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Cosmology:  A Cosmic Perspect ive     
 
 

Ch apt er 12:  Th e Bi g BangÑ A Un i ver se Gro w i ng Up 
 
If we consider  evolu t ionary cosmological models, t he observat ion  of the u niversal expansion 
suggest s an in it ial singu lar  state of arbit rar i ly h igh density from wh ich that  expansion  begins.  
In th is pictu re t he very ear ly un iverse is rather  different  from the collect ion of stars, galaxies 
and vast  regions of vacuu m that  confront  u s today.  How does one explain t he emergence of 
ou r  cu rrent , fam il iar  Universe from such bizarre beginnings?   

A h igh density of mat ter  was not  the only hal lmark of those ear ly t im es.  Imagine viewi ng once 
again the movie of expansion in reverse bu t  consider  thermal radiat ion to fi l l  the u niverse as 
well as mat ter .  This radiat ion  behaves like a gas and so, u pon  com pression , heat s up.  The 
present  tem peratu re of the radiat ion  wou ld have t o be qu it e low, perhaps on ly a few degrees 
Kelvin, t o have escaped detect ion even wi th  the t echnology of the 19th  centu ry.  However, as we 
com press th is radiat ion by ru nn ing the expansion  backwards, it  is not  di fficu lt  to show that  
the t em peratu re wou ld increase as 1/ d, wh ere d is som e typical distance between  galaxies.  If 
we consider  a point  in t im e when t he galaxies were 1000 t im es closer  together , the tem peratu re 
wou ld then  have been 1000 t im es h igher than t he present  value.  The initial state wou ld 
cor respond to an arbit rar i ly h igh temperatu re as well as densityÑ the Hot  Big Bang m odel.  

Richard Tolman fir st  considered t he behavior  of radiat ion in an expanding Universe in  the 
1930Õs.   In t he lat e 40Õs these calcu lat ions were incorporated into George Gam owÕs theory of 
the produ ct ion of elem ents in t he ear ly Un iverse, wh ich presaged the m odern Big Bang 
concept .  The int rodu ct ion  of a cosmological tem peratu re is a com pletely new and (again) 
revolu t ionary idea.  The expanding u niverse is now seen  to evolve not  only in density, bu t  that  
sam e expansion  cools the content s of t he un iverse just  as expansion  cools t he gas in  a 
refr igerat ion system.  As we wi ll  discuss, the dynamics of expansion, t he manner in  which  
expansion  is slowed by gravitat ion, and consequ ent ly the specific dependence of t he mass 
density, ! , and tem peratu re, T, on  t im e, is given by solu t ions to EinsteinÕs cosm ological 
equat ions worked ou t  by Alexander Fr iedman and Georges Lemait re in the 1920Õs.  Using t hese 
solu t ions and cu rrent  informat ion  abou t  t he average valu es of !  and T at  t he present  epoch, we 
are able to const ru ct  the fol lowi ng scenar io for  the therm al h istory of t he Universe:  

1. We cou ld begin t h is descr ipt ion a 100 mil lionths of a second after  the mom ent  of 
singu lar ity (at  t  = 0), when t he tem peratu re cooled to roughly 1012K (m il lion mill ion  degrees) 
and the densit y declined t o 1014 grams/ cm 3.  We cannot  discu ss ear lier  t im es becau se the 
physics of mat ter  at  st i ll  h igher  densit ies is not  wel l u nderstood (1014 gram s/ cm 3 is 
approxim ately t he density of mat ter  in an atomic nu cleu sÑ if one cou ld fi l l a qu art  jar  wi t h 
su ch stu ff, that  one quart  wou ld contain roughly as m uch mass as Mou nt  Rain ier).  We 
could begin t he descr ipt ion  of the Big Bang at  1012K, bu t  u nt il  the t em peratu re drops by a 
factor  of one thousand to around 109K (abou t  100 seconds later ) everyth ing t hat  happened 
lies in the realm of High  Energy Physics and is beyond t he scope of ou r  discussion .  Dur ing 
the fir st  few seconds, the un iverse was a holocau st  of relat ivist ic par t icles, both mat ter  and 
ant imat t er  coexist ing in an in ferno of gamma rays. 

