
CHAPTER 9
COSMOLOGY

Our  d i scuss ion  o f  f o rces  and  un i f i ed  theo r ies  a1 lows  us
a  g l impse  o f  eond i t i ons  a t  t he  o r i g in  o f  t he  Un ive rse .
UnderstandinEl the very smallest constituents of matter
enables us to  bui ld  a model  o f  the very largest  - -  the
Un ive rse  i t se l f .

Cosmology is  the s tudy of  the or iE l in ,  evolut ion,  and
fate of  the Universe.  In  th is  chapter  we explore what  has
come to be ca l led the "s tandard model"  o f  eosmology:  a  b ig
bang  p lus  i n f l a t i on .

F i r s t  we  w i l l  eons ide r  obse rva t i ona l  ev idenee  - -  cosmic
expansion,  the re la t ive abundances of  pr imord ia l  e lements,
and the three deElree cosmic background radiation -- that the
Un ive rse  o r i g ina ted  i n  a  ho t  b ig  bang .  Then  we  w i l l  d i scuss
the ev idence for  a  per iod of  in f la t ion in  the ear ly  Universe.
Wi th the b ig bang and in f la t ion in  hand,  we wi l }  t race the
evo lu t i on  o f  t he  Un ive rse  to  i t s  (p ro jec ted )  u l t ima te  demise .
F inal ly ,  we rv i I l  speculate about  r+hat  preceeded the b ig bang.

Throughout the ehapter, we elaborate on two major
themes:  that  the Universe is  evolv ing,  and that
the or ig in  and fa le  of  the largest  o f  s t ruetures,  the
Universe,  depends on i ts  smal lest  consi tuents,  bhe e lementary
parb ie les and the forces through which they in teraet .

\

LARGE_SCALE STRUCTURE

Any cosmology must account for features astronomers
actual ly  observe in  the present  Universe.  These observat ions

inc lud ing the large-seale s t ructure of  the Universe
(superc lus te rs  and  vo ids ) ;  un i ve rsa l  expans ion ;  t he  th ree -
degree baekground radiat ion;  the "hor izon" ;  cosmic
" f la tness" ;  and the predominance of  nat ter  over  ant i -mat ter

p lace r igorous constra in ts  on any theory.  We sha11
d iscuss  each  o f  t hese  i n  tu rn .

We l ive in  a sma} l  eorner  of  a  vast  Universe.  P lanet
Ear th is  one of  n ine known p lanets orb i t ing our  }ocal  s tar ,
the Sun.  Also inc luded in  th is  so lar  system are many moons
(o rb i t i n€  va r ious  p lane ts ) ,  as te ro ids  (p lane tes ima ls  rocks
of  a  few k i lorneters to  hundreds of  k i lometers in  d iameter
most  of  them conf ined in  orb i t  between Mars and Jupi ter ) ,
va€frant comets ( "dirty snowballs" of ice and rock originating!
f rom orb i ts  beyond Pluto and occasional ly  tugged in to the
inner  so lar  system by the p lanets or ,  perhaps,  by pass ing
s ta rs ) ,  dus t  pa r t i c l es ,  and  gases  bo i l ed  o f f  t he  sun  ( the
so la r  w ind ) .  The  so la r  sys tem i s  abou t  8  l i gh t  hou rs  i n
d ia-neter .
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Our sun is  a  typ ica l  s tar .  Ast ronomers est lnat ,e  about
ten percent  o f  a l l  the s tars  ln  the Ga1axy have masses
simi lar  to  the sun and hence have s in i lar  tenperatures,
rad lan t  ou tpu t ,  and  l i f e t lmes .

Our Galaxy,  the Ml lky Way,  harbors hundreds of  b l l l ions
o f  s ta rs ,  w l th  a  to ta l  nass ,  l nc lud lng  i n te rs te l l a r  gas  and
dus t  ,  o f  pe rhaps  a  t r l l l i on  so la r  nasses .  I t  i s  a  sp i ra l
ga laxy,  a  s t ructure common among the galax les l ike a
g ian t  p inwhee l  w l th  a  bu lge  a t  l t s  co re .  f t  r evo l ves  once
eve ry  250  m i l l i on  yea rs ,  and  i t  has  a  d l ame te r  abou t  100 ,0O0
I igh t  yea rs  a  t yp l ca l  ga laxy  l n  a  Un ive rse  o f  ga lax ies .

As t ronomers  es t lma te  the re  a re  abou t  100  b1 I11on
ga lax les  l n  t he  obse rvab le  Un ive rse  - -  abou t  as  nany  ga lax ies
1n  the  Un lve rse  as  the re  a re  s ta rs  i n  a  t yp i ca l  ga laxy .
Our nearest  ne ighbor  among the major  ga lax ies the
Andromeda qra laxy - -  l1es two mi l l lon l ight  years away.  The
ga lax ies  q r roup  themse lves  1n  c lus te rs  and  superc lus te rs

sys tems  o f  t housands  o f  ga lax ies ,  g rav l t a t i ona l l y  bound ,
o rb i t i ng  a  conmon  cen te r  o f  mass .  Ga lax ies ,  l i ke  s ta rs ,
l n te rac t .  They  co l l i de .  La rge r  ga lax ies  swa l l ow  sma lLe r
ones ,  o r  l f  two  ga lax ies  g raze  each  o the r  1n  pass ing ,  t i da l
f o rces  d i s to r t  t he  s t ruc tu res  o f  bo th .  The  ga lax les  dance
ponderous do-se-dos across the sky.

Astronomers are s t1 l . I  mapplng the large scale s t ructure
of  the Unlverae,  and l t  1s not  yet  cer ta ln  how the c lusters
are d ls t r lbuted.  However ,  pre l imlnary naps lnd lcate c lusters
and supercLusters d ls t r ibute thenselves in  a g lant  foam
the galax les a long the wal ls  o f  lnnense bubbles,  wl th  vo ids
ln between the waI Is .  The average vo ld spans 300 m1l I1on
l l gh t  yea rs .
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Astronomers have detected l ight  f ron galaxles as far  as
13 bl I I ion l1ght years away. t fe do not know how nuch farther
the Unlverse extends. Presunably,  1t  bas no edge, and we
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might  eventual ly  see around the
l ight  perhaps f rom our  own Mi lky

curvature of  the Unlverse
way j .n i ts lnfancy.
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COSMTC EXPANSION

Bes ldes  exp la ln ing  the  l a rge  sca le  s t ruc tu re ,
cosmoLogy  mus t  exp la in  cosmic  expans ion :  t he  d i s tan t
ga lax ies  a re  f l y l nq  away  f rom us ,  and  the  fa r the r  ga lax ies
f l y  f rom us  fas te r  t han  the  nea re r  ones .  Cosmic  expans ion  i s
the  f l r s t  s t rong  p iece  o f  ev ldence  fo r  a  b ig  bang  a
gargantuan explos lon at  the or ig in  of  the Unlverse.

As t ronomers  measure  a  ga laxy ' s  recess iona l  ve loc l t y  by
compar ing  i t s  spec t rum to  a  l abo ra to ry  spec t rum.  ' I f  a  ga laxy
1s  receed lng ,  1 t s  spec t ra l  l i nes  a re  red -sh l f t ed  l n
p ropo r t l on  to  1 t s  ve loc i t y .
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Measur ing the d is tance to  a galaxy ls  much more
ten ta t i ve  than  measur lng  1 ts  ve loc l t y .  To  re la t i ve l y  nea rby
ga lax ies  (w l t h i n  100  m l l L i on  l l gh t  yea rs  o r  so ) ,  as t r onomers
t ry  to  f ind "s tandard candles ' f  ( l ight  sources of  known
lnt r ins lc  luminosi ty)  embedded 1n the galaxy.  Compar ing the
known lumlnosi ty  of  such objects  (how nuch l ight  they
ac tua l l y  em l t )  w i th  the l r  apparen t  b r l gh tness ,  as  seen  f rom
Earth, glves the dlstance E-T[i loUJ ect .
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common standard candles inc lude cepheld var iabre s tars  
t

and  b lue  g ian ts .  cephe i4s  va ry  cyc r i ca r r y  1n  rumon is i t y ,  and
the  pe r lod  o f  t he  cyc le  1s  p ropo r t i ona l  t o  t he  s ta r r s
ln t r l ns i c  l un lnos i t y .  so  measur lng  the  pe r iod  o f  a  d l s tan t
Cephe ld  revea ls  i t s  l n t r i ns i c  l uu r l nos i t y .

Ce-1\e-iel vavia,b)e wit\

lot, intrinsi<, lrar^..in esi*y ^dS

3f ev lcr gzria\ ligh+ chYVC 1 r '1

\
.3

\
2_

6vi3htncl

than Ce-p} 'Z\ eL vana'L le

$rprhnesr

159

dlh l-,.ger Teriel '



We can  measure  the  i n t r i ns i c  l um inos i t y  o f  b lue  g ian t  s ta rs
1n our  own galaxy.  Assuning the b lue g iants  ln  d is tant
ga lax les  have  tbe  same in t r l ns i c  l um lnos i t l es  as  those  1n  the
Mi l ky  Way ,  we  can  ca l cu la te  the l r  d i s tances .

