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INTRODUCTION: 

THE GIANT 

AND THE COW 

LE ORIGIN of the universe is explained in the
Younger Edda, a collection of Norse myths compiled around 
I 220 by the Icelandic magnate Snorri Sturleson. In the 
beginning, says the Edda, there was nothing at all. "Earth was 
not found, nor Heaven above, a Yawning-gap there was, but 
grass nowhere." To the north and south of nothing lay regions 
of frost and fire, Niflheim and Muspelheim. The heat from 
Muspelheim melted some of the frost from Niflheim, and 
from the liquid drops there grew a giant, Ymer. What did 
Y mer eat? It seems there was also a cow, Audhumla. And 
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THE FIRST THREE MINUTES

what did she eat? Well, there was also somd salt. And so on.I must not offend religious sensibilities, even Viking re­ligious sensibilities, but I think it is fair to say that this is not avery satisfying picture of the origin of the universe. Even leav­ing aside all objections to hearsay evidence, the story raises asmany problems as it answers, and each answer requires a newcomplication in the initial i;onditions.We are not able merely to smile at the Edda, and forswearall cosmogonical speculation-the urge to trace the history ofthe universe back to its beginnings is irresistible. From the startof modern science in the sixteenth and seventeenth centuries,physicists and astronomers have returned again and again tothe problem of the origin of the universe. However, an aura of the disreputable always surroundedsuch research. I remember that during the time that I was astudent and then began my own research (on other problems)in the 19 50s, the study of the early universe was widelyregarded as not the sort of thing to which a respectable scientistwould devote his time. Nor was this judgment unreasonable.Throughout most of the history of modern physics and as­tronomy, there simply has not existed an adequate observa­tional and theoretical foundation on which lo build a historyof the early universe. Now, in just the past decade, all this has changed. A theoryof the early universe has become so widely accepted that as­tronomers often call it "the standard model." It is more or lessthe same as what is sometimes called the "big bang" theory,but supplemented with a much more specific recipe for thecontents of the universe. This theory of the early universe isthe subject of this book. To help see where we are going, it may be useful to startwith a summary of the history of the early universe, as pres-
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Introduction: The Giant and the Cow 
ently understood in the standard model. This is only a trie�run-through-succeeding chapters :'ii� explam t�e detai s o this history and our reasons for behevmg any of JI. . In the b�ginning there was an explosion. Not_ an explos10�like those familiar on earth, starting from a defimte center an spreading out to engulf more and more of the circumambJenl . but an explosion which occurred simultaneously ev:ry­aJ�ere filling all space from the beginning, with every parhcle:f ma;ter rushing apart from every other particle. "�II space"in this context may mean either all of an infinite �mverse, orall of a finite universe which curves back on Jtself hke the sur­face of a sphere. Neither possibility is easy to comp�ehend, ht this will not get in our way; it matters ha_rdly at all m the ear y universe whether space is finite or infimte. At about one-hundredth of a second, the earliest time abou�which we can speak with any confidence, the ten:iperature '�) the universe was about a hundred thousand_ mJlhon (JO degrees Centigrade. This is much hotter than m the center of even the hottest star, so hot, in fact, that none of the com ptnenls of ordinary matter, molecules, or atoms, or even t eI . f t ms could have held together. Instead, the matter nuc eJ o a O , f - ty f theh. apart in this explosion consisted o vanous pes o rus mg h" h th subject of so-called elementary particles, w Jc are e modern high-energy nuclear physics. . . is We will encounter these particles again and agam m th book-for the present it will be enough to name the ones !�at were most abundant in the early universe, and leave more e­tailed explanations for Chapters III and IV. One type of p�­ticle that was present in large numbers is the. eledron, t _e negatively charged particle that flows through wues m elec�Jc currents and makes up the outer parts of all atoms and mo e­cules in the present universe. Another type of particle that was 
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THE FIRST THREE MINUTESabundant at early times is the ositr I •• particle with precisely th P on, � positively chargedpresent universe positronse sa�e m
d
ass as the electron. In theare roun on] · h' h oratories, in some kinds of d. . . Y In Ig -energy lab-. ra 1oacbv1ty and i · l nom1cal phenomena l 'k . ' n v10 ent astro-h I e cosmic rays and s b t e early universe the nu b f upernovas, ut in equal to the number of el:t:;n: ��sitro?� was almost exactlypositrons, there were rough] . ·.1 
addition to electrons andf Y s1m1 ar numbers f • k' o neutrinos ghostly part· l . h O vanous . mds h ' IC es wit no mass l . h w atever. Finally the . or e ectr1c c arge, umverse was filled 'th]' h not have to be treated separate] from h w1 . ig t. This does tum theory tells us that]' ht y . t e particles-the quan-d ig consists of particl f an zero electrical ch k 