2. At t  = 100 seconds and a tem peratu re of 109K, the density had dropped to 104 gram s/ cm 3, 

near ly 1000 t im es the densit y of lead.  The gamm a rays had cooled and were X-rays.  Of t he 
in it ial  sea of elementary par t icles on ly nu cleons (protons and neu t rons) and elect rons 
remainedÑ the bu i lding blocks of atom s.  At  t em peratu res higher  than 109K atom ic nuclei 
wou ld be broken into their  com ponent  par ts by the fierce bom bardm ent  of gamm a rays.  
Below 108 degrees, col lisions between nu cleons are not  su fficient ly violent  to bu i ld u p 
atomic nuclei.  Thus, between t  = 100 seconds (109 K) and t  = 10,000 seconds (108 K), 
nu clear  react ions can proceed to bu ild deu terons (a nucleu s contain ing one proton  and one 
neu t ron ) and alpha par t icles (the heliu m nucleus, two protons and two neu t rons).  Vir tually 
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no other  nu clei  were form ed, and near ly all  avai lable neu t rons were used in t hese react ions, 
wh ich produced abou t  20% to 30% (by mass) helium nuclei, a few percent  deu terons, wi t h 
the rem aining major it y of mass residing in sim ple protons (hydrogen nu clei).  There was 
also one free elect ron for  each  proton.  These t hen  were the pr imordial mater ials ou t  of 
wh ich the later  Un iverse was bu i lt :  most ly hydrogen, som e hel ium and a t race of 
deu ter iu m.  However, atom s cou ld not  form  yet , even t hou gh t he tem peratu re is now low 
enough to ensure the stabi lit y of nu clei, elect rons wou ld be easily st r ipped from any atom s 
that  might  t em porar ily form.  

3. Expansion cont inued to cool t h is homogeneou s soup of sim ple nu clei , elect rons, and 
associated thermal radiat ion .  Hom ogeneit y was enforced by the dom inance of radiat ion 
du r ing t he fi rst  two thousand years of expansion.   Thermal radiat ion  insist s on being 
smoothly dist r ibu ted throughou t  space and has no difficu lty Òpu sh ingÓ the mat t er  arou nd 
to conform to th is equ i libr iu m dist r ibu t ion.  Elect rons, protons, and these singly and 
doubly charged nu clei were cou pled very t ight ly to these elect romagnet ic waves, and any 
remain ing free neu t rons qu ick ly decayed into protons and elect rons.  It  is charged par t icles 
that  launch  these waves, and charged par t icles that  respond to incident  waves (th ink  of a 
radio t ransm it ter  and receiverÑ it s all done by wiggling elect rons back and for th ).  If t here 
shou ld develop an excess or  deficit  of radiat ion in  som e region, it  wou ld sim ply st ream  to 
redu ce that  im balance.  The situat ion is simi lar  t o digging a hole in  water  or  at tem pt ing t o 
pi le it  u pÑ an equ il ibr ium is qu ick ly achieved, and the st rong interact ion between radiat ion 
and mat ter  assures that  mat ter  fol lows t hat  sam e ru le.  

