er is a space-​time that con­tains two cos­mic strings mov­ing past each oth­er at high speed. As their name sug­gests, cos­mic strings are ob­jects that are like string in that they have length but a tiny cross sec­tion. Ac­tu­al­ly, they are more like rub­ber bands be­cause they are un­der enor­mous ten­sion, some­thing like a mil­lion mil­lion mil­lion mil­lion tons. A cos­mic string at­tached to the earth could ac­cel­er­ate it from 0 to 60 mph in 1/30th of a sec­ond. Cos­mic strings may sound like pure sci­ence fic­tion but there are rea­sons to be­lieve they could have formed in the ear­ly uni­verse as a re­sult of sym­me­try-​break­ing of the kind dis­cussed in Chap­ter 5. Be­cause they would be un­der enor­mous ten­sion and could start in any con­fig­ura­tion, they might ac­cel­er­ate to very high speeds when they straight­en out.

      The Godel so­lu­tion and the cos­mic string space-​time start out so dis­tort­ed that trav­el in­to the past was al­ways pos­si­ble. God might have cre­at­ed such a warped uni­verse but we have no rea­son to be­lieve he did. Ob­ser­va­tions of the mi­crowave back­ground and of the abun­dances of the light el­ements in­di­cate that the ear­ly uni­verse did not have the kind of cur­va­ture re­quired to al­low time trav­el. The same con­clu­sion fol­lows on the­oret­ical grounds if the no bound­ary pro­pos­al is cor­rect. So the ques­tion is: if the uni­verse starts out with­out the kind of cur­va­ture re­quired for time trav­el, can we sub­se­quent­ly warp lo­cal re­gions of space-​time suf­fi­cient­ly to al­low it?

      A close­ly re­lat­ed prob­lem that is al­so of con­cern to writ­ers of sci­ence fic­tion is rapid in­ter­stel­lar or in­ter­galac­tic trav­el. Ac­cord­ing to rel­ativ­ity, noth­ing can trav­el faster than light. If we there­fore sent a space­ship to our near­est neigh­bor­ing star, Al­pha Cen­tau­ri, which is about four light-​years away, it would take at least eight years be­fore we could ex­pect the trav­el­ers to re­turn and tell us what they had found. If the ex­pe­di­tion were to the cen­ter of our galaxy, it would be at least a hun­dred thou­sand years be­fore it came back. The the­ory of rel­ativ­ity does al­low one con­so­la­tion. This is the so-​called twins para­dox men­tioned in Chap­ter 2.

      Be­cause there is no unique stan­dard of time, but rather ob­servers each have their own time as mea­sured by clocks that they car­ry with them, it is pos­si­ble for the jour­ney to seem to be much short­er for the space trav­el­ers than for those who re­main on earth. But there would not be much joy in re­turn­ing from a space voy­age a few years old­er to find that ev­ery­one you had left be­hind was dead and gone thou­sands of years ago. So in or­der to have any hu­man in­ter­est in their sto­ries, sci­ence fic­tion writ­ers had to sup­pose that we would one day dis­cov­er how to trav­el faster than light. What most of thee au­thors don’t seem to have re­al­ized is that if you can trav­el faster than light, the the­ory of rel­ativ­ity im­plies you can al­so trav­el back in the, as the fol­low­ing lim­er­ick says:

      There was a young la­dy of Wight

      Who trav­eled much faster than light.

      She de­part­ed one day,

      In a rel­ative way,

      And ar­rived on the pre­vi­ous night

      The point is that the the­ory of rel­ativ­ity says hat there is no unique mea­sure of time that all ob­servers will agree on Rather, each ob­serv­er has his or her own mea­sure of time. If it is pos­si­ble for a rock­et trav­el­ing be­low the speed of light to get from event A (say, the fi­nal of the 100-me­ter race of the Olympic Games in 202) to event B (say, the open­ing of the 100,004th meet­ing of the Congress of Al­pha Cen­tau­ri), then all ob­servers will agree that event A hap­pened be­fore event B ac­cord­ing to their times. Sup­pose, how­ev­er, that the space­ship would have to trav­el faster than light to car­ry the news of the race to the Congress. Then ob­servers mov­ing at dif­fer­ent speeds can dis­agree about whether event A oc­curred be­fore B or vice ver­sa. Ac­cord­ing to the time of an ob­serv­er who is at rest with re­spect to the earth, it may be that the Congress opened af­ter the race. Thus this ob­serv­er would think that a space­ship could get from A to B in time if on­ly it could ig­nore the speed-​of-​light speed lim­it. How­ev­er, to an ob­serv­er at Al­pha Cen­tau­ri mov­ing away from the earth at near­ly the speed of light, it would ap­pear that event B, the open­ing of the Congress, would oc­cur be­fore event A, the 100-me­ter race. The the­ory of rel­ativ­ity says that the laws of physics ap­pear the same to ob­servers mov­ing at dif­fer­ent speeds.

      This has been well test­ed by ex­per­iment and is like­ly to re­main a fea­ture even if we find a more ad­vanced the­ory to re­place rel­ativ­ity Thus the mov­ing ob­serv­er would say that if faster-​than-​light trav­el is pos­si­ble, it should be pos­si­ble to get from event B, the open­ing of the Congress, to event A, the 100-me­ter race. If one went slight­ly faster, one could even get back be­fore the race and place a bet on it in the sure knowl­edge that one would win.

      There is a prob­lem with break­ing the speed-​of-​light bar­ri­er. The the­ory of rel­ativ­ity says that the rock­et pow­er need­ed to ac­cel­er­ate a space­ship gets greater and greater the near­er it gets to the speed of light. We have ex­per­imen­tal ev­idence for this, not with space­ships but with el­emen­tary par­ti­cles in par­ti­cle ac­cel­er­ators like those at Fer­mi­lab or CERN (Eu­ro­pean Cen­tre for Nu­cle­ar Re­search). We can ac­cel­er­ate par­ti­cles to 99.99 per­cent of the speed of light, but how­ev­er much pow­er we feed in, we can’t get them be­yond the speed-​of-​light bar­ri­er. Sim­ilar­ly with space­ships: no mat­ter how much rock­et pow­er they have, they can’t ac­cel­er­ate be­yond the speed of light.

      That might seem to rule out both rapid space trav­el and trav­el back in time. How­ev­er, there is a pos­si­ble way out. It might be that one could warp space-​time so that there was a short­cut be­tween A and B One way of do­ing this would be to cre­ate a worm­hole be­tween A and B. As its name sug­gests, a worm­hole is a thin tube of space-​time which can con­nect two near­ly flat re­gions far apart.

      There need be no re­la­tion be­tween the dis­tance through the worm­hole and the sep­ara­tion of its ends in the near­ly Hat back­ground. Thus one could imag­ine that one could cre­ate or find a worm­hole that world lead from the vicin­ity of the So­lar Sys­tem to Al­pha Cen­tau­ri. The dis­tance through the worm­hole might be on­ly a few mil­lion miles even though earth and Al­pha Cen­tau­ri are twen­ty mil­lion mil­lion miles apart in or­di­nary space. This would al­low news of the 100-me­ter race to reach the open­ing of the Congress. But then an ob­serv­er mov­ing to­ward 6e earth should al­so be able to find an­oth­er worm­hole that would en­able him to get from the open­ing of the Congress on Al­pha Cen­tau­ri back to earth be­fore the start of the race. So worm­holes, like any oth­er pos­si­ble form of trav­el faster than light, would al­low one to trav­el in­to the past.

      The idea of worm­holes be­tween dif­fer­ent re­gions of space-​time was not an in­ven­tion of sci­ence fic­tion writ­ers but came from a very re­spectable source.

      In 1935, Ein­stein and Nathan Rosen wrote a pa­per in which they showed that gen­er­al rel­ativ­ity al­lowed what they called “bridges,” but which are now known as worm­holes. The Ein­stein-​Rosen bridges didn’t last long enough for a space­ship to get through: the ship would run in­to a sin­gu­lar­ity as the worm­hole pinched off. How­ev­er, it has been sug­gest­ed that it might be pos­si­ble for an ad­vanced civ­iliza­tion to keep a worm­hole open. To do this, or to warp space-​time in any oth­er way so as to per­mit time trav­el, one can show that one needs a re­gion of space-​time with neg­ative cur­va­ture, like the sur­face of a sad­dle. Or­di-​nary mat­ter, which has a pos­itive en­er­gy den­si­ty, gives space-​time a pos­itive cur­va­ture, like the sur­face of a sphere. So what one needs, in or­der to warp space-​time in a way that will al­low trav­el in­to the past, is mat­ter with neg­ative en­er­gy den­si­ty.

      En­er­gy is a bit like mon­ey: if you have a pos­itive bal­ance, you can dis­tribute it in var­ious ways, but ac­cord­ing to the clas­si­cal laws that were be­lieved at the be­gin­ning of the cen­tu­ry, you weren’t al­lowed to be over­drawn. So these clas­si­cal laws would have ruled out any pos­si­bil­ity of time trav­el. How­ev­er, as has been de­scribed in ear­li­er chap­ters, the clas­si­cal laws were su­per­seded by quan­tum laws based on the un­cer­tain­ty prin­ci­ple. The quan­tum laws are more lib­er­al and al­low you to be over­drawn on one or two ac­counts pro­vid­ed the to­tal bal­ance is pos­itive. In oth­er words, quan­tum the­ory al­lows the en­er­gy den­si­ty to be neg­ative in some places, pro­vid­ed that this is made up for by pos­itive en­er­gy den­si­ties in oth­er places, so that the to­tal en­er­gy re-​mains pos­itive. An ex­am­ple of how quan­tum the­ory can al­low neg­ative en­er­gy den­si­ties is pro­vid­ed by what is called the Casimir ef­fect. As we saw in Chap­ter 7, even what we think of as “emp­ty” space is filled with pairs of vir­tu­al par­ti­cles and an­tipar­ti­cles that ap­pear to­geth­er, move apart, and come back to­geth­er and an­ni­hi­late each oth­er. Now, sup­pose one has two par­al­lel met­al plates a short dis­tance apart. The plates will act like mir­rors for the vir­tu­al pho­tons or par­ti­cles of light. In fact they will form a cav­ity be­tween them, a bit like an or­gan pipe that will res­onate on­ly at cer­tain notes. This means that vir­tu­al pho­tons can oc­cur in the space be­tween the plates on­ly if their wave­lengths (the dis­tance be­tween the crest of one wave and the next) fit a whole num­ber of times in­to the gap be­tween the plates. If the width of a cav­ity is a whole num­ber of wave­lengths plus a frac­tion of a wave-​length, then af­ter some re­flec­tions back­ward and for­ward be­tween the plates, the crests of one wave will co­in­cide with the troughs of an­oth­er and the waves will can­cel out.