Astronomers can ' t  use Cepheids and b lue g iants  to
measure d ls tance to  the far thest  ga lax ies,  however :  they are
so  fa r  away  we  can r t  reso l ve  any  l n te rna l  s t ruc tu re .  so
ast ronomers use galax les themselves as the s tandard candles.
Ga lax ies  come ln  c lus te rs .  Assumlng  the  mos t  mass l ve
galax les in  each c luster  have about  the same in t r lns lc
b r l gh tness ,  we  can  use  them as  the  s tandard  cand les .
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Astronomers Edwin Hubble and Mi l ton Humason documented

the Unj .versal  expansion wi th  a long ser ies of  observat ions in
the  1940 ' s .  The l r  i n l t i a l  measuremen ts  have  been  re f i ned ,
and ast ronomers now est lnate the rate of  recess lon 1s about
15  kn /sec  pe r  n l ] I l on  l l gh t  yea rs .  Tha t  1s ,  l f  ga laxy  C  l l es
1 ml l l ion l ight  years far ther  f ron us than galaxy B,  then C
is  mov lng ,  on  the  ave rage ,  15  k l l ome te rs  pe r  second  fas te r
than  B ,  away  f rom us .  The  exac t  ra te  o f  recess lon  w l th
d i s tance  l s  unce r ta j . n .  Es t lma tes  range  be tween  15  and  30
km, /sec  pe r  m l l l i on  l i gh t  yea rs .  The  unce r ta in t y  s tens  f rom
our  i nab i l i t y  t o  neasu re  d i s tances  p rec l se l y :  as t ronomers
a ren ' t  su re  exac t l y  how fa r  away  the  d i s tan t  ga lax les  a re .
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Actual ly,  some galaxies 1n our local  c luster move toward
us, down the gravi tat lonal  potent la l  of  the t t i lky way, but on
the  la rger  sca le ,  tbe  ga lax les  a re  receed lng .

MODEL OF EXPA}ISION

we can nodel  tb ls Unlversal  expanslon nlcely.  Take a
narklng p€rr ,  and draw dots (represent lng galaxies) on the
sur face  o f  a  spher ica l  ba l loon ( the  Un lverse) .  B low up the
bal loon. Every dot (every galaxy) moves away from every
o ther .

Next  f lnd three dots
A ,  B ,  and  C .

equa l l y  spaced  1n  l i ne .  Labe l  t hem

-5't*)o.*e"t

rn f la te the bal loon so that  the d ls tance f ron A to  B doubles,
and measure the d ls tance f rom A to c .  c  moves two unl ts  f rom
A whi le  B moves one uni t  f rom A.  S1ml lar ly  the-$eed of
recess ion of  the galax ies 1s propor t ional  to  the d ls tance of
the l r  sepa ra t l on .  I n  ou r  ba l l oon  mode l ,  ga laxy  C ,  tw l ce  as
far  away as B,  moves twice as fast  f rom A 1n the Unlversal
expanslon.

THE THREE-DEGREE BACKGROUND RADIATION

The three degree cosmic mlcrowave background (CUB)
prov ldes the second p lece of  ev ldence for  a  hot  b lg  bang.

In 1964 Arno Penzlas and Rober t  W1lson of  Bel l
Laborator les,  tun lng the radio antenna at  Holndel ,  NJ,  heard
a radlo h lss in  the heavens.  Ever lmrhere they pointed the
antenna they recorded background statlc correspondlng to
mlcrowave radiatlon of tenperature about three degrees
Kelv ln  ( three degrees above absolute zero) .  Other  rad lo
ast rononers had recorded the s tat lc  but  lgnored i t .
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At  f l r s t  Penz ias  and  Wi l son  though t  t he  s ta t i c  resu l ted
f rom a  fau l t  i n  t he  sys tem e lec t ron i cs  o r  p lgeon  d ropp lngs  i n
the antenna,  but  they shooed the p igeons and ref lned the
antenna and the background h iss refused to go away.  on ly
af ter  d iscuss lng the problen wt th a group of  theoret ica l
phys lc ls ts  at  Pr inceton who were s tudy lng the ear ly  Universe
did they real lze they were observ ing re l1c radlat lon f rom the
or ig ln  of  the Universe radiat i .on predic ted as much as
th l r ty  years prev ious ly  by George Gamow. other  observat lons
con f i rmed  l t s  ex i s tence  and  f l l l ed  l n  po in t s  on  l t s  b lack
body curve.

c r.rrt'rze clrc^rr4.1*ti5+i<
* o+ e.lec$,o,-raq ne-{ic-

Tae t ia l i on  o .+ :o  K
Irale'n:il/

/ o  ,  / .  o , l  o , o l
la./q,ve'terr5th (tttt')

Cosuro logls ts  be l leve the three degree background
radlat lon represents rernnant  energy of  the b iq bang,  a
f l r eba l l  a t  t he  o r l g in  o f  t he  Un lve rse .  A t  t he  b ig  bang ,  t he
Unlverse was unluraglnably  hot  and dense.  As i t  expanded,  1t
cooled just  as qas 1n a cy l lnder  cools  when the p ls ton 1s
wl thdrawn.  what  we detect  today 1s energy re leased at  the
c rea t l on ,  coo led  ove r  b l l 1 ions  o f  yea rs  o f  cosmlc  expans ion .
we  l i ve  1n  a  g ian t  m ic rowave  oven ,  t he  d ia l s  ( f o r tuna te l y )
set  a t  on ly  three degrees above absolute zero.

COOLING BY EXPANSION

Severa l  examples i l lust rate the phenomenon of  cool lng
w i th  expans ion :

I f  you  fo rce  a i r  t h rough  pu rsed  I1ps ,  1 t  f ee l s  much
colder  than a i r  gent ly  exhaled through a wide-open nouth.
(Tha t r s  how  you  coo l  a  ho t  d r l nk . )

conpressed gas cools  when re leased f rom 1ts  s toraqe
cyl lnder .  In  fact ,  compressed carbon d iox ide,  ds in  sone
f l re-ext inguj .shere,  cools  below -40 degrees co ld enough to
produce dry ice.
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As  we  d l scussed  i n  Ch .4 ,  s ta rs  coo l  when  they  expand .
The  k lne t i c  ene rgy  o f  ho t  gas  i n  t he  co re  dec reases  as  i t
I l f t s  ove r l y i ng  l aye rs  away  f rom the  cen te r  o f  mass .  S ince
tenpera tu re  1s  a  measure  o f  k lne t i c  ene rgy ,  t he  co re
tempera tu re  d rops ,

On  a  g rander  sca le ,  t he  en t i re  Un ive rse  coo ls  as  i t
expands .  As  i n  a  s ta r ,  k l ne t i c  ene rgy  1s  conve r ted  i n to
g rav l ta t i ona l  po ten t i a l  ene rg ry  as  the  Un lve rse  ' , I l f t s ' ,  a l l
the galax les away f rom each other .
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Even radiat ion cools  as the
ana logy  i l l us t ra tes  the  p rocess :
as  a  ba l l oon  o r  ny lon  s tock lng .
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Take a s t retchy sheet ,  such

Draw a  wave  t ra in  on  i t .

tA* i-t^e,)c\ed

L7L

.flre.*c\.4



A.I{

St re tch  the  shee t  a long  the  d i rec t i on  o f  t he  wave  t ra ln :  t he
wave leng th  i nc reases .

In  the expandlng Universe,  spacet lme st retches,  and,
i f  t he  speed  o f  l i gh t  i s  cons tan t ,  f r equency  dec reases  ( s ince
c  =  f ) .  As  i t s  f r equency  dec reases ,  so  does  a  pho ton ' s
energy ,  by  E  =  h f .  S ince  tempera tu re  1s  a  measure  o f  k ine t i c
enerety ,  temperature must  decrease.

ABSOLUTE FRAME OF REFERENCE?

Paren the t i ca l l y ,  no te  ano the r  i n te res t i ng  po in t :  t he
backg round  rad la t i on ,  i n  e f fec t ,  p rov ides  an  abso lu te  f rame
o f  re fe rence  to  de tec t  mo t ion  l n  t he  Un lve rse .  Our  ga laxy ,
and therefore the sun and us on Ear th,  are t ravel ing through
the background radlat ion 1n the d i rect lon of  the
cons te l l a t i on  Leo .  We de tec t  a  s l l gh t  b luesh l f t  o f  t he
background radlat ion j .n  the d l rect ion of  Leo,  a  s l ight  red
sh i f t  l n  t he  oppos i te  d i rec t l on .

I n  a  way ,  we ' ve  come  fu l l  c i r c l e ,  back  t o  Newton ' s
abso lu te  space .
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AAUNDAI{CE OE' THE PRIMORDIAT ELEMENTS

The th i rd  c lue imply lng a b ig bang 1s the propor t lon of
l ight  e lements.  By mass,  the Unlverse is  about  75c"  hydrogen,
25e"  he l l un ,  w l th  on l y  a  t race  o f  a l l  t t r e  heav le r  e lenen ts .
These rat los,  and the rat los of  key e lements l ike deuter ium,
are exact ly  what  theor j .s ts  predlc t  as res ldue f rom a b ig
bang .