4. The next  really important  mi lestone in th is evolu t ionary sequ ence is fou nd at  t  = 3 x 105 
years, 300 thousand years aft er  the in it iat ion of expansion.  The t em peratu re had dropped 
to a m ere 3000K and the density to arou nd 10-21 gram/ cm 3, a rather  good vacu um by 
terrest r ial standards bu t  a bil lion t imes greater  than the average density of the Universe 
today.  The temperatu re was now low enough that  thermal radiat ion was no longer able to 
prevent  the major ity nuclei from  captu r ing elect rons and form ing stable atoms.  In ju st  a 
hundred t hou sand years or  so a un iverse which was opaqu e to radiat ion (mat ter  and 
radiat ion st rongly interact ing) becam e a Universe popu lated largely by elect r ical ly neu t ral 
atoms, and thereby a u niverse vir tually t ransparent  to radiat ion  (mat t er  and radiat ion  are 
almost  com pletely u ncou pled).  The per iod of t h is change is cal led t he Era of Decou pl ing, 
after  which   mat t er  and radiat ion  may evolve independent ly.  The radiat ion  sim ply 
cont inued t o cool as t he Universe expanded, bu t  mat ter  was then  free of the level ing, 
homogenizing in flu ence of radiat ion  and becam e suscept ible to an instabi lit y du e to the 
mutual gravitat ional at t ract ion of t hese newl y formed atom s. 

5. The Epoch of Decou pling signaled an end t o the Òradiat ion eraÓ of t he ear ly Un iverse.  Our  
present  Òstel lar  eraÓ approached as small , local per tu rbat ions in densit y (whose or igin  is not  
fu l ly understood at  th is t im e) cou ld grow larger  and larger  by at t ract ing more and more 
mass from nearby, less dense regions.  The wh ole Un iverse, wh ich was previou sly un iform 
and u nst ructu red, th rou gh  gravitat ional instabi lit y, began to take on  form on t he largest  
scales fi rst .   Masses cor responding to clu sters of galaxies or  even  superclu sters began t o 
condense, followed by galaxies, star  clu sters and then stars. 

 
The Era of Decou pling was t hu s a crucial stage in  the evolu t ion  of the Universe.  It  signaled t he 
emergence of st ru ctu re, the local fragm entat ion  of once u niform ly dist r ibu ted mass into a 
hierarchy of forms that  are fam il iar  today as the contents of ou r  Universe.  On  the smal ler  
scales, homogeneity has been lost  and a dramat ic st ru ggle between gravity and the very 
exist ence of mat ter  begins at  t he level of stellar  condensat ions.  Gravity, wh ich in ou r  
discu ssion so far  has no obviou s effects on the ear ly stages of expansion, now begins to play a 
major  role as the dr iving pr inciple in organ izing and an imat ing the contents of t he Universe as 
well as determ in ing the evolu t ion of the Un iverse as a whole, and it s fate.  These topics come 
up laterÑ the qu est ion of int erest  now is what  becomes of the 3000K thermal radiat ion present  
du r ing decou pl ing? 
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FIG. 12a 
 
It  is im portant  to realize t hat  th is thermal radiat ion fil ls the ent ire Universe.  It  was everywhere 
(and in  thermal equ il ibr ium wi t h mat ter) u p to the Era of Decou pl ing and cont inues t o be 
everywhere dur ing the su bsequ ent  expansion and fu r t her  cooling.  As we view the Universe 
today, detect ing the cooled remnant  of that  radiat ion  wou ld be equ ivalent  to receiving radiat ion 
from the distant  past  (abou t  14 bil lion years ago).  Note how foreshortened t he ear ly evolu t ion 
seem s relat ive to t he total  age of the Un iverseÑ less than a mill ion years ou t  of many bi ll ions.  

Because look ing back in t ime is equ ivalent  t o look ing ou t  in space, ou r  distant  past  lies ou t  
there sending radiat ion to u s that  was last  emit ted wh en  the Universe was ju st  losing its 
opacit y and becoming t ransparent .  That  radiat ion has t raveled around 14 bil lion years withou t  
fu r ther  interact ion  with mat ter .   Cooling of t hat  t hermal radiat ion th rou gh  expansion  is in 
som e ways equ ivalent  to the cosm ological redshift  of t he l ight  from distant  galaxies.  How 
distant  is that  ear ly un iverse?  How large is the redshift?  