      Be­cause the vir­tu­al pho­tons be­tween the plates can have on­ly the res­onant wave­lengths, there will be slight­ly few­er of them than in the re­gion out­side the plates where vir­tu­al pho­tons can have any wave­length. Thus there will be slight­ly few­er vir­tu­al pho­tons hit­ting the in­side sur­faces of the plates than the out­side sur­faces. One would there­fore ex­pect a force on the plates, push­ing them to­ward each oth­er. This force has ac­tu­al­ly been de­tect­ed and has the pre­dict­ed val­ue. Thus we have ex­per­imen­tal ev­idence that vir­tu­al par­ti­cles ex­ist and have re­al ef­fects.

      The fact that there are few­er vir­tu­al pho­tons be­tween the plates means that their en­er­gy den­si­ty will be less than else­where. But the to­tal en­er­gy den­si­ty in “emp­ty” space far away from the plates must be ze­ro, be­cause oth­er­wise the en­er­gy den­si­ty would warp the space and it would not be al­most flat. So, if the en­er­gy den­si­ty be­tween the plates is less than the en­er­gy den­si­ty far away, it must be neg­ative.

      We thus have ex­per­imen­tal ev­idence both that space-​time can be warped (from the bend­ing of light dur­ing eclipses) and that it can be curved in the way nec­es­sary to al­low time trav­el (from the Casimir ef­fect). One might hope there­fore that as we ad­vance in sci­ence and tech­nol­ogy, we would even­tu­al­ly man­age to build a time ma­chine. But if so, why hasn’t any­one come back from the fu­ture and told us how to do it? There might be good rea­sons why it would be un­wise to give us the se­cret of time trav­el at our present prim­itive state of de­vel­op­ment, but un­less hu­man na­ture changes rad­ical­ly, it is dif­fi­cult to be­lieve that some vis­itor from the fu­ture wouldn’t spill the beans. Of course, some peo­ple would claim that sight­ings of UFOs are ev­idence that we are be­ing vis­it­ed ei­ther by aliens or by peo­ple from the fu­ture. (If the aliens were to get here in rea­son­able time, they would need faster-​than-​light trav­el, so the two pos­si­bil­ities may be equiv­alent.)

      How­ev­er, I think that any vis­it by aliens or peo­ple from the fu­ture would be much more ob­vi­ous and, prob­ably, much more un­pleas­ant. If they are go­ing to re­veal them­selves at all, why do so on­ly to those who are not re­gard­ed as re­li­able wit­ness­es? If they are try­ing to warn us of some great dan­ger, they are not be­ing very ef­fec­tive.

      A pos­si­ble way to ex­plain the ab­sence of vis­itors from the fu­ture would be to say that the past is fixed be­cause we have ob­served it and seen that it does not have the kind of warp­ing need­ed to al­low trav­el back from the fu­ture. On the oth­er hand, the fu­ture is un­known and open, so it might well have the cur­va­ture re­quired. This would mean that any time trav­el would be con­fined to the fu­ture. There would be no chance of Cap­tain Kirk and the Star­ship En­ter­prise turn­ing up at the present time.

      This might ex­plain why we have not yet been over­run by tourists from the fu­ture, but it would not avoid the prob­lems that would arise if one were able to go back and change his­to­ry. Sup­pose, for ex­am­ple, you went back and killed your great-​great-​grand­fa­ther while he was still a child. There are many ver­sions of this para­dox but they are es­sen­tial­ly equiv­alent: one would get con­tra­dic­tions if one were free to change the past.

      There seem to be two pos­si­ble res­olu­tions to the para­dox­es posed by time trav­el. One I shall call the con­sis­tent his­to­ries ap­proach. It says that even if space-​time is warped so that it would be pos­si­ble to trav­el in­to the past, what hap­pens in space-​time must be a con­sis­tent so­lu­tion of the laws of physics. Ac­cord­ing to this view­point, you could not go back in time un­less his­to­ry showed that you had al­ready ar­rived in the past and, while there, had not killed your great-​great-​grand­fa­ther or com­mit­ted any oth­er acts that would con­flict with your cur­rent sit­ua­tion in the present. More­over, when you did go back, you wouldn’t be able to change record­ed his­to­ry. That means you wouldn’t have free will to do what you want­ed. Of course, one could say that free will is an il­lu­sion any­way. If there re­al­ly is a com­plete uni­fied the­ory that gov­erns ev­ery­thing, it pre­sum­ably al­so de­ter­mines your ac­tions. But it does so in a way that is im­pos­si­ble to cal­cu­late for an or­gan­ism that is as com­pli­cat­ed as a hu­man be­ing. The rea­son we say that hu­mans have free will is be­cause we can’t pre­dict what they will do. How­ev­er, if the hu­man then goes off in a rock­et ship and comes back be­fore he or she set off, we will be able to pre­dict what he or she will do be­cause it will be part of record­ed his­to­ry. Thus, in that sit­ua­tion, the time trav­el­er would have no free will.

      The oth­er pos­si­ble way to re­solve the para­dox­es of time trav­el might be called the al­ter­na­tive his­to­ries hy­poth­esis. The idea here is that when time trav­el­ers go back to the past, they en­ter al­ter­na­tive his­to­ries which dif­fer from record­ed his­to­ry. Thus they can act freely, with­out the con­straint of con­sis­ten­cy with their pre­vi­ous his­to­ry. Steven Spiel-​berg had fun with this no­tion in the Back to the Fu­ture films: Mar­ty McFly was able to go back and change his par­ents’ courtship to a more sat­is­fac­to­ry his­to­ry.

      The al­ter­na­tive his­to­ries hy­poth­esis sounds rather like Richard Feyn­man’s way of ex­press­ing quan­tum the­ory as a sum over his­to­ries, which was de­scribed in Chap­ters 4 and 8. This said that the uni­verse didn’t just have a sin­gle his­to­ry: rather it had ev­ery pos­si­ble his­to­ry, each with its own prob­abil­ity. How­ev­er, there seems to be an im­por­tant dif­fer­ence be­tween Feyn­man’s pro­pos­al and al­ter­na­tive his­to­ries. In Feyn­man’s sum, each his­to­ry com­pris­es a com­plete space-​time and ev­ery­thing in it. The space-​time may be so warped that it is pos­si­ble to trav­el in a rock­et in­to the past. But the rock­et would re­main in the same space-​time and there­fore the same his­to­ry, which would have to be con­sis­tent. Thus Feyn­man’s sum over his­to­ries pro­pos­al seems to sup­port the con­sis­tent his­to­ries hy­poth­esis rather than the al­ter­na­tive his­to­ries.

      The Feyn­man sum over his­to­ries does al­low trav­el in­to the past on a mi­cro­scop­ic scale. In Chap­ter 9 we saw that the laws of sci­ence are un­changed by com­bi­na­tions of the op­er­ations C, P, and T. This means that an an­tipar­ti­cle spin­ning in the an­ti­clock­wise di­rec­tion and mov­ing from A to B can al­so be viewed as an or­di­nary par­ti­cle spin­ning clock­wise and mov­ing back­ward in time from B to A. Sim­ilar­ly, an or­di­nary par­ti­cle mov­ing for­ward in time is equiv­alent to an an­tipar­ti­cle mov­ing back­ward in time. As has been dis­cussed in this chap­ter and Chap­ter 7, “emp­ty” space is filled with pairs of vir­tu­al par­ti­cles and an­tipar­ti­cles that ap­pear to­geth­er, move apart, and then come back to­geth­er and an­ni­hi­late each oth­er.

      So, one can re­gard the pair of par­ti­cles as a sin­gle par­ti­cle mov­ing on a closed loop in space-​time. When the pair is mov­ing for­ward in time (from the event at which it ap­pears to that at which it an­ni­hi­lates), it is called a par­ti­cle. But when the par­ti­cle is trav­el­ing back in time (from the event at which the pair an­ni­hi­lates to that at which it ap­pears), it is said to be an an­tipar­ti­cle trav­el­ing for­ward in time.

      The ex­pla­na­tion of how black holes can emit par­ti­cles and ra­di­ation (giv­en in Chap­ter 7) was that one mem­ber of a vir­tu­al par­ti­cle/ an­tipar­ti­cle pair (say, the an­tipar­ti­cle) might fall in­to the black hole, leav­ing the oth­er mem­ber with­out a part­ner with which to an­ni­hi­late. The for­sak­en par­ti­cle might fall in­to the hole as well, but it might al­so es­cape from the vicin­ity of the black hole. If so, to an ob­serv­er at a dis­tance it would ap­pear to be a par­ti­cle emit­ted by the black hole.

      One can, how­ev­er, have a dif­fer­ent but equiv­alent in­tu­itive pic­ture of the mech­anism for emis­sion from black holes. One can re­gard the mem­ber of the vir­tu­al pair that fell in­to the black hole (say, the an­tipar­ti­cle) as a par­ti­cle trav­el­ing back­ward in time out of the hole. When it gets to the point at which the vir­tu­al par­ti­cle/an­tipar­ti­cle pair ap­peared to­geth­er, it is scat­tered by the grav­ita­tion­al field in­to a par­ti­cle trav­el­ing for­ward in time and es­cap­ing from the black hole. If, in­stead, it were the par­ti­cle mem­ber of the vir­tu­al pair that fell in­to the hole, one could re­gard it as an an­tipar­ti­cle trav­el­ing back in time and com­ing out of the black hole. Thus the ra­di­ation by black holes shows that quan­tum the­ory al­lows trav­el back in time on a mi­cro­scop­ic scale and that such time trav­el can pro­duce ob­serv­able ef­fects.

      One can there­fore ask: does quan­tum the­ory al­low time trav­el on a macro­scop­ic scale, which peo­ple could use? At first sight, it seems it should. The Feyn­man sum over his­to­ries pro­pos­al is sup­posed to be over all his­to­ries. Thus it should in­clude his­to­ries in which space-​time is so warped that it is pos­si­ble to trav­el in­to the past. Why then aren’t we in trou­ble with his­to­ry? Sup­pose, for ex­am­ple, some­one had gone back and giv­en the Nazis the se­cret of the atom bomb?

      One would avoid these prob­lems if what I call the chronol­ogy pro­tec­tion con­jec­ture holds. This says that the laws of physics con­spire to pre­vent macro­scop­ic bod­ies from car­ry­ing in­for­ma­tion in­to the past. Like the cos­mic cen­sor­ship con­jec­ture, it has not been proved but there are rea­sons to be­lieve it is true.