Hydrogen 1s the s implest  a ton,  wi th  but  a  s ing le proton
1n the nucleus and a s lng le e lect ron bound to 1t  by the
elect romagnet lc  force.  Heavler  nucLei  are analganat ions of
hydrogen nucle i  produced by fus lon.  There are no s table
atoms wi th  atonic  weight  5 ,  and there was not  enough t lme
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AGE OF THE

af ter  the b lg bang dur ing whlch condi t lons aI l -owed
nuc leosyn thes l s  o f  many  heav ie r  nuc le l .  So  he l i um (a tom ic
we igh t  4 )  i s  t he  heav ies t  s tab le  res ldue  f rom the  c rea t i on .
only  s tars  can forge the heavier  e lements,  and i f  the
Un j . ve rse  i s  l n  some k lnd  o f  " s teady  s ta te ,  "  w i th  s ta rs
present  for  an in f in i ty  o f  t ime,  w€ would expect  a  much
hlgher  propor t lon of  the heavler  e lements than 1s actual ly
obse rved .

I t  turns out  d ,euter lum (hydrogen wi th  an ext ra neutron
j .n  the  nuc leus  and  symbo l l zed  by  the  l e t t e r  'D '1 )  i s  a
sens i t i ve  i nd l ca to r  o f  cond i t l ons  i n  t he  b ig  bang .  S ta rs
degrade  deu te r i un ,  o r  f use  i t  t o  he l i um,  so  a l l  t he  deu te r l um
1n the Unlverse was formed 1n the b ig bang.  The rat lo  of  D
to H lnd icates the propor t lon of  neutrons in  the ear ly
Un ive rse  as  we l l  as  the  ove ra l l  dens i t y ,  t empera tu re ,  and
numbers  o f  had rons .  The  deu te r l um ra t i o  ag rees  n l ce l y  w i th
the re la t ive abundances of  H and He.  Fur thermore,  the rat io
of  deuter iun lnd icates the to ta l  amount  of  hadronic  mat ter  ln
the Unlverse is  on ly  about  LOe" that  requi red to  c lose the
Un l ve rse ,  i . e .  s t op  i t s  expans ion  and  cause  i t  t o  co l1apse .

UNIVERSE

The f ina l  test lmony in  favor  of  a  b lg  bang comes f rom
neasur i .ng the age of  the Unlverse.  Four  lndependent  methods
date the beginning of  the Universe between 10 and 25 b l l l ion
years d9o,  and consensus p laces the beginnlng about  15
b i l l l on  yea rs  ago .

Know lng  cu r ren t  expans lon  ra tes ,  i t r s  poss ib le  to
ext rapolate backward Eo the t ime at  which a l l  the nat ter  1n
the Unlverse was conf lned to  a geometr lc  po int .
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The aqres of  g lobular c lusters provlde another est lmate
for the age of  the Universe: The oldest known stars in
g lobu la r  c lus te rs  a re  be tween 10  and 15  b l l l i on  years  o ld .
As t ronomers  can ca lcu la te  a  c lus te r ' s  age 1 f  they  can
deternlne which stars ln the c luster have just  started to

a.
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f use  he l l um.  Fo r  i ns tance ,  i f  a l l  t he  s ta rs  heav j .e r  t han  1

so la r  mass  have  l gn l ted  he l l um fus ion  (o r  f us lon  o f  heav ie r
nuc le i ) ,  bu t  s t a r s  l ess  t han  1  so la r  mass  a re  s t i l l  f us i ng
hydrogen,  they know the c luster  is  about  10 b i l l ion years

o ia .  
- ( I t  

t akes  10  b i l l i on  yea rs  fo r  a  s ta r  o f  1  so la r  mass
to fuse a1t  the hydrogen 1n 1ts  core.  )

Ast ronomers can d,ate the galax ies,  too.  The far thest
known galax les l le  about  13 b i l l ion l ight  years away,  and the
far theJt  ga lax ies appear  to  be the youngest :  they have the
lowes t  concen t ra t i ons  o f  heavy  e lemen ts ,  i nd i ca t i ng  the i r
s ta rs  haven ' t  had  t i ne  to  c rea te  many  nuc le i  heav ie r  t han
he l i um.  More  d i s tan t  ye t  a re  some quasa rs ,  wh ich  may  be
ga lax ies  a t  b i r t h .  I n  genera l ,  t he  fa r the r  ou t  as t ronomers
peer ,  t he  younger  the  ga lax les :  apparen t l y ,  t he  f i r s t
ga lax ies  fo rmed  abou t  14  b i l l l on  yea rs  ago .
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F ina l l y ,  rad ioac t l ve  decay  he lps  da te  the  un l ve rse ,  Jus t
as l t  he lps to  date rocks and foss1l  speclnens here on Ear th.
By neasur ing the average galact lc  concentrat ion of  uranlun
ZiA and i ts  daughters,  for  example,  w€ knor  what  propor t ion
of  the uranlum has decayed.  Knowing the bal f  l1 fe of
uranlum, w€ can ca lcu late how long the uranium has been
decaying a lower  l iur i t  on the age of  tbe galax les and
the i r  s ta rs ,  t he  supernovas ,  t ha t  f o rged  u ran ium.

THE BIG BANG

Al l  the ev ldence c i ted above lnd icates the Universe
began about  15 b l l l ion years ago wi th  a hot ,  dense b ig bang.
In that  event ,  a l , l  nass and energy - -  and t ime i tse l f
f l ashed  i n to  ex i s tence .

The blg bang f lung nass and energy l lke shrapnel  f rom
bonrb, and the shards the materlal that becane the
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ga lax ies  s t i l I  hu r t l es  away .  The  CMB,  as t ronomers
su rm ise ,  i s  re l i c  ene rgy  o f  t he  b ig  bang ,  coo led  ove r
coun t l ess  eons  o f  t ime

In conslder ing the b lg bang,  w€ tend to  th ink as i f  we
could s tep back and observe the process f rom "outs iderr  - -  an
imposs ib i l i t y ,  s l nce  the  Un ive rse  l nc ludes  us .  The  b ig  bang
occurred at  once everyrvhere in  the Universe.  f t  was an
exploslon into be]iFffi GiGsffi There is no
outs ide the Universe,  no center ,  and no edge. .

Be f  o re  the  b ig  bang  the re  was  "no th ing "  (a  cond i - t i on
ca l l ed  t he  " vacuun ' r ) .  The re  was  no  mass ,  no  ene re ry ,  DO t lme .
The  b ig  bang  c rea ted  the  fe rm ions  and  the  fo rces .  f t  c rea ted
the very s t ructure of  the Unlverse spacet ine as wel l  as
the  ru les  gove rn lng  l n te rac t i ons  i n  t ha t  s t ruc tu re .

An analogy mlght  be awakening 1n the morning:  in  deep
s leep ,  where  j . s  t he  m ind?  There  i s  "no th ing . "  When  we
awake ,  sudden ly  the re  i s  eve ry th ing  the  en t i re  Un ive rse .
S lm l1a r l y ,  we  m igh t  rega rd  the  b ig  bang  as  the  Un ive rse
l t se l f  " awaken ing . "

PREDTCTTONS OF BIG BANG THEORY

Big bangr  theory expla lns the observat ional  ev idence
c l ted  above ,  bu t  i t  1s  unse t t l l ng  1n  tha t  i t  p red i c t s  a
s lngular i ty  a t  the or ig in  of  the Unlverse:  mat ter  and energy
conf ined at  in f ln l te  densi ty  in  a geometr ic  po int .  Known
physlca l  laws cannot  descr ibe a s lngular i ty ,  and phys ic is ts
cannot  re-create the s ingular l ty  exper lmenta l ly .

Phys l c i s t s ,  however ,  can  ca l cu la te  cond l t l ons  a f te r
about  10^-32 seconds post  EI -g '  Uang,  and exper lments ln
pa r t l c l e  acce le ra to rs  re -c rea te  cond l t i ons  tha t  ex l s ted  a f te r
about  10^-12 seconds.  The theory predic ts  ternperatures and
densl t les so ext rene that  the four  forces of  nature grere
un l f i ed  as  one  Fo rce .

PROCESSES AT WORK DURING COSMIC EVOLUTION

Given an ln l t la l  s lngular l ty and explosive expanslon,
physlc ists can calculate the subsequent,  evolut lon of  the
Unlverse. That evolut lon was character lzed by a ser les of
t ransi t lons as the Unlverse cooled --  t ransi t lons ln whlch
the  var ious  par t l c les  and fo rces  r r f roze  ou t ,  "  l i ke  snowf lakes
precipi tat ing f rom water vapor ln a c loud. Most of  the
transl t ions occurred dur lng the f l rst  second af ter  the blg
bang.

As we dlscussed previously,  the Unlverse cools as 1t

175



expands .  MaSs , /ene rgy  dens i t y  dec reases  and  rad la t l on  ene rgy
dec reases  (wave leng ths  i nc rease )  as  space t ime  s t re t ches .