One can show that  t he tem peratu re of the radiat ion scales inversely wi th  the increasing 
average separat ion  between  galaxies which  in tu rn scales inversely with t he redshift , z.  Thus 
temperatu re scales direct ly as z.  Gamow u sed a clever  idea to est imate the present  
temperatu re of that  remnant  radiat ion .  He noted that  if appreciable pr imordial heliu m as to be 
form ed (and we tentat ively th ink t he 20-30% helium abu ndance observed in many stars is 
largely pr im ordial), then the t em peratu re and nu cleon densit y at  some t im e wou ld have to be 
high enou gh t o favor  the necessary nu clear  react ions.  He calcu lated t hat  T~ 109 K and !  
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(nu cleon) ~ 10-6 gram s/ cm 3 wou ld fu l fi l l  th is condit ion.*  He com pared th is density with t he 
present ly est imated mat ter  density of t he u niverse:  ! now ~ 10-30 gram s/ cm 3.  Density is ju st  
mass per  u nit  volu me, bu t  volum e is proport ional to length  cubed; since the t em peratu re 
scales inversely with  length, it  t herefore scales inversely as the cu be root  of the volum e.  From  
the num bers ju st  given, t he volu me contain ing a fixed amount  of m at ter  has increased by a 
factor  of 1024 (! then/  ! now = 1024), wh ose cu be root  is 108.  Thu s the cu rrent  t em peratu re of t he 
cooled remnant  of th is radiat ion shou ld be something like 109 K x 10-8 = 10 K.  

Sixt y years lat er , we t h ink  th is valu e is a lit t le less than 3 K.  Thu s the radiat ion was last  
emit t ed at  3000 K and is now to be observed at  3 K.  Because T scales as z, th is corresponds to 
a redsh ift  of z = 1000!  The largest  cu rrent ly observed redsh ift  of a galaxy is z ~ 5.  I f we cou ld 
detect  th is thermal rem nant  radiat ion, we wou ld be look ing back long before the advent  of 
galaxies, ou t  to a vast ly more distant  (and t hu s ear lier ) sam ple of t he u niverse.   
 

FIG. 12b 
 
The detai ls of the t ransformat ion of 3000 K radiat ion  to 3 K radiat ion are interest ing.  
According to t he relat ivist ic redshift  formu la int rodu ced ear l ier , t hat  region (or  Òsu rfaceÓ of last  
emission is receding from us in every direct ion we look , at  m ore than 99.999% of the speed of 
light .  The peak of the 3000 K t hermal spect rum wh ich descr ibes that  radiat ion at  the t im e and 
place of emission lies at  a wavelength  of alm ost  10,000 Angst roms (10-4 cm).  A redshift  of z = 
1000 wou ld pu t  that  peak at  a wavelength of abou t  1 mi ll im eter , at  t he border  between t he 
microwave and far  in frared por t ions of the elect romagnet ic spect rum.  The sam e Doppler  effect  
that  increases the observed wavelength also redu ces t he observed intensity of the radiat ion .  In 
fact , ju st  as im pl ied in the previou s discu ssion, t he wavelength  shift  and intensity reduct ion for  
each par t  of the spect ru m is precisely the amou nt  requ ired t o maintain  the therm al natu re of 
the spect rum.  Ideal t hermal radiat ion at  3000 K is t ransformed t o ideal therm al radiat ion  at  3 
K.  Since (as we have already discu ssed) the total br ightness depends on  the t em peratu re to the 
fou r t h power, note that  the bl inding yel low br il l iance** of that  distant  su r face which  com pletely 
su r rou nds u s has been  reduced by a factor  of 10-12 (a m il lionth  of a m il lionth ) in  addit ion t o 
sh ift ing it  to longer wavelengths ou t  of the visible range. 
 