      The rea­son to be­lieve that chronol­ogy pro­tec­tion op­er­ates is that when space-​time is warped enough to make trav­el in­to the past pos­si­ble, vir­tu­al par­ti­cles mov­ing on closed loops in space-​time can be­come re­al par­ti­cles trav­el­ing for­ward in time at or be­low the speed of light. As these par­ti­cles can go round the loop any num­ber of times, they pass each point on their route many times. Thus their en­er­gy is count­ed over and over again and the en­er­gy den­si­ty will be­come very large. This could give space-​time a pos­itive cur­va­ture that would not al­low trav­el in­to the past. It is not yet clear whether these par­ti­cles would cause pos­itive or neg­ative cur­va­ture or whether the cur­va­ture pro­duced by some kinds of vir­tu­al par­ti­cles might can­cel that pro­duced by oth­er kinds. Thus the pos­si­bil­ity of time trav­el re­mains open. But I’m not go­ing to bet on it. My op­po­nent might have the un­fair ad­van­tage of know­ing the fu­ture.
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      CHAPTER 11

      THE UNI­FI­CA­TION OF PHYSICS

      As was ex­plained in the first chap­ter, it would be very dif­fi­cult to con­struct a com­plete uni­fied the­ory of ev­ery­thing in the uni­verse all at one go. So in­stead we have made progress by find­ing par­tial the­ories that de­scribe a lim­it­ed range of hap­pen­ings and by ne­glect­ing oth­er ef­fects or ap­prox­imat­ing them by cer­tain num­bers. (Chem­istry, for ex­am­ple, al­lows us to cal­cu­late the in­ter­ac­tions of atoms, with­out know­ing the in­ter­nal struc­ture of an atom’s nu­cle­us.) Ul­ti­mate­ly, how­ev­er, one would hope to find a com­plete, con­sis­tent, uni­fied the­ory that would in­clude all these par­tial the­ories as ap­prox­ima­tions, and that did not need to be ad­just­ed to fit the facts by pick­ing the val­ues of cer­tain ar­bi­trary num­bers in the the­ory. The quest for such a the­ory is known as “the uni­fi­ca­tion of physics.” Ein­stein spent most of his lat­er years un­suc­cess­ful­ly search­ing for a uni­fied the­ory, but the time was not ripe: there were par­tial the­ories for grav­ity and the elec­tro­mag­net­ic force, but very lit­tle was known about the nu­cle­ar forces. More­over, Ein­stein re­fused to be­lieve in the re­al­ity of quan­tum me­chan­ics, de­spite the im­por­tant role he had played in its de­vel­op­ment. Yet it seems that the un­cer­tain­ty prin­ci­ple is a fun­da­men­tal fea­ture of the uni­verse we live in. A suc­cess­ful uni­fied the­ory must, there­fore, nec­es­sar­ily in­cor­po­rate this prin­ci­ple.

      As I shall de­scribe, the prospects for find­ing such a the­ory seem to be much bet­ter now be­cause we know so much more about the uni­verse. But we must be­ware of over­con­fi­dence - we have had false dawns be­fore! At the be­gin­ning of this cen­tu­ry, for ex­am­ple, it was thought that ev­ery­thing could be ex­plained in terms of the prop­er­ties of con­tin­uous mat­ter, such as elas­tic­ity and heat con­duc­tion. The dis­cov­ery of atom­ic struc­ture and the un­cer­tain­ty prin­ci­ple put an em­phat­ic end to that. Then again, in 1928, physi­cist and No­bel Prize win­ner Max Born told a group of vis­itors to Got­tin­gen Uni­ver­si­ty, “Physics, as we know it, will be over in six months.” His con­fi­dence was based on the re­cent dis­cov­ery by Dirac of the equa­tion that gov­erned the elec­tron. It was thought that a sim­ilar equa­tion would gov­ern the pro­ton, which was the on­ly oth­er par­ti­cle known at the time, and that would be the end of the­oret­ical physics. How­ev­er, the dis­cov­ery of the neu­tron and of nu­cle­ar forces knocked that one on the head too. Hav­ing said this, I still be­lieve there are grounds for cau­tious op­ti­mism that we may now be near the end of the search for the ul­ti­mate laws of na­ture.

      In pre­vi­ous chap­ters I have de­scribed gen­er­al rel­ativ­ity, the par­tial the­ory of grav­ity, and the par­tial the­ories that gov­ern the weak, the strong, and the elec­tro­mag­net­ic forces. The last three may be com­bined in so-​called grand uni­fied the­ories, or GUTs, which are not very sat­is­fac­to­ry be­cause they do not in­clude grav­ity and be­cause they con­tain a num­ber of quan­ti­ties, like the rel­ative mass­es of dif­fer­ent par­ti­cles, that can­not be pre­dict­ed from the the­ory but have to be cho­sen to fit ob­ser­va­tions. The main dif­fi­cul­ty in find­ing a the­ory that uni­fies grav­ity with the oth­er forces is that gen­er­al rel­ativ­ity is a “clas­si­cal” the­ory; that is, it does not in­cor­po­rate the un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics. On the oth­er hand, the oth­er par­tial the­ories de­pend on quan­tum me­chan­ics in an es­sen­tial way. A nec­es­sary first step, there­fore, is to com­bine gen­er­al rel­ativ­ity with the un­cer­tain­ty prin­ci­ple. As we have seen, this can pro­duce some re­mark-​able con­se­quences, such as black holes not be­ing black, and the uni­verse not hav­ing any sin­gu­lar­ities but be­ing com­plete­ly self-​con­tained and with­out a bound­ary. The trou­ble is, as ex­plained in Chap­ter 7, that the un­cer­tain­ty prin­ci­ple means that even “emp­ty” space is filled with pairs of vir­tu­al par­ti­cles and an­tipar­ti­cles. These pairs would have an in­fi­nite amount of en­er­gy and, there­fore, by Ein­stein’s fa­mous equa­tion E = mc2, they would have an in­fi­nite amount of mass. Their grav­ita­tion­al at­trac­tion would thus curve up the uni­verse to in­finite­ly small size.

      Rather sim­ilar, seem­ing­ly ab­surd in­fini­ties oc­cur in the oth­er par­tial the­ories, but in all these cas­es the in­fini­ties can be can­celed out by a pro­cess called renor­mal­iza­tion. This in­volves can­cel­ing the in­fini­ties by in­tro­duc­ing oth­er in­fini­ties. Al­though this tech­nique is rather du­bi­ous math­emat­ical­ly, it does seem to work in prac­tice, and has been used with these the­ories to make pre­dic­tions that agree with ob­ser­va­tions to an ex­traor­di­nary de­gree of ac­cu­ra­cy. Renor­mal­iza­tion, how­ev­er, does have a se­ri­ous draw­back from the point of view of try­ing to find a com­plete the­ory, be­cause it means that the ac­tu­al val­ues of the mass­es and the strengths of the forces can­not be pre­dict­ed from the the­ory, but have to be cho­sen to fit the ob­ser­va­tions.

      In at­tempt­ing to in­cor­po­rate the un­cer­tain­ty prin­ci­ple in­to gen­er­al rel­ativ­ity, one has on­ly two quan­ti­ties that can be ad­just­ed: the strength of grav­ity and the val­ue of the cos­mo­log­ical con­stant. But ad­just­ing these is not suf­fi­cient to re­move all the in­fini­ties. One there­fore has a the­ory that seems to pre­dict that cer­tain quan­ti­ties, such as the cur­va­ture of space-​time, are re­al­ly in­fi­nite, yet these quan­ti­ties can be ob­served and mea­sured to be per­fect­ly fi­nite! This prob­lem in com­bin­ing gen­er­al rel­ativ­ity and the un­cer­tain­ty prin­ci­ple had been sus­pect­ed for some time, but was fi­nal­ly con­firmed by de­tailed cal­cu­la­tions in 1972. Four years lat­er, a pos­si­ble so­lu­tion, called “su­per­grav­ity,” was sug­gest­ed. The idea was to com­bine the spin-2 par­ti­cle called the gravi­ton, which car­ries the grav­ita­tion­al force, with cer­tain oth­er par­ti­cles of spin 3/2, 1, ½, and 0. In a sense, all these par­ti­cles could then be re­gard­ed as dif­fer­ent as­pects of the same “su­per­par­ti­cle,” thus uni­fy­ing the mat­ter par­ti­cles with spin ½ and 3/2 with the force-​car­ry­ing par­ti­cles of spin 0, 1, and 2. The vir­tu­al par­ti­cle/an­tipar­ti­cle pairs of spin ½ and 3/2 would have neg­ative en­er­gy, and so would tend to can­cel out the pos­itive en­er­gy of the spin 2, 1, and 0 vir­tu­al pairs. This would cause many of the pos­si­ble in­fini­ties to can­cel out, but it was sus­pect­ed that some in­fini­ties might still re­main. How­ev­er, the cal­cu­la­tions re­quired to find out whether or not there were any in­fini­ties left un­canceled were so long and dif­fi­cult that no one was pre­pared to un­der­take them. Even with a com­put­er it was reck­oned it would take at least four years, and the chances were very high that one would make at least one mis­take, prob­ably more. So one would know one had the right an­swer on­ly if some­one else re­peat­ed the cal­cu­la­tion and got the same an­swer, and that did not seem very like­ly!

      De­spite these prob­lems, and the fact that the par­ti­cles in the su­per-​grav­ity the­ories did not seem to match the ob­served par­ti­cles, most sci­en­tists be­lieved that su­per­grav­ity was prob­ably the right an­swer to the prob­lem of the uni­fi­ca­tion of physics. It seemed the best way of uni­fy­ing grav­ity with the oth­er forces. How­ev­er, in 1984 there was a re­mark­able change of opin­ion in fa­vor of what are called string the­ories. In these the­ories the ba­sic ob­jects are not par­ti­cles, which oc­cu­py a sin­gle point of space, but things that have a length but no oth­er di­men­sion, like an in­finite­ly thin piece of string. These strings may have ends (the so-​called open strings) or they may be joined up with them­selves in closed loops (closed strings) (Fig. 11.1 and Fig. 11.2). A par­ti­cle oc­cu­pies one point of space at each in­stant of time. Thus its his­to­ry can be rep­re­sent­ed by a line in space-​time (the “world-​line”). A string, on the oth­er hand, oc­cu­pies a line in space at each mo­ment of time. So its his­to­ry in space-​time is a two-​di­men­sion­al sur­face called the world-​sheet. (Any point on such a world-​sheet can be de­scribed by two num­bers, one spec­ify­ing the time and the oth­er the po­si­tion of the point on the string.) The world-​sheet of an open string is a strip: its edges rep­re­sent the paths through space-​time of the ends of the string (Fig. 11.1). The world-​sheet of a closed string is a cylin­der or tube (Fig. 11.2): a slice through the tube is a cir­cle, which rep­re­sents the po­si­tion of the string at one par­tic­ular time.