A I I  mass /ene rgy  were  c rea ted  a t  t he  b ig  bang  (  and
perhaps augrmented dur ing in f  la t ion see below) .  No more
has erupted ln to the Universe,  and none has evaporated f rom
l t .  I n  t he  ve ry  ea r l y  Un ive rse ,  a l l  t ha t  mass /ene rgy  was
conf lned to  a smal l  vo lune.  As the Unlverse expanded,  the
mass/energy d l f fused in to the larger  vo lume the same
furnace t ry ing to  heat  a  larger  house and the Universe
coo led .

The temperature of  the Unj .verse ls  propor t ional  to  the
mass /ene rgy  dens i t y  (mass , /ene rgy  pe r  un i t  vo lume) ,  and  i t
dec reases  as  the  l nve rse  fou r th  power  o f  t he  Un ive rse ' s
rad ius  (1 /R^4 ) .  Tha t  i s ,  doub l i ng  t he  rad lus  o f  t he  Un i ve rse
drops the temperature to  one-s ix teenth the in l t la l
t empera tu re .
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Every  suba tomlc  pa r t i c l e  has  a  cha rac te r i s t l c  nass
energy.  I f  the necessary energy ls  avai lab le in  the very
ea r l y  Un lve rse  o r  i n  a  pa r t i c l e  acce le ra to r  - -  pa r t i c l e , / an t i -
par t ic le  pai rs  are produced.  The system reaches an
equl l ibr iun at  any g iven temperature:  as nany par t ic les are
produced as annlh l la ted.

As  the  ene rgy  dens i t y  o f  t he  sys tem dec reases  (e .g .  as
the accelerator  powers down or  as the Universe expands )  the
equ i l l b r i un  sh i f t s :  no re  pa r t l c l e  pa l r s  ann lh i l a te  than  a re
produced,  and the nurnber  of  par t ic le , /ant i -par t lc le  pai . rs  in
the  sys ten  dec reases .

,f?{t =
3
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Bo i l i ng  wa te r  o f fe rs  an  ana logy .  Hea t  f rom the  s tove
burne r  (a t  h igh  ene rgy  dens i t y )  c rea tes  bubb les  o f  s team
( "pa r t i c l es " ) ,  and  t hey  ro i l  t he  wa te r .  L i f t  t he  pan  o f f  t he
s tove ,  and  the  bubb les  d l sappear  (no  more  I ' pa r t i c l es "  a re
p roduced) .  Each  o f  t he  fundamen ta l  pa r t i c l es  has  1 ts
cha rac te r l s t i c  ' r bo i l i ng  po in t ,  "  t he  ene rgy  dens i t y  requ l red
to  p roduce  tha t  pa r t i c l e .

Th i s  scenar lo  o f  pa r t i c l e  p roduc t l on  and  ann lh i l a t i on
app l i es  to  bosons  as  we l l  as  fe rn ions .  Fo r  examp le ,  wh i l e
the temperature of  the Unlverse exceeded 180 GeV (  roughly  the
res t  ene rgy  o f  a  vec to r  boson /an t i - vec to r  boson  pa i r )
vec to r  bosons  (  a long  w l th  o the r  pa r t l c l es  )  f i l l ed  the
Un ive rse , .  and  the  weak  fo rce  was  a  common in te rac t i on .
(Phys l c l s t s  desc r lbe  th l s  cond i t i on  as  "e lec t ro -weak
un i f l ca t i on : "  t he  weak  fo rce  was  i nd l s t i ngu l shab le  f rom the
e lec t romagne t l c  f o rce .  )  When  the  Un lve rse  coo led  be low  tha t
cr l t ica l  temperature,  vector  bosons d lsappeared through
mutual  annlh l la t lon,  and e lect ronagnet lsm separated f rom the
weak  f o r ce .

The example of  the e lect roweak t rans i t lon descr lbed
above l l lust rates spontaneous s lmnetry-breaking 1n the ear ly
Un lve rse .  Be low_ .abou t  180  Gev ,  t he  e lec t romagne t l c  f o rce
r r f roze  ou t "  f rom the  weak  fo rce .  S lm i l a r l y ,  t he  s t rong  fo rce
had separated f rom the e lect roweak force ear l1er ,  when the
Un ive rse  coo led  be low  10^19  Gev  (abou t  tO^27  deg rees )  t he
energy requi red to  produce X par t lc les ( the theoret ica l
bosons which medlate the in ter -convers lon of  quarks and
leptons.  )  Temperature (  aval lab le energy)  detern lnes whlch
bosons  a re  p resen t ,  and  wh lch  bosons  a re  p resen t  - -  X ' s  o r
wrs  o r  pho tons ,  e t c .  - -de te rm lnes  how fe rm ions  l n te rac t .

B ig  bang  theo ry  pos tu la tes  mu l t i p le  " f reez lngs "  du r inq t
the evolut lon of  the Unlverse:  each of  the four  forces and
each of  the fermions f roze out  as the Unlverse cooled.
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c loud fornat ion and prec ip i ta t lon prov ide an analogy:
i n  coo l  a l r ,  wa te r  vapo r  condenses  and  fo rms  a  c loud .  Coo}e r

s t i l ] ,  l a rge r  d rop le t s  agg rega te ,  and  i t  r a l ns .  co lde r
s t i 11 ,  t ne  d , rop le t s  c rys taL l i ze  l n to  snowf Iakes .  Co}de r
s t i I I ,  snowf lakes  c IumP toge the r .

These  " f reez ings "  may  no t  have  occu r red  un l fo rm ly
th roughou t  t he  ea r l y  Un lve rse .  Cosmo log l s t s  be l i eve  tha t ,
du r1n6  the  f i r s t  10 ; -35  seconds  a f te r  t he  b lg  bang ,  expans ion
(and  i he re fo re  coo l j . ng )  ou tpaced  the  speed  w i th  wh lch  H j .ggs

i i " t a "  cou ld  fo rm.  In  th i s  " supe rcoo led "  Un ive rse  (wh lch  was

actual ly  s t , i l l  very hot  about  ] -O^21 degrees - -  but  co lder

than the Higgs t rans l t lon temperature)  Higgs f ie lds formed in

d i f  f e ren t ' doma ins .  One  o f  t hese  H iggs  doma lns  (a  ' t bubb le " )

then  i n f l a ted  and  became ou r  Un ive rse .  (See  be low '  )

We observe an analogous process when a shal low puddle

f reezes .  The  i ce  c rys ta l s  on  d i f f e ren t  a reas  o f  t he  su r face
o r len t  i n  d . l f f e ren t  d i rec t i ons ,  s ince  the  f reez ing  beg ins  a t
severa l  d i f ferent  po lnts  s lmul taneously .
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t r ans i t i ons  - - t he  H lggs  t rans i t i on ,  o r  pe rhaps  the  e lec t ro -
weak t rans l t ion - -  f reez lng pushed hadronic  mat ter  to  the
wal ls  o f  domaias and formed the vast ,  foahy s t ructure we map
today.  (on the other  hand,  supernova explos i ,ons 1n the
ear Iy ,  more v io lent  Universe nay have "bul ldozed"  mass/energy
lnto 1ts  observed,  p l Ies.  We don' t  have enough data to  know
fo r  su re .  )

OTHER CONSTRAINTS ON COSMOLOGY

Big  bang  theo ry  success fu l l y  accoun ts  fo r  t he  Un ive rsa l
expanslon,  cosur ic  background radiat ion,  and rat los of  the
p r imord ia l  e lenen ts ,  bu t  by  l t se l f ,  a  b ig  bang  canno t
accomodate the fo l l -owing observat ions:

1.  The cosnic  nhor izon" .  That  the backqrround radlat ion
appears  un l fo rn  i n  a l l  d i rec t l ons  poses  a  d l l emma:  on  the
one hand. ,  the nost  d ls tant  ob jects  appear  too far  apar t  ever
to  have  been  ln  commun ica t i on .  Quasars ,  t he  mos t  d i s tan t
ob jec ts  ye t  obse rved ,  I l e  up  to  14  b i l l l on  l i gh t  yea rs  away ,
and we are just  now seei .ng l ight  that  tbey emi t ted when the
Un lve rse  was  l ess  than  one - f1 f th  i t s  p resen t  age .  I f  1 t  has
taken l1ght  nost  o f  the age of  the Universe to  reach us f rom
a quasar  ln  the east ,  that  l ight  cannot  yet  have reached an
equa l  d l s tance  - - t he  "ho r i zon r r  - -  l n  t he  wes t .