                                                
* Note t hat  the valu e !  = 104 gram s/ cm 3 (at  T = 109 K) given ear lier  inclu des the density 
cont r ibu t ion  from gamma rays and X-rays as well  as nu cleons.  Clear ly t he very ear ly u niverse 
was radiat ion dom inated. 
** The fi lam ent  of a standard 100-wat t  light  bu lb has an effect ive tem peratu re of abou t  3200 K. 
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Also keep in  mind that  th is same blinding fi re was also once r ight  here.  In  th is pictu re it  is an 
inescapable histor ical  condit ion that  the ent ire Universe was u niform ly fil led wi t h tenu ou s 
mat ter  at  3000 K some 14 bi ll ion  years ago, and hot ter  yet  if ear l ier  t imes are considered.  We 
canÕt see those ear lier  t im es, however, becau se the u niverse was opaqu e then.  That  is, we canÕt 
see before the Era of Decou pling.  Why do we receive radiat ion  coming from th is distant  su r face 
that  com pletely su rrounds us, bu t  not  t he radiat ion that  was once r ight  here?  Sim ply becau se 
that  radiat ion left  th is locat ion  14 bil lion  years ago and is perhaps now being observed by 
som eone ou t  t here 14 bi ll ion  l ight  years away.  We stand ÒnowÓ on t he z = 1000 su r face which 
su r rou nds that  rem ote observer , bu t  she is observing that  su r face as it  was ÒthenÓ.  We, of 
cou rse, observe our  local par t  of t he u niverse as it  is ÒnowÓ.*  Yet  she stands ÒnowÓ at  t he 
distance of ou r  hor izon and basks in the far  in frared glow of ou r  ancient  em issions.  

Cont rast  th is un iverse wi t h that  of Newt on.  It  is neither  stat ic nor  eternal, and in a sense not  
even infin ite.  The fact  that  it  is not  eternal, that  i t  has not  existed for  all t im e resolves OlbersÕ 
paradox adequ ately.  Since t he beginn ing, light  has not  had t im e t o com e from  stars more t han  
14 bi ll ion l ight  years awayÑ even  if they were to exist  to infin ite distanceÑ and the light  
cont r ibu t ion  from that  volum e of stars and galaxies is consistent  with a dark night  sky.  This is 
also the sense in wh ich the ÒvisibleÓ Big Bang u niverse is defin it ely not  infin ite.  We have had 
t ime t o see on ly so far  and no far ther .  Our view is lim ited by a hor izon  defined by a 
com binat ion  of the fin ite age of the Un iverse and t he fin it e speed of light .  

Bu t  t he situat ion  is st i ll m ore com plex.  In  th is same pictu re, every observer  sees a hor izon t hat  
is t erm inated by a 3000K opaqu e gas of hydrogen  and a l it t le hel ium !  OlberÕs paradox takes on 
new m ean ing.  How are we spared th is bl inding spectacle?  Cont rary to the assum pt ion of 
Olbers, the un iverse is not  on ly not  eternal, bu t  also not  stat ic eit her .  As we have seen  in the 
previous figu re, the expansion of the Un iverse produ ces a second k ind of hor izon  that  dim s to 
ext inct ion the radiat ion  cont r ibu ted from sou rces so distant  that  their  recession speed 
approaches t he speed of l ight .  In  th is way the expansion  of the u niverse actual ly has pr imary 
responsibil ity for  render ing the sky dark at  n ight .  

The r ichness of the Big Bang theory is evident  in t h is br ief accou nt .  It  provides for  t he 
pr imordial  produ ct ion  of l ight  elements.  It  pu ts l im its on  the epoch and condit ions from  wh ich 
galaxy and star  format ion begins.  In general it  im pl ies a dist inct , order ly, thermal h istory for  
the Cosm os, specifying the changing roles of mat t er  and radiat ion  in the evolu t ion of t he 
Un iverse.  On ly two th ings are lack ing:  independent  evidence for  the Big Bang pictu re, and t he 
answer to the inevitable quest ion abou t  t he or igin  and fate of t h is evolu t ionary processÑ a 
process t hat  leads to l ife along t he way. 
 

                                                
* ÒThenÓ and ÒnowÓ are being u sed in the lim it ed sense of that  un iversal t ime whose defin it ion 
is t ied to the density of t he Universe as discu ssed ear lier . 