      Two pieces of string can join to­geth­er to form a sin­gle string; in the case of open strings they sim­ply join at the ends (Fig. 11.3), while in the case of closed strings it is like the two legs join­ing on a pair of trousers (Fig. 11.4). Sim­ilar­ly, a sin­gle piece of string can di­vide in­to two strings. In string the­ories, what were pre­vi­ous­ly thought of as par­ti­cles are now pic­tured as waves trav­el­ing down the string, like waves on a vi­brat­ing kite string. The emis­sion or ab­sorp­tion of one par­ti­cle by an­oth­er cor­re­sponds to the di­vid­ing or join­ing to­geth­er of strings. For ex­am­ple, the grav­ita­tion­al force of the sun on the earth was pic­tured in par­ti­cle the­ories as be­ing caused by the emis­sion of a gravi­ton by a par­ti­cle in the sun and its ab­sorp­tion by a par­ti­cle in the earth (Fig. 11.5). In string the­ory, this pro­cess cor­re­sponds to an H-​shaped tube or pipe (Fig. 11.6) (string the­ory is rather like plumb­ing, in a way). The two ver­ti­cal sides of the H cor­re­spond to the par­ti­cles in the sun and the earth, and the hor­izon­tal cross­bar cor­re­sponds to the gravi­ton that trav­els be­tween them.

      String the­ory has a cu­ri­ous his­to­ry. It was orig­inal­ly in­vent­ed in the late 1960s in an at­tempt to find a the­ory to de­scribe the strong force. The idea was that par­ti­cles like the pro­ton and the neu­tron could be re­gard­ed as waves on a string. The strong forces be­tween the par­ti­cles would cor­re­spond to pieces of string that went be­tween oth­er bits of string, as in a spi­der’s web. For this the­ory to give the ob­served val­ue of the strong force be­tween par­ti­cles, the strings had to be like rub­ber bands with a pull of about ten tons.

      In 1974 Joel Scherk from Paris and John Schwarz from the Cal­ifor­nia In­sti­tute of Tech­nol­ogy pub­lished a pa­per in which they showed that string the­ory could de­scribe the grav­ita­tion­al force, but on­ly if the ten­sion in the string were very much high­er, about a thou­sand mil­lion mil­lion mil­lion mil­lion mil­lion mil­lion tons (1 with thir­ty-​nine ze­ros af­ter it). The pre­dic­tions of the string the­ory would be just the same as those of gen­er­al rel­ativ­ity on nor­mal length scales, but they would dif­fer at very small dis­tances, less than a thou­sand mil­lion mil­lion mil­lion mil­lion mil­lionth of a cen­time­ter (a cen­time­ter di­vid­ed by 1 with thir­ty-​three ze­ros af­ter it). Their work did not re­ceive much at­ten­tion, how­ev­er, be­cause at just about that time most peo­ple aban­doned the orig­inal string the­ory of the strong force in fa­vor of the the­ory based on quarks and glu­ons, which seemed to fit much bet­ter with ob­ser­va­tions. Scherk died in trag­ic cir­cum­stances (he suf­fered from di­abetes and went in­to a co­ma when no one was around to give him an in­jec­tion of in­sulin). So Schwarz was left alone as al­most the on­ly sup­port­er of string the­ory, but now with the much high­er pro-​posed val­ue of the string ten­sion.

      In 1984 in­ter­est in strings sud­den­ly re­vived, ap­par­ent­ly for two rea­sons. One was that peo­ple were not re­al­ly mak­ing much progress to­ward show­ing that su­per­grav­ity was fi­nite or that it could ex­plain the kinds of par­ti­cles that we ob­serve. The oth­er was the pub­li­ca­tion of a pa­per by John Schwarz and Mike Green of Queen Mary Col­lege, Lon­don, that showed that string the­ory might be able to ex­plain the ex­is­tence of par­ti­cles that have a built-​in left-​hand­ed­ness, like some of the par­ti­cles that we ob­serve. What­ev­er the rea­sons, a large num­ber of peo­ple soon be­gan to work on string the­ory and a new ver­sion was de­vel­oped, the so-​called het­erot­ic string, which seemed as if it might be able to ex­plain the types of par­ti­cles that we ob­serve.

      String the­ories al­so lead to in­fini­ties, but it is thought they will all can­cel out in ver­sions like the het­erot­ic string (though this is not yet known for cer­tain). String the­ories, how­ev­er, have a big­ger prob­lem: they seem to be con­sis­tent on­ly if space-​time has ei­ther ten or twen­ty-​six di­men­sions, in­stead of the usu­al four! Of course, ex­tra space-​time di­men­sions are a com­mon­place of sci­ence fic­tion in­deed, they pro­vide an ide­al way of over­com­ing the nor­mal re­stric­tion of gen­er­al rel­ativ­ity that one can­not trav­el faster than light or back in time (see Chap­ter 10). The idea is to take a short­cut through the ex­tra di­men­sions. One can pic­ture this in the fol­low­ing way. Imag­ine that the space we live in has on­ly two di­men­sions and is curved like the sur­face of an an­chor ring or torus (Fig. 11.7). If you were on one side of the in­side edge of the ring and you want­ed to get to a point on the oth­er side, you would have to go round the in­ner edge of 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 di­men­sions, if they are re­al­ly there? Why do we see on­ly three space di­men­sions and one time di­men­sion? The sug­ges­tion is that the oth­er di­men­sions are curved up in­to a space of very small size, some­thing like a mil­lion mil­lion mil­lion mil­lion mil­lionth of an inch. This is so small that we just don’t no­tice it: we see on­ly one time di­men­sion and three space di­men­sions, in which space-​time is fair­ly flat. It is like the sur­face of a straw. If you look at it close­ly, you see it is two-​di­men­sion­al (the po­si­tion of a point on the straw is de­scribed by two num­bers, the length along the straw and the dis­tance round the cir­cu­lar di­rec­tion). But if you look at it from a dis­tance, you don’t see the thick­ness of the straw and it looks one-​di­men­sion­al (the po­si­tion of a point is spec­ified on­ly by the length along the straw). So it is with space-​time: on a very small scale it is ten-​di­men­sion­al and high­ly curved, but on big­ger scales you don’t see the cur­va­ture or the ex­tra di­men­sions. If this pic­ture is cor­rect, it spells bad news for would-​be space trav­el­ers: the ex­tra di­men­sions would be far too small to al­low a space­ship through. How­ev­er, it rais­es an­oth­er ma­jor prob­lem. Why should some, but not all, of the di­men­sions be curled up in­to a small ball? Pre­sum­ably, in the very ear­ly uni­verse all the di­men­sions would have been very curved. Why did one time di­men­sion and three space di­men­sions flat­ten out, while the oth­er di­men­sions re­main tight­ly curled up?

      One pos­si­ble an­swer is the an­throp­ic prin­ci­ple. Two space di­men­sions do not seem to be enough to al­low for the de­vel­op­ment of com­pli­cat­ed be­ings like us. For ex­am­ple, two-​di­men­sion­al an­imals liv­ing on a one-​di­men­sion­al earth would have to climb over each oth­er in or­der to get past each oth­er. If a two-​di­men­sion­al crea­ture ate some­thing it could not di­gest com­plete­ly, it would have to bring up the re­mains the same way it swal­lowed them, be­cause if there were a pas­sage right through its body, it would di­vide the crea­ture in­to two sep­arate halves: our two-​di­men­sion­al be­ing would fall apart (Fig. 11.8). Sim­ilar­ly, it is dif­fi­cult to see how there could be any cir­cu­la­tion of the blood in a two-​di­men­sion­al crea­ture.

      There would al­so be prob­lems with more than three space di­men­sions. The grav­ita­tion­al force be­tween two bod­ies would de­crease more rapid­ly with dis­tance than it does in three di­men­sions. (In three di­men­sions, the grav­ita­tion­al force drops to 1/4 if one dou­bles the dis­tance. In four di­men­sions it would drop to 1/5, in five di­men­sions to 1/6, and so on.) The sig­nif­icance of this is that the or­bits of plan­ets, like the earth, around the sun would be un­sta­ble: the least dis­tur­bance from a cir­cu­lar or­bit (such as would be caused by the grav­ita­tion­al at­trac­tion of oth­er plan­ets) would re­sult in the earth spi­ral­ing away from or in­to the sun. We would ei­ther freeze or be burned up. In fact, the same be­hav­ior of grav­ity with dis­tance in more than three space di­men­sions means that the sun would not be able to ex­ist in a sta­ble state with pres­sure bal­anc­ing grav­ity. It would ei­ther fall apart or it would col­lapse to form a black hole. In ei­ther case, it would not be of much use as a source of heat and light for life on earth. On a small­er scale, the elec­tri­cal forces that cause the elec­trons to or­bit round the nu­cle­us in an atom would be­have in the same way as grav­ita­tion­al forces. Thus the elec­trons would ei­ther es­cape from the atom al­to­geth­er or would spi­ral in­to the nu­cle­us. In ei­ther case, one could not have atoms as we know them.

      It seems clear then that life, at least as we know it, can ex­ist on­ly in re­gions of space-​time in which one time di­men­sion and three space di­men­sions are not curled up small. This would mean that one could ap­peal to the weak an­throp­ic prin­ci­ple, pro­vid­ed one could show that string the­ory does at least al­low there to be such re­gions of the uni­verse - and it seems that in­deed string the­ory does. There may well be oth­er re­gions of the uni­verse, or oth­er uni­vers­es (what­ev­er that may mean), in which all the di­men­sions are curled up small or in which more than four di­men­sions are near­ly flat, but there would be no in­tel­li­gent be­ings in such re­gions to ob­serve the dif­fer­ent num­ber of ef­fec­tive di­men­sions.

      An­oth­er prob­lem is that there are at least four dif­fer­ent string the­ories (open strings and three dif­fer­ent closed string the­ories) and mil­lions of ways in which the ex­tra di­men­sions pre­dict­ed by string the­ory could be curled up. Why should just one string the­ory and one kind of curl­ing up be picked out? For a time there seemed no an­swer, and progress got bogged down. Then, from about 1994, peo­ple start­ed dis­cov­er­ing what are called du­al­ities: dif­fer­ent string the­ories and dif­fer­ent ways of curl­ing up the ex­tra di­men­sions could lead to the same re­sults in four di­men­sions. More­over, as well as par­ti­cles, which oc­cu­py a sin­gle point of space, and strings, which are lines, there were found to be oth­er ob­jects called p-​branes, which oc­cu­pied two-​di­men­sion­al or high­er-​di­men­sion­al vol­umes in space. (A par­ti­cle can be re­gard­ed as a 0-brane and a string as a 1-brane but there were al­so p-​branes for p=2 to p=9.) What this seems to in­di­cate is that there is a sort of democ­ra­cy among su­per­grav­ity, string, and p-​brane the­ories: they seem to fit to­geth­er but none can be said to be more fun­da­men­tal than the oth­ers. They ap­pear to be dif­fer­ent ap­prox­ima­tions to some fun­da­men­tal the­ory that are valid in dif­fer­ent sit­ua­tions.