\
on the other  hand,  the cosmic mlcrowave background

1s  un l fo rm ln  a l l  d i rec t l ons ,  t o  abou t  one  pa r t  i n  10 ,000
( the  cu r ren t  l i n i t s  o f  measuremen t ) ,  and  l t  l s  o lde r  t han
11ght  f rom the quasars.  (  r t  has been t ravel lng toward us
s lnce  rad ia t l on  decoup led  f rom na t te r  abou t  100 ,000  yea rs
af ter  the b ig bang,  before galax ies began to form.  )  The only
way energy can equl l tbrate ln  a systen 1s 1f  a lL  par ts  of  the
system are,  a t  some t1me,  i r r  contact :  Bqua1 temperature
lmpl ies a thorough thermal  mix lng of  the contents .  So 1t
wouLd seem the d is tant  reaches of  the Uuiverse must  have been
in  con tac t  a t  some t lme .
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2.  Homogeneous and isot ropic  Unlverse.  on the largest
sca les ,  t he  Un ive rse  appears  homogeneous  (equa l  m ix tu res  o f
the  same componen ts )  and  l so t rop i c  ( t he re  i s  no  p re fe r red
d l rec t l on ) .  As t rononers  f i nd  equa l  numbers  o f  ga lax les
a l l  d l rec t l ons ,  and  the  mos t  sens i t i ve  i nd i ca to r  o f  ene rgy
dis t r ibut ion ln  the Universe,  the cosmlc microwave
backg round ,  i s  un i fo rn  1n  a l l  d l rec t i ons  to  the  l lm l t s  o f
cu r ren t  measurenen t .

Fu r the rmore ,  as t ronomers  f i nd  the  same spec t ra l  11nes  i n
the far  corners of  the Universe that  they f lnd in  our  own
neighborhood:  s tars  ln  the d is tant  ga lax ies produce the same
chemlca l  e lemen ts  as  l n  ou r  own .

Astronomers bel ieve an observer  ln  any other  ga laxy
would see the same overa l l  s t ructure we do the same
genera l  d l s t r i bu t i on  o f  ga lax ies ,  t he  same cosmic  m ic rowave
backg round ,  t he  same phys l ca l  p rocesses  1n  a I I  d i rec t i ons .

3.  Clumpiness.  On the other  hand,  super lmposed on the
un i fo rm backg round  1s  an  obv ious  c lump iness :  ene rgy  and
mat te r  agg rega te  1n  ga lax ies  and  ga laxy  c lus te rs .  (A t  l eas t
the  v l s ib le  ma t te r  and  ene rgy  c lump 1n  ga lax les .  As t ronomers
have- i f f i t  mapped the large-scale d is t r ibut ion of  dark
mat te r .  )  The  ga laxy  c lus te rs ,  i n  t u rn ,  agg rega te  a long  wa l l s
o f  t he  l apSe  sca le  s t ruc tu re ,  and  the  wa l l s  a re  separa ted  by
t remendous vo lds.  Fur thermore,  whole c lusters appear  to  be
movlng in  re la t ion to  the cosmic background radlat lon.  What
produced th ls  large scale s t ructure and these dynanics?

4 .  nF la tness ' r .  The re  a re  two  g rea t  p rocesses  a t  work
on the scale of  the Universe a push and a puI l .  On the
one hand,  the galax les f1y away f rom one another ,  launched by
the b lg bang.  On the other  hand,  grav l ty  s lows that
un l ve rsa l  expans lon .

By the ev ldence,  the grav i ta t lonal  potent la l  energy of
the Unlverse is  very c lose to  balanc lng the k inet ic  energy of
the galax ies.  The Unlverse would appear  very d i f ferent  1 f
one  were  nuch  l a rge r  t han  the  o the r :  a  Un lve rse  i n  co l l apse
(o r  a l r eady  co l l apsed !  )  i f  g rav i t y  ( i . e .  t he  t o ta l  mass  o f
the  Un ive rse )  g ross l y  ove rma tched  i t s  k lne t i c  ene rgy ;  vas te r
vo lds and fewer c lumps l f  k inet ic  energy ( the energy of
mot j .on lmpar ted at  the or ig ln)  gross ly  exceeded grav i ty .  How
1s  1 t  t he  g rav l ta t l ona l  ene rgy  o f  t he  Un lve rse  so  c lose l y
balances the k lnet ic  energy?
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As t ronomers  desc r ibe  th l s  ba lance  i n  te rms  o f  t he
geomet ry  o f  space t ime :  r f  t he re  i s  enough  mass , /ene rgy  1n  the
Universe to  s top expansi .on and,  eventual ly ,  co l lapse the
Un lve rse ,  t he  Un ive rse  has  a  ne t  pos i t i ve  cu rva tu re .  I f  t he
Un ive rse  l acks  adequa te  mass /ene tgy ,  i t  has  a  ne t  nega t l ve
cu rva tu re .  I f  t he  mass /ene rgy  1s  j us t  adequa te  to  baLance
the  k ine t i c  ene rgy  o f  t he  ga lax ies ,  t he  Un ive rse  l s
geome t r i ca l l y  " f 1a t .  "

4 .  The nonopole problen.  One of  the predic t ions of  b ig
bang theory is  the product ion of  nagnet ic  monopoles.
Phys l c l s t s  ca l cu la te  tha t ,  a t  t he  ex t reme dens i t i es  o f  t he
b lg  bang ,  magne t i c  monopo les  ( l so la ted  no r th  o r  sou th  po les )
should have been produced 1n nunbers r lvaLl ing the numbers of
p ro tons  and  neu t rons .  Ye t  we  can ' t  f i nd  them,  In  fac t ,  Do
nagnet lc  monopole has been detected.  where are they,  or  do
they even ex ls t?
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AIan Guth,  now at  MIT,  was work lng on the monopole
p rob len  when  he  a r r i ved  a t  t he  i dea  o f  l n f l a t t on .  I n f l a t i on
refers to  an era of  exponent ia l  expanslon beglnnlng about
10^ -35  seconds  a f te r  t he  b ig  bang .  F rom tha t  t l ne  un t i l  10^ -
32  seconds ,  t he  Un lve rse  ba l l ooned  exponen t la l l y ,  doub l i ng
1ts rad lus about  1000 t j .mes.  spacet ime st retched faster  than
l i gh t .  A f te r  i n f l a t l on ,  i t  was  abou t  t he  s i ze  o f  a
g rape f ru i t ,  10^50  t imes  l t s  p re - l n f l a t l on  d lamete r .

Cosmologls ts  postu late in f la t ion was dr lven by energy
re leased dur ing t rans i t lon t ,o  a Higgs f ie ld .  At  the b ig
bang,  the Unlverse was pure energy.  At  some t lne 1n i ts
expanslon,  i t  dropped below the tenperature at  whlch a Hlggs
f l e ld  cou ld  fo rn .  F1 rs t ,  a  word  on  the  l a ten t  hea t  re leased
1n  phase  t rans l t l ons ,  t hen  a  word  on  the  H lggs  f l e ld .

synuret ry  breaking,  or  any other  phase t rans i t lon,  may
re lease " la tent  energy. ' r  When ra in drops condense out  o f  the
water  vapor  1n a c loud,  for  lnstance,  the condensat lon
re leases la tent  heat  and warns the surroundlng a l r :  hydrogen
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bonds between water  molecules in  the ra in  drop prov ide a
Lower  ene rgy  s ta te ,  and  new ly  bonded  no lecu les  t rans fe r  t he i r
k lnet lc  energy and bonding energy to  other  f ree molecules
1n  the  a l r .  The  warmed  a l r ,  t hen ,  expands  and  r l ses .

U.la^/F,eL drV
<x,gtacL= al,rcL

l \  dour{
j se-S

Sim l la r l y  w i th  the  H lggs  f1e1d .  A t  a  c r i t l caL
tempera tu re  a f te r  t he  b ig  bang ,  t he  H lggs  f l e ld  " f roze  ou t "
f rom the  c loud  o f  ene rgy .  As  i t ,  f r oze  ou t ,  i t  r e leased
Ia ten t  ene rgy .  (Equ lva len t l y ,  s i nce  f i e lds  a re  quan t l zed ,  we
may  d l scuss  th i s  p rocess  i n  t e rms  o f  H iggs  pa r t i c l es  - -  t he
quan ta  o f  t he  f l e1d :  As  the  H lggs  pa r t i c l es  f roze  ou t ,  t hey
re leased  l a ten t  ene rgy .  )

This  produced a cur ious ef fect :  Even though the
Universe expanded,  la tent  energy f i l led that  new volume.  I t
was  as  l f ,  du r l ng  the  i gn l t l on  cyc le  1n  a  ca r ' s  eng ine ,  t he
gases malnta ined the same temperature (  same k inet lc  energy)
throughout  the l r  expension,  pushlng the p ls ton wi th  exact ly
the same force throughout  the power s t rok_e.  
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The  la ten t  ene rgy  re leased  du r ing  the  H iggs  t rans i t i on  pushed
the  Un ive rse  w l th  the  same fo rce  th roughou t  l n f l a t i on .

Wha t  we  have  j us t  desc r ibed  i s  cha rac te r i s t l c  o f  H iggs
f l e lds  1n  genera l :  A  H iggs  f l e1d  na tn ta ins  a  cons tan t ,
pos l t l ve  ene rgy  dens l t y  - -  ca l l ed  a  ' r f a l se  vacuum"  even  i n
the  absence  o f  pa r t i c l es  and  rad ia t l on .

In f la t ion ended at  another  t rans l t lon:  energy s tored in
the  H iggs  f l e ld  " f roze  ou t "  i n to  l ep tons  and  qua rks .  The  end
of  in f la t ion marks the end of  the GUT era,  when the s t rong
fo rce  separa ted  f rom the  e lec t ro -weak  fo rce .