es o zero massarge nown as photon (E h • atom in the filament of a ]' ht b lb s. ac hme an higher energy to one of l ig u changes from a state ofTh ower energy one ph t . . ere are so many phot . ' 0 on Is emitted. they seem to blend toget�ns �ommg �ut of a light bulb thatb er m a contmuous str f ]' h ut a photoelectric cell can count ind" 'd l earn o ig t, one.) Every photon carries a de/in 

·t 1v1 ua photons, one bymomentum depending on th I � amount of energy anddescribe the light that filled the\;re e�gth of the light.. To the number and the y umverse, we can say thath average energy of the h t t e same as for electron . ·p o ons was aboutTh . s or positrons or neutrinos ese particles-electrons osit . . were continually being t' dp rans, neutnnos, photons-ft h . crea e 0ut of pure ener d h a er s ort lives being ann 'h'l t d . gy, an t en 
r 

I ia e agam The· b h rore was not preordained b t Ii d . . Ir n um er t ere-tween processes of ere f ' u 
d xe '.n�te�d by a balance be-a ion an anmh1lation F h • b ance we can infer that th d . · rom t 1s al-e ens1ty of this c temperature of a hundred thousa d 'll• osm1c soup at afour thousand million ( 4 X lO") _n mi ion degrees was aboutalso a small contamination f �1me� that o� water. There waso eav1er particles, protons and
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Introduction: The Giant and the Cow
neutrons, which in the present world form the constituents ofatomic nuclei. (Protons are positively charged; neutrons are 
slightly heavier and electrically neutral.) The proportions were
roughly one proton and one neutron for every thousand mil­
lion electrons or positrons or neutrinos or photons. This
number-a thousand million photons per nuclear particle-is
the crucial quantity that had to be taken from observation in
order to work out the standard model of the universe. The dis­covery of the cosmic radiation background discussed in Chap­
ter III was in effect a measurement of this number. 

As the explosion continued the temperature dropped,
reaching thirty thousand million (3 X 1010) degrees Centigrade
after about one-tenth of a second; ten thousand million de­
grees after about one second; and three thousand million de­
grees after about fourteen seconds. This was cool enough so that the electrons and positrons began to annihilate faster than
they could be recreated out of the photons and neutrinos. The
energy released in this annihilation of matter temporarily
slowed the rate at which the universe cooled, but the tempera­
ture continued to drop, finally reaching one thousand million
degrees at the end of the first three minutes. It was then cool
enough for the protons and neutrons to begin to form into
complex nuclei, starting with the nucleus of heavy hydrogen
(or deuterium), which consists of one proton and one neutron. 
The density was still high enough (a little less than that of
water) so that these light nuclei were able rapidly to assemble
themselves into the most stable light nucleus, that of helium,
consisting of two protons and two neutrons. 