      Peo­ple have searched for this un­der­ly­ing the­ory, but with­out any suc­cess so far. How­ev­er, I be­lieve there may not be any sin­gle for­mu­la­tion of the fun­da­men­tal the­ory any more than, as Godel showed, one could for­mu­late arith­metic in terms of a sin­gle set of ax­ioms. In­stead it may be like maps - you can’t use a sin­gle map to de­scribe the sur­face of the earth or an an­chor ring: you need at least two maps in the case of the earth and four for the an­chor ring to cov­er ev­ery point. Each map is valid on­ly in a lim­it­ed re­gion, but dif­fer­ent maps will have a re­gion of over­lap. The col­lec­tion of maps pro­vides a com­plete de­scrip­tion of the sur­face. Sim­ilar­ly, in physics it may be nec­es­sary to use dif­fer­ent for­mu­la­tions in dif­fer­ent sit­ua­tions, but two dif­fer­ent for­mu­la­tions would agree in sit­ua­tions where they can both be ap­plied. The whole col­lec­tion of dif­fer­ent for­mu­la­tions could be re­gard­ed as a com­plete uni­fied the­ory, though one that could not be ex­pressed in terms of a sin­gle set of pos­tu­lates.

      But can there re­al­ly be such a uni­fied the­ory? Or are we per­haps just chas­ing a mi­rage? There seem to be three pos­si­bil­ities:

      1. There re­al­ly is a com­plete uni­fied the­ory (or a col­lec­tion of over­lap­ping for­mu­la­tions), which we will some­day dis­cov­er if we are smart enough.

      2. There is no ul­ti­mate the­ory of the uni­verse, just an in­fi­nite se­quence of the­ories that de­scribe the uni­verse more and more ac­cu­rate­ly.

      3. There is no the­ory of the uni­verse: events can­not be pre­dict­ed be­yond a cer­tain ex­tent but oc­cur in a ran­dom and ar­bi­trary man­ner.

      Some would ar­gue for the third pos­si­bil­ity on the grounds that if there were a com­plete set of laws, that would in­fringe God’s free­dom to change his mind and in­ter­vene in the world. It’s a bit like the old para­dox: can God make a stone so heavy that he can’t lift it? But the idea that God might want to change his mind is an ex­am­ple of the fal­la­cy, point­ed out by St. Au­gus­tine, of imag­in­ing God as a be­ing ex­ist­ing in time: time is a prop­er­ty on­ly of the uni­verse that God cre­at­ed. Pre­sum­ably, he knew what he in­tend­ed when he set it up!

      With the ad­vent of quan­tum me­chan­ics, we have come to rec­og­nize that events can­not be pre­dict­ed with com­plete ac­cu­ra­cy but that there is al­ways a de­gree of un­cer­tain­ty. If one likes, one could as­cribe this ran­dom­ness to the in­ter­ven­tion of God, but it would be a very strange kind of in­ter­ven­tion: there is no ev­idence that it is di­rect­ed to­ward any pur­pose. In­deed, if it were, it would by def­ini­tion not be ran­dom. In mod­ern times, we have ef­fec­tive­ly re­moved the third pos­si­bil­ity above by re­defin­ing the goal of sci­ence: our aim is to for­mu­late a set of laws that en­ables us to pre­dict events on­ly up to the lim­it set by the un­cer­tain­ty prin­ci­ple.

      The sec­ond pos­si­bil­ity, that there is an in­fi­nite se­quence of more and more re­fined the­ories, is in agree­ment with all our ex­pe­ri­ence so far. On many oc­ca­sions we have in­creased the sen­si­tiv­ity of our mea­sure­ments or made a new class of ob­ser­va­tions, on­ly to dis­cov­er new phe­nom­ena that were not pre­dict­ed by the ex­ist­ing the­ory, and to ac­count for these we have had to de­vel­op a more ad­vanced the­ory. It would there­fore not be very sur­pris­ing if the present gen­er­ation of grand uni­fied the­ories was wrong in claim­ing that noth­ing es­sen­tial­ly new will hap­pen be­tween the elec­troweak uni­fi­ca­tion en­er­gy of about 100 GeV and the grand uni­fi­ca­tion en­er­gy of about a thou­sand mil­lion mil­lion GeV. We might in­deed ex­pect to find sev­er­al new lay­ers of struc­ture more ba­sic than the quarks and elec­trons that we now re­gard as “el­emen­tary” par­ti­cles.

      How­ev­er, it seems that grav­ity may pro­vide a lim­it to this se­quence of “box­es with­in box­es.” If one had a par­ti­cle with an en­er­gy above what is called the Planck en­er­gy, ten mil­lion mil­lion mil­lion GeV (1 fol­lowed by nine­teen ze­ros), its mass would be so con­cen­trat­ed that it would cut it­self off from the rest of the uni­verse and form a lit­tle black hole. Thus it does seem that the se­quence of more and more re­fined the­ories should have some lim­it as we go to high­er and high­er en­er­gies, so that there should be some ul­ti­mate the­ory of the uni­verse. Of course, the Planck en­er­gy is a very long way from the en­er­gies of around a hun­dred GeV, which are the most that we can pro­duce in the lab­ora­to­ry at the present time. We shall not bridge that gap with par­ti­cle ac­cel­er­ators in the fore­see­able fu­ture! The very ear­ly stages of the uni­verse, how­ev­er, are an are­na where such en­er­gies must have oc­curred. I think that there is a good chance that the study of the ear­ly uni­verse and the re­quire­ments of math­emat­ical con­sis­ten­cy will lead us to a com­plete uni­fied the­ory with­in the life­time of some of us who are around to­day, al­ways pre­sum­ing we don’t blow our­selves up first.

      What would it mean if we ac­tu­al­ly did dis­cov­er the ul­ti­mate the­ory of the uni­verse? As was ex­plained in Chap­ter 1, we could nev­er be quite sure that we had in­deed found the cor­rect the­ory, since the­ories can’t be proved. But if the the­ory was math­emat­ical­ly con­sis­tent and al­ways gave pre­dic­tions that agreed with ob­ser­va­tions, we could be rea­son­ably con­fi­dent that it was the right one. It would bring to an end a long and glo­ri­ous chap­ter in the his­to­ry of hu­man­ity’s in­tel­lec­tu­al strug­gle to un­der­stand the uni­verse. But it would al­so rev­olu­tion­ize the or­di­nary per­son’s un­der­stand­ing of the laws that gov­ern the uni­verse. In New­ton’s time it was pos­si­ble for an ed­ucat­ed per­son to have a grasp of the whole of hu­man knowl­edge, at least in out­line. But since then, the pace of the de­vel­op­ment of sci­ence has made this im­pos­si­ble. Be­cause the­ories are al­ways be­ing changed to ac­count for new ob­ser­va­tions, they are nev­er prop­er­ly di­gest­ed or sim­pli­fied so that or­di­nary peo­ple can un­der­stand them. You have to be a spe­cial­ist, and even then you can on­ly hope to have a prop­er grasp of a small pro­por­tion of the sci­en­tif­ic the­ories. Fur­ther, the rate of progress is so rapid that what one learns at school or uni­ver­si­ty is al­ways a bit out of date. On­ly a few peo­ple can keep up with the rapid­ly ad­vanc­ing fron­tier of knowl­edge, and they have to de­vote their whole time to it and spe­cial­ize in a small area. The rest of the pop­ula­tion has lit­tle idea of the ad­vances that are be­ing made or the ex­cite­ment they are gen­er­at­ing. Sev­en­ty years ago, if Ed­ding­ton is to be be­lieved, on­ly two peo­ple un­der­stood the gen­er­al the­ory of rel­ativ­ity. Nowa­days tens of thou­sands of uni­ver­si­ty grad­uates do, and many mil­lions of peo­ple are at least fa­mil­iar with the idea. If a com­plete uni­fied the­ory was dis­cov­ered, it would on­ly be a mat­ter of time be­fore it was di­gest­ed and sim­pli­fied in the same way and taught in schools, at least in out­line. We would then all be able to have some un­der­stand­ing of the laws that gov­ern the uni­verse and are re­spon­si­ble for our ex­is­tence.

      Even if we do dis­cov­er a com­plete uni­fied the­ory, it would not mean that we would be able to pre­dict events in gen­er­al, for two rea­sons. The first is the lim­ita­tion that the un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics sets on our pow­ers of pre­dic­tion. There is noth­ing we can do to get around that. In prac­tice, how­ev­er, this first lim­ita­tion is less re­stric­tive than the sec­ond one. It aris­es from the fact that we could not solve the equa­tions of the the­ory ex­act­ly, ex­cept in very sim­ple sit­ua­tions. (We can­not even solve ex­act­ly for the mo­tion of three bod­ies in New­ton’s the­ory of grav­ity, and the dif­fi­cul­ty in­creas­es with the num­ber of bod­ies and the com­plex­ity of the the­ory.) We al­ready know the laws that gov­ern the be­hav­ior of mat­ter un­der all but the most ex­treme con­di­tions. In par­tic­ular, we know the ba­sic laws that un­der­lie all of chem­istry and bi­ol­ogy. Yet we have cer­tain­ly not re­duced these sub­jects to the sta­tus of solved prob­lems: we have, as yet, had lit­tle suc­cess in pre­dict­ing hu­man be­hav­ior from math­emat­ical equa­tions! So even if we do find a com­plete set of ba­sic laws, there will still be in the years ahead the in­tel­lec­tu­al­ly chal­leng­ing task of de­vel­op­ing bet­ter ap­prox­ima­tion meth­ods, so that we can make use­ful pre­dic­tions of the prob­able out­comes in com­pli­cat­ed and re­al­is­tic sit­ua­tions. A com­plete, con­sis­tent, uni­fied the­ory is on­ly the first step: our goal is a com­plete un­der­stand­ing of the events around us, and of our own ex­is­tence.
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      CHAPTER 12

      CON­CLU­SION

      We find our­selves in a be­wil­der­ing world. We want to make sense of what we see around us and to ask: What is the na­ture of the uni­verse? What is our place in it and where did it and we come from? Why is it the way it is?

      To try to an­swer these ques­tions we adopt some “world pic­ture.” Just as an in­fi­nite tow­er of tor­tois­es sup­port­ing the fi­at earth is such a pic­ture, so is the the­ory of su­per­strings. Both are the­ories of the uni­verse, though the lat­ter is much more math­emat­ical and pre­cise than the for­mer. Both the­ories lack ob­ser­va­tion­al ev­idence: no one has ev­er seen a gi­ant tor­toise with the earth on its back, but then, no one has seen a su­per­string ei­ther. How­ev­er, the tor­toise the­ory fails to be a good sci­en­tif­ic the­ory be­cause it pre­dicts that peo­ple should be able to fall off the edge of the world. This has not been found to agree with ex­pe­ri­ence, un­less that turns out to be the ex­pla­na­tion for the peo­ple who are sup­posed to have dis­ap­peared in the Bermu­da Tri­an­gle!