PROBLEMS SOLVED

In f l a t i on  nea t l y  reso l ves  the  p rob lems  ba f f l i ng  b ig  bang
theo ry :

There  i s  a  un l fo rm (3  deg ree )  ho r l zon  because  a I I
pa r t s  o f  t he  Un i ve rse  wb re  causa l l y  connec ted  (  i . e .  ab le  t o
commun ica te ,  hence  equ l l i b ra tb  tenpera tu re )  be fo re  i n f l a t i on .

The Universe 1s f la t  because energy densi ty  renalned
cons tan t  du r i . ng  l n f l a t i on .  S ince  i n f l a t i on  i t se l f  1s
dr lven by energy densi ty ,  but  grav i ta t lonal  a t t ract j .on is
a l so  p ropo r t i ona l  t o  ene rgy  dens i t y ,  k l ne t i c  ene rgy  o f
expans ion  mus t  exac t l y  ba lance  g rav i ta t i ona l  po ten t i a l
energy.

/o'!..
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Another way to v lsual lze f latness ls to th ink of  the
Universe  as  the  sur face  o f  a  ba l loon.  Before  ln f la t ion ,  the
bal loon had a very short  radlus,  hence large curvature.
fnf lat ion blew up the bal loon to such a large radius that  i t
now appears f lat  to an observer on the surface, just  as the
Ear th 's  hor lzon  appears  f la t  as  seen f rom a  Kansas  wheat
f le Id .
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Clumplness resul ts  f rom quantum f luctuat lons in  the
p re - ln f l a t i on  Un lve rse  b lown  up  to  mac roscop ic  sca les  du r ing
in f l a t i on .  As  w i th  any  suba tomic  sys tem,  the  p re - i n f l a t i on
Un lve rse  expe r ienced  random f l uc tua t l ons  i n  nass /ene rgy
a  few  more  v i r t ua l  pa i r s  he re  than  the re .  These  quan tum
f luc tua t i ons ,  b lown  up  by  l n f l a t i on ,  became the  ke rne l s  o f
mass , /ene rgy  t , ha t  accumu la ted  ga lax ies  i n  ou r  Un lve rse .
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Monopo les ,  p roduced  be fo re  i n f l a t l on ,  were  sca t te red
h l the r  and  yon  as  space t lme  ln f Ia ted .  Cosmo log i s t s  es t ima te
that  there may be only  one monopole 1n the observable
Un l ve rse .

STANDARD MODEL

Now we ' re  ready  to  t race  the  evo lu t l on  o f  t he  Un ive rse ,
f rom the  b ig  banqr  to  the  p resen t  ( see  a l so  t i ne  l i ne  on  p .
t?v)  .
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At  the  c rea t i on ,  1n  a  f l r eba l l  o f  un imag lnab le
temperature and densi tY,  was supersymmetry:  pure energy,
w i th  no  d i s t i ngu i shab le  pa r t l c l e6  o r  f o rces .

The f i rebal l  expanded rapld ly  and,  as i t  expanded,  i t
coo led .  A t  10^ -43  seconds  a f te r  t he  b lg  bang ,  g rav i t y  f roze
out  f rom the supersymmetry,  separat ing f rom the s t rong-
eLec t roweak  fo rce  ( cUT) .  X -pa r t i c l es  conve r ted  l ep tons  to
quarks ,  and  v i ce  ve rsa .

A t  10^ -35  seconds  a f te r  t he  b ig  bang ,  when  the
tempera tu re  fe l I  be low  10^27  deg rees  (  10^15  GeV)  ,  bubb les  o f
H lggs  f i e lds  began  to  fo rm.  one  o f  t hose  bubb les ,  wh i . ch
became ou r  Un lve rse ,  l n f l a ted  ve ry  rap id l y ,  doub l i ng  i n
rad ius  eve ry  10^ -34  second .  Space t lme  ba l l ooned  to  abou t
10^50  t imes  1 t s  o r l g l na l  d i ame te r .

A t  t he  end  o f  l n f l a t i on ,  s t i l l  a t  abou t  L0^27  deg rees ,
the Universe exper lenced another  phase t rans l t ion.  There was
no  longer  su f f l c i en t  ene rgy  dens i t y  t o  rep len i sh  X  pa r t l c l es ,
so  the  s t rong  fo rce  f roze  ou t  f rom the  e lec t roweak  fo rce .
Energy conta ined ln  the Hlggs f le1d Eroze out  as lept ,ons and
quarks ,  s tea l i ng  the  ene rgy  tha t  d rove  i n f l a t i on .

Expans lon  con t l nued  a f te r  l n f l a t i on  1 t  con t i nues
today  - -  bu t  much  more  seda te l y .

Dur lng the era innediate ly  af ter  in f la t i .on,  f rom about
10^ -35  second  to  10^ -5  second ,  t he  Un ive rse  cons l s ted .  o f
l ep tons ,  vec to r  bosons ,  qua rks ,  and  g luons  1n  a  sea  o f
rad ia t l on .  Be low  10^12  deg rees  K  (a t  abou t  10^ -5  second ) ,
quarks could combine to  form hadrons.

L0^ -LZ  second  a f te r  t he  b ig  bang ,  be low  180  GeV,  vec to r
bosons annih l la ted faster  than they could be produced,  and
the e lect romagnet ic  force separated.  f ron the weak force.
Neutr lnos uncoupled f rom leptons and quarks at  th is  phase
trans l t lon ( there were no longer  enough vector  bosons to
ca ta l yze  the l r  l n te rac t l on ) ,  and  they  cou ld  f l y  essen t l a l l y
unlnpeded through the Unlverse.  Domaln fornat lon at  th ls
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t r ans l t l on  may  have  con t r i bu ted  to  the  l a rge  sca le  s t ruc tu re
o f  t he  Un i ve rse .

A t  abou t  t h ree  m inu tes ,  d t  1O^9  deg rees ,  f us ion
react ions produced the pr imord ia l  a tomlc nuc le i
wh ich ,  w i th  hyd rogen  (a  s lng le  p ro ton ) ,  accoun t  f o r
essen t l a l l y  a l l  t he  nass  1n  the  Un lve rse .

Fo r  t he  nex t  100 ,000  yea rs  the  Un ive rse  rema lned  so  ho t
that  e lect rons were s t r ipped lmrnedlate ly  f rom any nucleus,
and atoms could not  form Dur j ,ng th is  "p lasma eran the
Unlverse was opaque to e lect romagnet ic  rad j .a t lon:  among a l l
t he  cha rged  pa r t l c l es  o f  t he  p lasma e lec t rons  and  p ro tons
and l1ght  nuc le i  a  photon could t ravel  on ly  a shor t
d l s tance  be fo re  be ing  sca t te red .

fh.l""',
9<a{c,ving in

&mga e-ty
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Only af ter  the Universe cooled enough to form atons could
photons t ravel  f ree ly  through spacet lne.

Nuc le l  cap tu red  e lec t rons ,  f o rm lng  a toms ,  d t  abou t  3000
degrees  K ,  rough ly  100 ,000  yea rs  a f te r  t he  b lg  bang .  La te r
s t l l 1 ,  i n  a  coo le r  Un ive rse ,  a toms  cou ld  conb lne  to  fo rm
mo lecu les ,  some o f  t hem,  such  as  DNA,  compr l s lng  n l l l i ons  o f
a toms .  Today ,  l n  a  coo le r ,  f r l end l i e r  s tage  o f  evo lu t l on ,  we
f l nd  a l l  a round  us  the  marve lous ,  f rag l l e  mo lecu les  o f  11 fe .

UNAI.ISWEREDQUESTTONS

A11 1n al l ,  we have a remarkably detal led understandlng
of  the  c rea t ion .  Par t i c le  acce le ra to rs  now probe cond l t ions
at the electroweak transi t ion,  and exper iment conf i rms
theory .  However ,  a  number  o f  ques t ions  remain :

t {hat produced the large-scale structure? Did i t
resul t  f rom domain fornat ion? Or f rom quantum f luctuat ions?
or was there some other nechanism at work?

@
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Did  i n f l a t l on  ac tua l l y  occu r?  I f  so ,  wha t  was  i t s
mechan lsm? Par t i cu la r l y ,  i s  t he re  rea I l y  such  a  th lng  as  a
H lggs  f i e ld?  (No  H iggs  pa r t l c l es  have  been  found ,  t o  da te . )

Why 1s there a predomlnance of  mat ter  over  ant i -
nat ter? Anarys ls  of  cosmlc ray debr ls  shows a rat lo  of  about
1 ant lproton for  every proton - -  about  the nuurber  of  ant i -
protons expected f rom cosmlc ray co l l ls lons wl th  atoms 1n the
Ear th ' s  a tmosphere :  t he re  l s  no  ev idence  tha t  cosmic  ray
an t l -pa r t l c l es  o r i g lna te  1n  vas t  c louds  o f  an t i -na t te r
e lsewhere.  Nor  do ast ronomers detect  any ev idence of  the
t remendous outpour ings of  energy expected i f  pockets of  ant l -
ma t te r  $ re re  co l l i d l ng  w i th  na t te r .

hirh an"-rg), phohear r.x;2tclec,t
i+ c,lo,^gt o9 *.a$st/ <olh'oleg

wiih c-loq.t o* a'r*i - rrrcber

9{ha t  i s  t he  fa te  o f  t he  Un lve rse?  Spec l f i ca l l y ,
what  is  the va l ,ue of  J? ,  the rat io  of  actual  mass/energy to
the mass/energy requl red for  c losure? (An open Unlverse
lacks  enough  mass /ene rgy  to  ha l t  t t s  expans ion .  A  c losed
unlverse conta lns enough nass/energy to  s top the expanslon
and  re - co l l apse ) .