At the end of the first three minutes the contents of the uni­
verse were mostly in the form of light, neutrinos, and antineu­
trinos . There was still a small amount of nuclear material,
now consisting of about 73 percent hydrogen and 27 percent
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THE FIRST THREE MINUTES 

helium, and an equally small numb I from the era of elect . er ,of electrons left overron-pos,tron ·1n • continued to rush apart b . anm 1 �hon. This matterdense. Much later aft , etm�ng steadily cooler and less would become cool,eno�r 

ha 
fc ewl undred thousand years, itform atoms of hydrogen agnd �r �- ectrons to join with nuclei to begin under th . fl e mm. The resulting gas woulde m uence of 't • which would ultimately d grav1 atmn to form clumps, stars of the present u . con 

Hense to form the galaxi_es andh n1verse. owever the . d. w ich the stars would b . th . 1. ' mgre 1ents withprepared in the first thre eg,� eir ,fe would be just those e mmutes The standard model sketched b. ing theory imaginable of th . � ov; is not the most satisfy­the Younger Edda th . e ongm o the universe. Just as in, ere is an em barras . the very beginning, the. first hund d h smg vagueness about there is the unwelcome n . re 
ftfi of a second or so. Also, ecess1ty O • • • • 1 especially the initial th d . . xmg miha conditions,ousan -million to O . f f h to nuclear particles We Id fc - - ne ra 10 o p otonsinevitability in the �heo

r;ou pre er a greater sense of logicalFor example, one alternaf h sophically fur more att f ive t eory that seems philo­mode! In th. th rac ive Is the so-called steady-stateBondi . Tho�:s J:;�, prc;ro.sed in the late 1940s by Hermantion) Fred Hoyle th , a� (m a
h somewhat different formula-, e umverse as always b . b same as it is now A 't d een Just a out the. s I expan s new tt . created to fill up the b ' ma er is contmually questions about whyg

tahps et�een t�e galaxies. Potentially, alle umverse 1s the ·t · swered in this theor b h . way I Is can be an-that is the only way\ y s owmghthat it is the way it is because. I can stay t e same Th bl f early universe is banished· th · e pro em o the How th d'd , ere was no early universe. en I we come to the "standa d d l " has it supplanted other theo . J 'k h r mo e ? And hownes, , e t e steady-state model? It 
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is a tribute to the essential objectivity of modern astrophysics
that this consensus has been brought about, not by shifts inphilosophical preference or by the influence of astrophysicalmandarins, but by the pressure of empirical data. The next two chapters will describe the two great clues, fur­nished by astronomical observation, which have led us to thestandard model-the discoveries of the recession of distantgalaxies and of a weak radio static filling the universe. This is arich story for the historian of science, filled with false starts,missed opportunities, theoretical preconceptions, and the playof personalities. 

Following this survey of observational cosmology, I will try to put the pieces of data together to make a coherent picture ofphysical conditions in the early universe. This will put us in aposition to go back over the first three minutes in greater de­tail. A cinematic treatment seems appropriate: frame by frame, we will watch the universe expand and cool and cook. We willalso try to look a little way into an era that is still clothed in
mystery-the first hundredth of a second, and what went before.Can we really be sure of the standard model? Will new dis­coveries overthrow it and replace the present standard modelwith some other cosmogony, or even revive the steady-statemodel? Perhaps. I cannot deny a feeling of unreality in writingabout the first three minutes as if we really know what we aretalking about. However, even if it is eventually supplanted, the standardmodel will have played a role of great value in the history ofcosmology. It is now respectable (though only in the last de­cade or so) to test theoretical ideas in physics or astrophysics byworking out their consequences in the context of the standardmodel. It is also common practice to use the standard model asa theoretical basis for justifying programs of astronomical ob-
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servation. Thus, the standard model �rovides an essential 
common language which allows theorists land observers to ap­
preciate what each other are doing. If some day the standard 
model is replaced by a better theory, it will probably be be­
cause of observations or calculations that drew their motiva­
tion from the standard model. 

In the last chapter I will say a bit about the future of the uni­
verse. It may go on expanding forever, getting colder, emptier, 
and deader. Alternatively, it may recontract, breaking up the 
galaxies and stars and atoms and atomic nuclei back into their 
constituents. All the problems we face in understanding the 
first three minutes would then arise again in pr�dicting the 
course of events in the lasft hree minut.es. 
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