      The ear­li­est the­oret­ical at­tempts to de­scribe and ex­plain the uni­verse in­volved the idea that events and nat­ural phe­nom­ena were con­trolled by spir­its with hu­man emo­tions who act­ed in a very hu­man­like and un­pre­dictable man­ner. These spir­its in­hab­it­ed nat­ural ob­jects, like rivers and moun­tains, in­clud­ing ce­les­tial bod­ies, like the sun and moon. They had to be pla­cat­ed and their fa­vor sought in or­der to en­sure the fer­til­ity of the soil and the ro­ta­tion of the sea­sons. Grad­ual­ly, how­ev­er, it must have been no­ticed that there were cer­tain reg­ular­ities: the sun al­ways rose in the east and set in the west, whether or not a sac­ri­fice had been made to the sun god. Fur­ther, the sun, the moon, and the plan­ets fol­lowed pre­cise paths across the sky that could be pre­dict­ed in ad­vance with con­sid­er­able ac­cu­ra­cy. The sun and the moon might still be gods, but they were gods who obeyed strict laws, ap­par­ent­ly with­out any ex­cep­tions, if one dis­counts sto­ries like that of the sun stop­ping for Joshua.

      At first, these reg­ular­ities and laws were ob­vi­ous on­ly in as­tron­omy and a few oth­er sit­ua­tions. How­ev­er, as civ­iliza­tion de­vel­oped, and par­tic­ular­ly in the last 300 years, more and more reg­ular­ities and laws were dis­cov­ered. The suc­cess of these laws led Laplace at the be­gin­ning of the nine­teenth cen­tu­ry to pos­tu­late sci­en­tif­ic de­ter­min­ism; that is, he sug­gest­ed that there would be a set of laws that would de­ter­mine the evo­lu­tion of the uni­verse pre­cise­ly, giv­en its con­fig­ura­tion at one time.

      Laplace’s de­ter­min­ism was in­com­plete in two ways. It did not say how the laws should be cho­sen and it did not spec­ify the ini­tial con­fig­ura­tion of the uni­verse. These were left to God. God would choose how the uni­verse be­gan and what laws it obeyed, but he would not in­ter­vene in the uni­verse once it had start­ed. In ef­fect, God was con­fined to the ar­eas that nine­teenth-​cen­tu­ry sci­ence did not un­der-​stand.

      We now know that Laplace’s hopes of de­ter­min­ism can­not be re­al­ized, at least in the terms he had in mind. The un­cer­tain­ty prin­ci­ple of quan­tum me­chan­ics im­plies that cer­tain pairs of quan­ti­ties, such as the po­si­tion and ve­loc­ity of a par­ti­cle, can­not both be pre­dict­ed with com­plete ac­cu­ra­cy. Quan­tum me­chan­ics deals with this sit­ua­tion via a class of quan­tum the­ories in which par­ti­cles don’t have well-​de­fined po­si­tions and ve­loc­ities but are rep­re­sent­ed by a wave. These quan­tum the­ories are de­ter­min­is­tic in the sense that they give laws for the evo­lu­tion of the wave with time. Thus if one knows the wave at one time, one can cal­cu­late it at any oth­er time. The un­pre­dictable, ran­dom el­ement comes in on­ly when we try to in­ter­pret the wave in terms of the po­si­tions and ve­loc­ities of par­ti­cles. But maybe that is our mis­take: maybe there are no par­ti­cle po­si­tions and ve­loc­ities, but on­ly waves. It is just that we try to fit the waves to our pre­con­ceived ideas of po­si­tions and ve­loc­ities. The re­sult­ing mis­match is the cause of the ap­par­ent un­pre­dictabil­ity.

      In ef­fect, we have re­de­fined the task of sci­ence to be the dis­cov­ery of laws that will en­able us to pre­dict events up to the lim­its set by the un­cer­tain­ty prin­ci­ple. The ques­tion re­mains, how­ev­er: how or why were the laws and the ini­tial state of the uni­verse cho­sen?

      In this book I have giv­en spe­cial promi­nence to the laws that gov­ern grav­ity, be­cause it is grav­ity that shapes the large-​scale struc­ture of the uni­verse, even though it is the weak­est of the four cat­egories of forces. The laws of grav­ity were in­com­pat­ible with the view held un­til quite re­cent­ly that the uni­verse is un­chang­ing in time: the fact that grav­ity is al­ways at­trac­tive im­plies that the uni­verse must be ei­ther ex­pand­ing or con­tract­ing. Ac­cord­ing to the gen­er­al the­ory of rel­ativ­ity, there must have been a state of in­fi­nite den­si­ty in the past, the big bang, which would have been an ef­fec­tive be­gin­ning of time. Sim­ilar­ly, if the whole uni­verse rec­ol­lapsed, there must be an­oth­er state of in­fi­nite den­si­ty in the fu­ture, the big crunch, which would be an end of time. Even if the whole uni­verse did not rec­ol­lapse, there would be sin­gu­lar­ities in any lo­cal­ized re­gions that col­lapsed to form black holes. These sin­gu­lar­ities would be an end of time for any­one who fell in­to the black hole. At the big bang and oth­er sin­gu­lar­ities, all the laws would have bro­ken down, so God would still have had com­plete free­dom to choose what hap­pened and how the uni­verse be­gan.

      When we com­bine quan­tum me­chan­ics with gen­er­al rel­ativ­ity, there seems to be a new pos­si­bil­ity that did not arise be­fore: that space and time to­geth­er might form a fi­nite, four-​di­men­sion­al space with­out sin­gu­lar­ities or bound­aries, like the sur­face of the earth but with more di­men­sions. It seems that this idea could ex­plain many of the ob­served fea­tures of the uni­verse, such as its large-​scale uni­for­mi­ty and al­so the small­er-​scale de­par­tures from ho­mo­gene­ity, like galax­ies, stars, and even hu­man be­ings. It could even ac­count for the ar­row of time that we ob­serve. But if the uni­verse is com­plete­ly self-​con­tained, with no sin­gu­lar­ities or bound­aries, and com­plete­ly de­scribed by a uni­fied the­ory, that has pro­found im­pli­ca­tions for the role of God as Cre­ator.

      Ein­stein once asked the ques­tion: “How much choice did God have in con­struct­ing the uni­verse?” If the no bound­ary pro­pos­al is cor­rect, he had no free­dom at all to choose ini­tial con­di­tions. He would, of course, still have had the free­dom to choose the laws that the uni­verse obeyed. This, how­ev­er, may not re­al­ly have been all that much of a choice; there may well be on­ly one, or a small num­ber, of com­plete uni­fied the­ories, such as the het­erot­ic string the­ory, that are self-​con­sis­tent and al­low the ex­is­tence of struc­tures as com­pli­cat­ed as hu­man be­ings who can in­ves­ti­gate the laws of the uni­verse and ask about the na­ture of God.

      Even if there is on­ly one pos­si­ble uni­fied the­ory, it is just a set of rules and equa­tions. What is it that breathes fire in­to the equa­tions and makes a uni­verse for them to de­scribe? The usu­al ap­proach of sci­ence of con­struct­ing a math­emat­ical mod­el can­not an­swer the ques­tions of why there should be a uni­verse for the mod­el to de­scribe. Why does the uni­verse go to all the both­er of ex­ist­ing? Is the uni­fied the­ory so com­pelling that it brings about its own ex­is­tence? Or does it need a cre­ator, and, if so, does he have any oth­er ef­fect on the uni­verse? And who cre­at­ed him?

      Up to now, most sci­en­tists have been too oc­cu­pied with the de­vel­op­ment of new the­ories that de­scribe what the uni­verse is to ask the ques­tion why. On the oth­er hand, the peo­ple whose busi­ness it is to ask why, the philoso­phers, have not been able to keep up with the ad­vance of sci­en­tif­ic the­ories. In the eigh­teenth cen­tu­ry, philoso­phers con­sid­ered the whole of hu­man knowl­edge, in­clud­ing sci­ence, to be their field and dis­cussed ques­tions such as: did the uni­verse have a be­gin­ning? How­ev­er, in the nine­teenth and twen­ti­eth cen­turies, sci­ence be­came too tech­ni­cal and math­emat­ical for the philoso­phers, or any­one else ex­cept a few spe­cial­ists. Philoso­phers re­duced the scope of their in­quiries so much that Wittgen­stein, the most fa­mous philoso­pher of this cen­tu­ry, said, “The sole re­main­ing task for phi­los­ophy is the anal­ysis of lan­guage.” What a come­down from the great tra­di­tion of phi­los­ophy from Aris­to­tle to Kant!

      How­ev­er, if we do dis­cov­er a com­plete the­ory, it should in time be un­der­stand­able in broad prin­ci­ple by ev­ery­one, not just a few sci­en­tists. Then we shall all, philoso­phers, sci­en­tists, and just or­di­nary peo­ple, be able to take part in the dis­cus­sion of the ques­tion of why it is that we and the uni­verse ex­ist. If we find the an­swer to that, it would be the ul­ti­mate tri­umph of hu­man rea­son - for then we would know the mind of God.

      AL­BERT EIN­STEIN

      Ein­stein’s con­nec­tion with the pol­itics of the nu­cle­ar bomb is well known: he signed the fa­mous let­ter to Pres­ident Franklin Roo­sevelt that per­suad­ed the Unit­ed States to take the idea se­ri­ous­ly, and he en­gaged in post­war ef­forts to pre­vent nu­cle­ar war. But these were not just the iso­lat­ed ac­tions of a sci­en­tist dragged in­to the world of pol­itics. Ein­stein’s life was, in fact, to use his own words, “di­vid­ed be­tween pol­itics and equa­tions.”

      Ein­stein’s ear­li­est po­lit­ical ac­tiv­ity came dur­ing the First World War, when he was a pro­fes­sor in Berlin. Sick­ened by what he saw as the waste of hu­man lives, he be­came in­volved in an­ti­war demon­stra­tions. His ad­vo­ca­cy of civ­il dis­obe­di­ence and pub­lic en­cour­age­ment of peo­ple to refuse con­scrip­tion did lit­tle to en­dear him to his col­leagues. Then, fol­low­ing the war, he di­rect­ed his ef­forts to­ward rec­on­cil­ia­tion and im­prov­ing in­ter­na­tion­al re­la­tions. This too did not make him pop­ular, and soon his pol­itics were mak­ing it dif­fi­cult for him to vis­it the Unit­ed States, even to give lec­tures.

      Ein­stein’s sec­ond great cause was Zion­ism. Al­though he was Jew­ish by de­scent, Ein­stein re­ject­ed the bib­li­cal idea of God. How­ev­er, a grow­ing aware­ness of an­ti-​Semitism, both be­fore and dur­ing the First World War, led him grad­ual­ly to iden­ti­fy with the Jew­ish com­mu­ni­ty, and lat­er to be­come an out­spo­ken sup­port­er of Zion­ism. Once more un­pop­ular­ity did not stop him from speak­ing his mind. His the­ories came un­der at­tack; an an­ti-​Ein­stein or­ga­ni­za­tion was even set up. One man was con­vict­ed of in­cit­ing oth­ers to mur­der Ein­stein (and fined a mere six dol­lars). But Ein­stein was phleg­mat­ic. When a book was pub­lished en­ti­tled 100 Au­thors Against Ein­stein, he re­tort­ed, “If I were wrong, then one would have been enough!”