What  is  the nature of  the dark mat ter  1n the
Universe? Astronomers know there ls  much more nass
assoc la ted  w l th  ga lax les  than  can  be  accoun ted  fo r  by
obse rva t l ons  1n  the  v l s lb le  spec t rum.  Hadron lc  ma t te r  (1 .e .
protons and neutrons)  on ly  accounts for  about  10eo of  the mass
requ i red  to  c rose  the  un l ve rse ,  bu t  t heo ry  l nd l ca tes  J?  mus t
be  c l ose  t o  1 .

What  preceeded the b ig bang?

In the fo l lowlng sect lons,  we wi l l  explore answers to
these quest ions and descr ibe exper lments,  p lanned or  in
p rog ress ,  t ha t  w l l l  t es t  ou r  hypo theses .

TESTING THE STANDARD MODEL

A nunber of
underway to test

experiments and observational prograns
the standard nodel :
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Ne;v  obse rva to r i es  a re  co l l ec t i ng  i n fo rna t i c r  abou t
Ia rge -sca le  s t ruc tu re .  Ded lca ted  te lescopes  map  the
d ls t r i bu t l on  o f  ga lax les ,  and  the  cosn ic  Backg round  Exp lo re r
sa te l l i t e ,  j us t  l aunched  I LL /A9 )  w i l l  s t udy  t he  cosm ic
microwave background in  unprecedented deta i l ,  seeking
ev idence  o f  an i so t rop ies  a t  t he  c rea t l on  tha t  may  e luc ida te
the  l a rge -sca le  s t ruc tu re .

Larger  ground-based te lescopes,  made possib le  by new
ml r ro r  t echno logy ,  l ook  fa r the r  ou t  l n to  the  heavens  and  back
to  the  t ime  when  when  ga lax ies  f i r s t  f o rmed .  A  space -based
te lescope ,  t he  Hubb le  te lescope ,  due  fo r  l aunch  i n  ea r l y
1990 ,  w i l l  l i f t  ou r  eyes  above  the  "d i r t y  w j -ndow"  o f  t he
a tmosphere  and  g i ve  us  a  much  c lea re r  v iew  o f  t he  d i s tan t ,
and  ea r l i e r ,  Un i ve rse .

THE PREDOMTNENCE OF MATTER OVER ANTI-MATTER

Asymne t ry  i n  t he  decay  o f  X  pa r t i c l es  - -  t he  pa r t i c l es
respons ib le  fo r  un i f y i ng  the  s t rong  fo rce  w i th  the  e lec t ro -
weak  may  exp la in  the  p redominance  o f  ma t te r  ove r  an t i -
ma t te r .  When  X  pa r t l c l es  decay  they  may  p roduce  a  s l i gh t
excess  o f  pa r t i c l es  ove r  an t i - pa r t i c l es .

In  Ch .7  we  d i scussed  asymmet r i es  i nvo l v ing  the  weak
fo rce :  be ta  decay  p re fe ren t l a l l y  em j . t s  e lec t rons  i n  one
d i rec t j , on ,  and  a  neu t ra l  kaon  i s  no re  l i ke l y  t o  decay  l n to
pos l t rons  and  p ions  than  l n to  e lec t rons  and  p ions .

one c lue to  X decay asymmetry is  the rat lo  of  photons to
nucleons.  There are about  10 b i l t lon photons for  every
proton ln  the Universe.  Presumably,  when X par t ic les decayed
they  p roduced  an  excess  o f  one  pa r t i c l e  1n  ten -b l l l i on .  Tha t
i s ,  t he  decay  p roduced  ten  b i I l 1on  and  one  pa r t i c l es  fo r
eve ry  ten  b i l l i on  an t l -pa r t i c l es .  Tha t  one -1n - ten -b i l l l on
became the mat ter  1n our  Unlverse,  and the photons produced
ln  pa r t l c l e /an t l -pa r t i c l e  an ih i l a t i ons  became the  backq round
rad i .a t i on .

/o? + | fr" l iclc:
ln^an/ X ga"Iiclet -->

/o? an*i  '?^'*rcles

No conceivable part lc le accelerator can reproduce
energles (  10^1.9 Gev) requlred to create X part ic les and study
their  decay. However,  exper iments seeking evidence of  proton
decay  may g lve  lnd l rec t  ln fo rmat ion :  I f  x  par t i c les  ex is t ,

+ / Tarl icle.
+ 2x /o?
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t hey  shou ld  ca ta l yze  the  c ,ecay  o f  p ro tons .  Phys i c : ^s t s  seek
proton decay in  huge underground pools  of  water  or  carbon
tet rachlor ide (underground to l imi t  "background noise"  f ron
cosmic  rays ) .  So  fa r ,  none  have  been  found ,  bu t  no re
sensi t lve detectors are under  construct ion.

In  fac t ,  p ro ton  decay  l f  p ro tons  decay  - -  may  o f fe r
another  explanat j .on for  the apFErent  predomlnance of  nat ter :
an t lma t te r  nay  "h lde "  1ns lde  u ra t te r .  one  poss lb le  mechan ism
of  proton decay is

@+@ + Ti-
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yoloa yc+ilron t*,^1ror\

f \evr.

The neutra l  p lon has the composl t lon . t ;  ,  a  down/ant i -down
pa i r .  f t  decays  to  gamma rays  when  the  pa i r  an ih l l a tes .  The
pos i t ron  i s  t he  an t i -pa r t i c l e  t o  the  e lec t ron ,  and  i t
an ih i l a tes  the  e lec t ron  tha t  was  pa i red  to  the  o r l g ina l
p ro ton .  I n  t h i s  (pu re l y  specu la t l ve )  scenar io ,  wha t  we  ca l l
"ma t te r "  i s  rea l l y  a  m ix tu re  o f  na t te r  and  an t ima t te r .

I

FATE OF THE UNIVERSE

The fate of  the Universe depends on the mass/energy
densl ty .  I f  there is  enough nass/energy to  s top the
expans lon  and  co l l apse  the  Un lve rse  back  on  l t se1 f ,  a  "b ig
c runch"  w i l l  end  i t  a1 l .  An  obse rve r  wou ld  w i tness  cosmic
evolut lon run backward:  increaslngLy h lgher  temperatures and
dens l t i es  w i l l  me ld  fo rces  and  fe rm ions  un t1 l  t he  Un lve rse
d isappears  l n to  a  s ingu la r i t y .

I f  the unlverse 1s open (not  enough mass/energy to  s top
the  cosmj . c  expans lon )  o r  f l a t  (exac t l y  enough  mass /ene rgy  to
ba lance  the  expans lon )  we  look  fo rward  to  a  du1 l ,  co ld
d j .ss lpat ion.  Neutron s tars ,  whi te  dwarfs ,  and brown dwarfs
u l t imate ly  w111 radlate away grav l ta t ional  energy and becone
c lnde rs  i n  t he  sky .  I f  p ro tons  decay ,  ma t te r  w i l l  evapora te ,
and the resul t lnqr  photons wi l l  cool  toward zero energy in
expandlng spacet ime.

Those  o the r  remnan ts  o f  mass /ene rgy ,  b lack  ho Ies ,
radiate thenrselves away by the Hawking nechanism. Hawking
par t lc les annih i la te ant l -par t lc les,  and the resul t i .ng
photons dr . i f t  through the expandlng Unlverse,  cool lng.

The  Un ive rse  s t re t ches  l t se l f  t o  s1eep .
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DARK MATTER

Astronomers can count stars and galaxles to est imate the
total  luminous mass in the Unlverse. They can est  j -mate the
amount  o f  non- lun inous  mass  by  o ther  neans .  For  ins tance,
measur ing  orb l ta l  separa t lon  and ve loc l t ies  o f  in te rac t ing
ga lax ies  lnd ica tes  the i r  to ta l  mass .
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Compar ing these independent  assessments,  ast ronomers f ind
less  than  one - ten th  o f  t he  mass  i n  a  t l p i ca l  ga laxy  rad ia tes
at  wavelengths we can detect .  The predoninance of  mass in
the  Un lve rse  1s  da rk .

Whether  the Universe 1s open or  c losed depends on the
amount  of  dark nat ter .  Dark mat ter  candldates lnc lude
"o rd lna ry "  l nv i s lb le  ma t te r ,  11ke  p lane ts ,  b rown  dwar f s ,  and
co ld  gas  c louds ,  and  "ex t rao rd ina ry "  ma t te r  l l ke  b lack  ho les
and  exo t i c  pa r t i c l es .