      In 1933, Hitler came to pow­er. Ein­stein was in Amer­ica, and de­clared he would not re­turn to Ger­many. Then, while Nazi mili­tia raid­ed his house and con­fis­cat­ed his bank ac­count, a Berlin news­pa­per dis­played the head­line “Good News from Ein­stein - He’s Not Com­ing Back.” In the face of the Nazi threat, Ein­stein re­nounced paci­fism, and even­tu­al­ly, fear­ing that Ger­man sci­en­tists would build a nu­cle­ar bomb, pro­posed that the Unit­ed States should de­vel­op its own. But even be­fore the first atom­ic bomb had been det­onat­ed, he was pub­licly warn­ing of the dan­gers of nu­cle­ar war and propos­ing in­ter­na­tion­al con­trol of nu­cle­ar weapon­ry.

      Through­out his life, Ein­stein’s ef­forts to­ward peace prob­ably achieved lit­tle that would last - and cer­tain­ly won him few friends. His vo­cal sup­port of the Zion­ist cause, how­ev­er, was du­ly rec­og­nized in 1952, when he was of­fered the pres­iden­cy of Is­rael. He de­clined, say­ing he thought he was too naive in pol­itics. But per­haps his re­al rea­son was dif­fer­ent: to quote him again, “Equa­tions are more im­por­tant to me, be­cause pol­itics is for the present, but an equa­tion is some­thing for eter­ni­ty.”

      GALILEO GALILEI

      Galileo, per­haps more than any oth­er sin­gle per­son, was re­spon­si­ble for the birth of mod­ern sci­ence. His renowned con­flict with the Catholic Church was cen­tral to his phi­los­ophy, for Galileo was one of the first to ar­gue that man could hope to un­der­stand how the world works, and, more­over, that we could do this by ob­serv­ing the re­al world.

      Galileo had be­lieved Coper­ni­can the­ory (that the plan­ets or­bit­ed the sun) since ear­ly on, but it was on­ly when he found the ev­idence need­ed to sup­port the idea that he start­ed to pub­licly sup­port it. He wrote about Coper­ni­cus’s the­ory in Ital­ian (not the usu­al aca­dem­ic Latin), and soon his views be­came wide­ly sup­port­ed out­side the uni­ver­si­ties. This an­noyed the Aris­totelian pro­fes­sors, who unit­ed against him seek­ing to per­suade the Catholic Church to ban Coper­ni­can­ism.

      Galileo, wor­ried by this, trav­eled to Rome to speak to the ec­cle­si­as­ti­cal au­thor­ities. He ar­gued that the Bible was not in­tend­ed to tell us any­thing about sci­en­tif­ic the­ories, and that it was usu­al to as­sume that, where the Bible con­flict­ed with com­mon sense, it was be­ing al­le­gor­ical. But the Church was afraid of a scan­dal that might un­der­mine its fight against Protes­tantism, and so took re­pres­sive mea­sures. It de­clared Coper­ni­can­ism “false and er­ro­neous” in 1616, and com­mand­ed Galileo nev­er again to “de­fend or hold” the doc­trine. Galileo ac­qui­esced.

      In 1623, a long­time friend of Galileo’s be­came the Pope. Im­me­di­ate­ly Galileo tried to get the 1616 de­cree re­voked. He failed, but he did man­age to get per­mis­sion to write a book dis­cussing both Aris­totelian and Coper­ni­can the­ories, on two con­di­tions: he would not take sides and would come to the con­clu­sion that man could in any case not de­ter­mine how the world worked be­cause God could bring about the same ef­fects in ways unimag­ined by man, who could not place re­stric­tions on God’s om­nipo­tence.

      The book, Di­alogue Con­cern­ing the Two Chief World Sys­tems, was com­plet­ed and pub­lished in 1632, with the full back­ing of the cen­sors - and was im­me­di­ate­ly greet­ed through­out Eu­rope as a lit­er­ary and philo­soph­ical mas­ter­piece. Soon the Pope, re­al­iz­ing that peo­ple were see­ing the book as a con­vinc­ing ar­gu­ment in fa­vor of Coper­ni­can­ism, re­gret­ted hav­ing al­lowed its pub­li­ca­tion. The Pope ar­gued that al­though the book had the of­fi­cial bless­ing of the cen­sors, Galileo had nev­er­the­less con­tra­vened the 1616 de­cree. He brought Galileo be­fore the In­qui­si­tion, who sen­tenced him to house ar­rest for life and com­mand­ed him to pub­licly re­nounce Coper­ni­can­ism. For a sec­ond time, Galileo ac­qui­esced.

      Galileo re­mained a faith­ful Catholic, but his be­lief in the in­de­pen­dence of sci­ence had not been crushed. Four years be­fore his death in 1642, while he was still un­der house ar­rest, the manuscript of his sec­ond ma­jor book was smug­gled to a pub­lish­er in Hol­land. It was this work, re­ferred to as Two New Sci­ences, even more than his sup­port for Coper­ni­cus, that was to be the gen­esis of mod­ern physics.

      ISAAC NEW­TON

      Isaac New­ton was not a pleas­ant man. His re­la­tions with oth­er aca­demics were no­to­ri­ous, with most of his lat­er life spent em­broiled in heat­ed dis­putes. Fol­low­ing pub­li­ca­tion of Prin­cip­ia Math­emat­ica - sure­ly the most in­flu­en­tial book ev­er writ­ten in physics - New­ton had risen rapid­ly in­to pub­lic promi­nence. He was ap­point­ed pres­ident of the Roy­al So­ci­ety and be­came the first sci­en­tist ev­er to be knight­ed.

      New­ton soon clashed with the As­tronomer Roy­al, John Flam­steed, who had ear­li­er pro­vid­ed New­ton with much-​need­ed da­ta for Prin­cip­ia, but was now with­hold­ing in­for­ma­tion that New­ton want­ed. New-​ton would not take no for an an­swer: he had him­self ap­point­ed to the gov­ern­ing body of the Roy­al Ob­ser­va­to­ry and then tried to force im­me­di­ate pub­li­ca­tion of the da­ta. Even­tu­al­ly he ar­ranged for Flam­steed’s work to be seized and pre­pared for pub­li­ca­tion by Flam­steed’s mor­tal en­emy, Ed­mond Hal­ley. But Flam­steed took the case to court and, in the nick of time, won a court or­der pre­vent­ing dis­tri­bu­tion of the stolen work. New­ton was in­censed and sought his re­venge by sys­tem­at­ical­ly delet­ing all ref­er­ences to Flam­steed in lat­er edi­tions of Prin­cip­ia.

      A more se­ri­ous dis­pute arose with the Ger­man philoso­pher Got­tfried Leib­niz. Both Leib­niz and New­ton had in­de­pen­dent­ly de­vel­oped a branch of math­emat­ics called cal­cu­lus, which un­der­lies most of mod­ern physics. Al­though we now know that New­ton dis­cov­ered cal­cu­lus years be­fore Leib­niz, he pub­lished his work much lat­er. A ma­jor row en­sued over who had been first, with sci­en­tists vig­or­ous­ly de­fend­ing both con­tenders. It is re­mark­able, how­ev­er, that most of the ar­ti­cles ap­pear­ing in de­fense of New­ton were orig­inal­ly writ­ten by his own hand - and on­ly pub­lished in the name of friends! As the row grew, Leib­niz made the mis­take of ap­peal­ing to the Roy­al So­ci­ety to re­solve the dis­pute. New­ton, as pres­ident, ap­point­ed an “im­par­tial” com­mit­tee to in­ves­ti­gate, co­in­ci­den­tal­ly con­sist­ing en­tire­ly of New­ton’s friends! But that was not all: New­ton then wrote the com­mit­tee’s re­port him­self and had the Roy­al So­ci­ety pub­lish it, of­fi­cial­ly ac­cus­ing Leib­niz of pla­gia­rism. Still un­sat­is­fied, he then wrote an anony­mous re­view of the re­port in the Roy­al So­ci­ety’s own pe­ri­od­ical. Fol­low­ing the death of Leib­niz, New­ton is re­port­ed to have de­clared that he had tak­en great sat­is­fac­tion in “break­ing Leib­niz’s heart.”

      Dur­ing the pe­ri­od of these two dis­putes, New­ton had al­ready left Cam­bridge and academe. He had been ac­tive in an­ti-​Catholic pol­itics at Cam­bridge, and lat­er in Par­lia­ment, and was re­ward­ed even­tu­al­ly with the lu­cra­tive post of War­den of the Roy­al Mint. Here he used his tal­ents for de­vi­ous­ness and vit­ri­ol in a more so­cial­ly ac­cept­able way, suc­cess­ful­ly con­duct­ing a ma­jor cam­paign against coun­ter­feit­ing, even send­ing sev­er­al men to their death on the gal­lows.

      GLOS­SARY

      Ab­so­lute ze­ro: The low­est pos­si­ble tem­per­ature, at which sub­stances con­tain no heat en­er­gy.

      Ac­cel­er­ation: The rate at which the speed of an ob­ject is chang­ing.

      An­throp­ic prin­ci­ple: We see the uni­verse the way it is be­cause if it were dif­fer­ent we would not be here to ob­serve it.

      An­tipar­ti­cle: Each type of mat­ter par­ti­cle has a cor­re­spond­ing an­tipar­ti­cle. When a par­ti­cle col­lides with its an­tipar­ti­cle, they an­ni­hi­late, leav­ing on­ly en­er­gy.

      Atom: The ba­sic unit of or­di­nary mat­ter, made up of a tiny nu­cle­us (con­sist­ing of pro­tons and neu­trons) sur­round­ed by or­bit­ing elec­trons.

      Big bang: The sin­gu­lar­ity at the be­gin­ning of the uni­verse.

      Big crunch: The sin­gu­lar­ity at the end of the uni­verse.

      Black hole: A re­gion of space-​time from which noth­ing, not even light, can es­cape, be­cause grav­ity is so strong.

      Casimir ef­fect: The at­trac­tive pres­sure be­tween two flat, par­al­lel met­al plates placed very near to each oth­er in a vac­uum. The pres­sure is due to a re­duc­tion in the usu­al num­ber of vir­tu­al par­ti­cles in the space be­tween the plates.

      Chan­drasekhar lim­it: The max­imum pos­si­ble mass of a sta­ble cold star, above which it must col­lapse in­to a black hole.

      Con­ser­va­tion of en­er­gy: The law of sci­ence that states that en­er­gy (or its equi­va-​lent in mass) can nei­ther be cre­at­ed nor de­stroyed.

      Co­or­di­nates: Num­bers that spec­ify the po­si­tion of a point in space and time.

      Cos­mo­log­ical con­stant: A math­emat­ical de­vice used by Ein­stein to give space-​time an in­built ten­den­cy to ex­pand.

      Cos­mol­ogy: The study of the uni­verse as a whole.

      Dark mat­ter: Mat­ter in galax­ies, clus­ters, and pos­si­bly be­tween clus­ters, that can not be ob­served di­rect­ly but can be de­tect­ed by its grav­ita­tion­al ef­fect. As much as 90 per­cent of the mass of the uni­verse may be in the form of dark mat­ter.

      Du­al­ity: A cor­re­spon­dence be­tween ap­par­ent­ly dif­fer­ent the­ories that lead to the same phys­ical re­sults.

      Ein­stein-​Rosen bridge: A thin tube of space-​time link­ing two black holes. Al­so see Worm­hole.

      Elec­tric charge: A prop­er­ty of a par­ti­cle by which it may re­pel (or at­tract) oth­er par­ti­cles that have a charge of sim­ilar (or op­po­site) sign.

      Elec­tro­mag­net­ic force: The force that aris­es be­tween par­ti­cles with elec­tric charge; the sec­ond strongest of the four fun­da­men­tal forces.

      Elec­tron: A par­ti­cle with neg­ative elec­tric charge that or­bits the nu­cle­us of an atom.

      Elec­troweak uni­fi­ca­tion en­er­gy: The en­er­gy (around 100 GeV) above which the dis­tinc­tion be­tween the elec­tro­mag­net­ic force and the weak force dis­ap­pears.

      El­emen­tary par­ti­cle: A par­ti­cle that, it is be­lieved, can­not be sub­di­vid­ed.

      Event: A point in space-​time, spec­ified by its time and place.

      Event hori­zon: The bound­ary of a black hole.

      Ex­clu­sion prin­ci­ple: The idea that two iden­ti­cal spin-1/2 par­ti­cles can­not have (with­in the lim­its set by the un­cer­tain­ty prin­ci­ple) both the same po­si­tion and the same ve­loc­ity.

      Field: Some­thing that ex­ists through­out space and time, as op­posed to a par­ti­cle that ex­ists at on­ly one point at a time.

      Fre­quen­cy: For a wave, the num­ber of com­plete cy­cles per sec­ond.

      Gam­ma rays: Elec­tro­mag­net­ic rays of very short wave­length, pro­duced in ra­dio-​ac­tive de­cay or by col­li­sions of el­emen­tary par­ti­cles.

      Gen­er­al rel­ativ­ity: Ein­stein’s the­ory based on the idea that the laws of sci­ence should be the same for all ob­servers, no mat­ter how they are mov­ing. It ex­plains the force of grav­ity in terms of the cur­va­ture of a four-​di­men­sion­al space-​time.

      Geodesic: The short­est (or longest) path be­tween two points.

      Grand uni­fi­ca­tion en­er­gy: The en­er­gy above which, it is be­lieved, the elec­tro-​mag­net­ic force, weak force, and strong force be­come in­dis­tin­guish­able from each oth­er.

      Grand uni­fied the­ory (GUT): A the­ory which uni­fies the elec­tro­mag­net­ic, strong, and weak forces.

      Imag­inary time: Time mea­sured us­ing imag­inary num­bers.

      Light cone: A sur­face in space-​time that marks out the pos­si­ble di­rec­tions for light rays pass­ing through a giv­en event.

      Light-​sec­ond (light-​year): The dis­tance trav­eled by light in one sec­ond (year).

      Mag­net­ic field: The field re­spon­si­ble for mag­net­ic forces, now in­cor­po­rat­ed along with the elec­tric field, in­to the elec­tro­mag­net­ic field.

      Mass: The quan­ti­ty of mat­ter in a body; its in­er­tia, or re­sis­tance to ac­cel­er­ation.

      Mi­crowave back­ground ra­di­ation: The ra­di­ation from the glow­ing of the hot ear­ly uni­verse, now so great­ly red-​shift­ed that it ap­pears not as light but as mi­crowaves (ra­dio waves with a wave­length of a few cen­time­ters). Al­so see COBE, on page 145.

      Naked sin­gu­lar­ity: A space-​time sin­gu­lar­ity not sur­round­ed by a black hole.

      Neu­tri­no: An ex­treme­ly light (pos­si­bly mass­less) par­ti­cle that is af­fect­ed on­ly by the weak force and grav­ity.

      Neu­tron: An un­charged par­ti­cle, very sim­ilar to the pro­ton, which ac­counts for rough­ly half the par­ti­cles in an atom­ic nu­cle­us.

      Neu­tron star: A cold star, sup­port­ed by the ex­clu­sion prin­ci­ple re­pul­sion be­tween neu­trons.

      No bound­ary con­di­tion: The idea that the uni­verse is fi­nite but has no bound­ary (in imag­inary time).

      Nu­cle­ar fu­sion: The pro­cess by which two nu­clei col­lide and co­alesce to form a sin­gle, heav­ier nu­cle­us.

      Nu­cle­us: The cen­tral part of an atom, con­sist­ing on­ly of pro­tons and neu­trons, held to­geth­er by the strong force.

      Par­ti­cle ac­cel­er­ator: A ma­chine that, us­ing elec­tro­mag­nets, can ac­cel­er­ate mov­ing charged par­ti­cles, giv­ing them more en­er­gy.

      Phase: For a wave, the po­si­tion in its cy­cle at a spec­ified time: a mea­sure of whether it is at a crest, a trough, or some­where in be­tween.

      Pho­ton: A quan­tum of light.

      Planck’s quan­tum prin­ci­ple: The idea that light (or any oth­er clas­si­cal waves) can be emit­ted or ab­sorbed on­ly in dis­crete quan­ta, whose en­er­gy is pro­por­tion­al to their wave­length.

      Positron: The (pos­itive­ly charged) an­tipar­ti­cle of the elec­tron.

      Pri­mor­dial black hole: A black hole cre­at­ed in the very ear­ly uni­verse.

      Pro­por­tion­al: ‘X is pro­por­tion­al to Y’ means that when Y is mul­ti­plied by any num­ber, so is X. ‘X is in­verse­ly pro­por­tion­al to Y’ means that when Y is mul­ti­plied by any num­ber, X is di­vid­ed by that num­ber.

      Pro­ton: A pos­itive­ly charged par­ti­cle, very sim­ilar to the neu­tron, that ac­counts for rough­ly half the par­ti­cles in the nu­cle­us of most atoms.

      Pul­sar: A ro­tat­ing neu­tron star that emits reg­ular puls­es of ra­dio waves.

      Quan­tum: The in­di­vis­ible unit in which waves may be emit­ted or ab­sorbed.

      Quan­tum chro­mo­dy­nam­ics (QCD): The the­ory that de­scribes the in­ter­ac­tions of quarks and glu­ons.

      Quan­tum me­chan­ics: The the­ory de­vel­oped from Planck’s quan­tum prin­ci­ple and Heisen­berg’s un­cer­tain­ty prin­ci­ple.

      Quark: A (charged) el­emen­tary par­ti­cle that feels the strong force. Pro­tons and neu­trons are each com­posed of three quarks.

      Radar: A sys­tem us­ing pulsed ra­dio waves to de­tect the po­si­tion of ob­jects by mea­sur­ing the time it takes a sin­gle pulse to reach the ob­ject and be re­flect­ed back.

      Ra­dioac­tiv­ity: The spon­ta­neous break­down of one type of atom­ic nu­cle­us in­to an­oth­er.

      Red shift: The red­den­ing of light from a star that is mov­ing away from us, due to the Doppler ef­fect.

      Sin­gu­lar­ity: A point in space-​time at which the space-​time cur­va­ture be­comes in­fi­nite.

      Sin­gu­lar­ity the­orem: A the­orem that shows that a sin­gu­lar­ity must ex­ist un­der cer­tain cir­cum­stances - in par­tic­ular, that the uni­verse must have start­ed with a sin­gu­lar­ity.

      Space-​time: The four-​di­men­sion­al space whose points are events.

      Spa­tial di­men­sion: Any of the three di­men­sions that are space­like - that is, any ex­cept the time di­men­sion.

      Spe­cial rel­ativ­ity: Ein­stein’s the­ory based on the idea that the laws of sci­ence should be the same for all ob­servers, no mat­ter how they are mov­ing, in the ab­sence of grav­ita­tion­al phe­nom­ena.

      Spec­trum: The com­po­nent fre­quen­cies that make up a wave. The vis­ible part of the sun’s spec­trum can be seen in a rain­bow.

      Spin: An in­ter­nal prop­er­ty of el­emen­tary par­ti­cles, re­lat­ed to, but not iden­ti­cal to, the ev­ery­day con­cept of spin.

      Sta­tion­ary state: One that is not chang­ing with time: a sphere spin­ning at a con­stant rate is sta­tion­ary be­cause it looks iden­ti­cal at any giv­en in­stant.

      String the­ory: A the­ory of physics in which par­ti­cles are de­scribed as waves on strings. Strings have length but no oth­er di­men­sion.

      Strong force: The strongest of the four fun­da­men­tal forces, with the short­est range of all. It holds the quarks to­geth­er with­in pro­tons and neu­trons, and holds the pro­tons and neu­trons to­geth­er to form atoms.

      Un­cer­tain­ty prin­ci­ple: The prin­ci­ple, for­mu­lat­ed by Heisen­berg, that one can nev­er be ex­act­ly sure of both the po­si­tion and the ve­loc­ity of a par­ti­cle; the more ac­cu­rate­ly one knows the one, the less ac­cu­rate­ly one can know the oth­er.

      Vir­tu­al par­ti­cle: In quan­tum me­chan­ics, a par­ti­cle that can nev­er be di­rect­ly de­tect­ed, but whose ex­is­tence does have mea­sur­able ef­fects.

      Wave/par­ti­cle du­al­ity: The con­cept in quan­tum me­chan­ics that there is no dis­tinc­tion be­tween waves and par­ti­cles; par­ti­cles may some­times be­have like waves, and waves like par­ti­cles.

      Wave­length: For a wave, the dis­tance be­tween two ad­ja­cent troughs or two ad­ja­cent crests.

      Weak force: The sec­ond weak­est of the four fun­da­men­tal forces, with a very short range. It af­fects all mat­ter par­ti­cles, but not force-​car­ry­ing par­ti­cles.

      Weight: The force ex­ert­ed on a body by a grav­ita­tion­al field. It is pro­por­tion­al to, but not the same as, its mass.

      White dwarf: A sta­ble cold star, sup­port­ed by the ex­clu­sion prin­ci­ple re­pul­sion be­tween elec­trons.

      Worm­hole: A thin tube of space-​time con­nect­ing dis­tant re­gions of the uni­verse. Worm­holes might al­so link to par­al­lel or ba­by uni­vers­es and could pro­vide the pos­si­bil­ity of time trav­el.
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