Evid.ence re la ted to  the amount  of  pr iurord la l  deuter ium
ind ica tes  the re  i s  t oo  11 t t l e  o rd ina ry  na t te r  t o  c lose  the
Universe.  The anount  of  pr imord la l  deuter ium was detera ined
by proton and neutron densi t les at  three ur inutes af ter
the b lg bang.  Ast ronomers can neasure the amount  of
pr imord la l  deuter lum, and those neasurements ind lcate there
cannot  be enough protons and neutrons the most  massive
components of  ord inary nat ter  to  c lose the Universe.  In
fact ,  deuter lum studies ind icate there 1s only  about  1Oe.  the
ord inary,  hadronlc  nat ter  requi red for  c losure.

New generat lons of  te lescopes wi l l  he lp map the
d. is t r ibut lon of  dark mat ter  in  the Unlverse.  wi th  bet ter
ln format ion how galax ies orb i t  each other ,  ast ronomers wi l l
be able to  ca lcu late the to ta l  mass in  galax les and galaxy
c lus ters .

n^
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The  same underg round  obse rva to r i es  seek ing  p ro ton  decay
recen t l y  he lped  es tab l i sh  new l im i t s  on  the  nass  o f  t he
elect ron neutr ino.  Neutr inos produced in  Supernova L987 were
de tec ted ,  and  the  sp read  i n  the i r  a r r i va l  t i nes  i nd i ca tes
thei r  mass must  be less than about  20 eV.  Neutr inos are a
pr ime candidate for  the dark mat ter ,  and they requl re a mass
of  about  20 eV to c lose the Universe.  New generat lon
neutr ino detectors,  both those dedicated to  s tudy lng
as t ronomica l  sou rces  and  those  assoc ia ted  w l th  pa r t i c l e
acce le ra to rs ,  w i l l  neasu re  neu t r l no  masses  no re  accu ra te l y .

P ro ton  decay  l t se l f  ( o r  absence  the reo f )  wou ld  c la r l f y
the nature of  dark nat ter :  the mode of  decay depends on
whether  s l lpersymmetr ic  par t ic les ex ls t .  Supersymmetr ic
pa r t i c l es  a re  l i ke l y  cand lda tes  fo r  da rk  ma t te r .

tMit\o,^t 5nyer5y.-r,te-tric P^r-}.dal :
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W;+h t\er syrnrr e-tvi c farl-r'<,les :
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New cosmic  ray  te lescopes ,  such  as  the  F Iy ' s  Eye  i n  the
Utah  dese r t ,  seek  exo t i c  pa r t i c l es  among  cos t r i c  rays .  X - ray
and  gamma- ray  te lescopes ,  schedu led  fo r  o rb i t  i . n  t he  1990 ' s ,
wl l l  map the h lgh-energy sky and prov ide fur ther  c lues to  the
d l s t r i bu t l on  o f  b l ack  ho1es .

Par t l c l e  acce le ra to rs  a re  p rob ing  h lghe r  ene rg ies  and ,
thereby,  reproduclng condl t ions that  ex ls ted wl th ln  a p lco-
(10^ -12 )  second  o f  t he  b l g  bang .  I n  Oc tobe r ,  1989 ,
phys lc is ts  at  the Stanford L inear  CoI l ider  and CERN (  the
European accelerator  laboratory)  announced ev ldence,  based on
the  decay  o f  t he  Z  pa r t i c l e ,  t ha t  t he re  a re  a t  mos t  t h ree
fan i l i es  o f  pa r t i c l es .  Th i s  p laces  cons t ra in t s  on  the  na tu re
of  the d.ark mat ter  ln  the Universe and conf i rms the three-
fam l I y  mode l  p red i c ted  by  cosmo log l s t s  on  the  bas i s  o f  o the r
ev ldence  ( ra t l os  o f  t he  p r lmord la l  e lemen ts . )

New genera t l ons  o f  pa r t l c l e  acce le ra to rs  w1 l1  l ook  fo r
exot lc  par t lc les.  No one knows the energy spectrun of
candldates such as the supers lnnnetr ic  par t ic les,  but  they may
be wi th in  reach of  the superconduct ing supercol l ider .  A
najor  goal  o f  the supercol l lder  is  to  f lnd the Hlggs boson
and explore realms where there nay be other  exot lc  par t ic les
assoc la ted  w l th  the  da rk  ma t te r .
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Probab ly  the  mos t  impor tan t  d i scove r ies  w111  be  those  we
canr t  even  guess .  Pa r t l c l e  phys i c i s t s  c l t e  t he  ' rCo lunbus
phenomenon . ' t  Exp lo r i ng  h lghe r  ene rg les  w l th  new acce le ra to rs
i s  l i ke  Co lumbus '  voyage :  even  though  he  d idn ' t  f l nd  a  rou te
to  fnd la ,  he  found  o the r  s t range ,  new lands .

WHAT PRECEEDED THE BANG?B I G

Cond i t i ons  a t  t he  o r l g in ,  w i th in  10^ -43  seconds  a f te r
the b ig bang,  are lndescr ibable,  g i .ven our  current  knowledge
and  ma themat i ca l  soph ls t l ca t i on .  Bu t  t ha t  doesn ' t  s top  some
int repi .d  phys ic is ts  f ron speculat j .ng about  what  preceeded the
b ig  bang .  Theore t i c l ans  such  as  S tephen  Hawk ing ,  a t
Cambr idge  Un ive rs l t y ,  f ee l  t hey  have  a t  l eas t  t he  bas l c  t oo l s
to  exp lo re  tha t  rea lm.

Mode l l i ng  cond l t i ons  be fo re  the  b ig  bang ,  cosno log l s t s
assume an ln i t ia l  "vacuum, "  and quantum grav l ty ,  and they
assume bas i c  l aws  o f  quan tum nechan ics  s t l l l  app l y .

F l rs t ,  consider  the argument  of  Edward Tryon,  o f  Hunter
Co l l ege  o f  New York ,  t ha t  t he  ne t  ene rgy  o f  t he  Un lve rse  l s
ze ro .  f f  5a  =  1 ,  as  many  t heo r i s t s  be l l eve  1 t  mus t ,  t he
grav i ta t ional  potent ia l  energy of  the Universe exact ly
ba lances  the  k ine t l c  ene rg ies  o f  t he  receed lng  ga lax ies .
A1so ,  t he  mass /ene rgy  o f  t he  un l ve rse  exac t l y  ba lances  the
(nega t i ve )  g rav i t a t i ona l  ene rgy  i t  gene ra tes .  (See  d iag rams
on p ,/t2 and p./rJ . )

S lm11ar l y ,  o the r  quan t l t i es  ba lance :  ne t  momen tum i s
ze to ,  s ince  the re  a re  as  many  ga lax ies  f l y i ng  no r th  as  f l y i ng
sou th ,  ds  many  f1y lng  eas t  as  wes t .  Ne t  e lec t r i c  cha rge  i s
ze ro ,  t oo ,  s lnce  the re  a re  as  many  p ro tons  as  e lec t rons .

Now apply  the uncer ta ln ty  pr inc lp le .  I f  AF-A* > X ,
and  A  E ,  t he  ne t  ene rgy  o f  t he  Un ive rse  1s  O ,  t he  Un lve rse
mlght  ex ls t  for  an lndetern inate amount  of  t lme.  L ike
v l r tua l  par t ic les,  the ent l re  Universe mlght  have begun as a
quantum f luctuat lon an erupt ion out  o f  the "vacuun."

By def ln i t ion,  the vacuun 1s the absence of  nass and
energy ,  bu t ,  E IS  no ted  by , l ohn  Whee le r ,  now a t  t he  u .  o f  Texas
a t  Aus t i n ,  t he  vacuum " i s  t he  scene  o f  t he  mos t  v io len t
phys l cs . ' r  I t  see thes  w l th  v j . r t ua l  pa r t i c l es .

Moreove r ,  i t  see thes  w i th  f l uc tua t i ons  l n  space t ime
1 tse l f .  En te r  quan tum g rav i t y :  a t  t he  sma l l es t  sca les
less  than  10^ -33  cm and  be fo re  10^ -43  seconds  g rav i t y
(1 .e .  space t ime )  1s  quan t l zed .  I t  l s  d i s j o i n ted .  f t  comes
in  d l sc re te  b l t s  and  p leces .  L i v lng  a t  t ha t  l eve1 ,  as
descr lbed by Davld Schramm and Leon l ,edermanT would be 11ke
tak lng a s tep f rom your  l lv ing room toward the k l tchen and
f lnd lng yoursel f  ln  the batbroom two weeks ln  the fu ture.

FS A.AAilro !: !!. Co4>
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Cosmo log l s t s  lmag ine  "bubb1es"  o f  space t ime ,  a t  t he
quan tum leve l ,  ba l l oon ing  then  d i sappear ing  l 1ke  v i r t ua l
pa r t l c l es .  Now suppose ,  j us t  suppose ,  cond i t i ons  i n  one  o f
those  bubb les  were  such  tha t ,  i ns tead  o f  co l l aps ing  back  i n to
the  quan tum sea ,  l t  i n f l a ted .

P res to . A Un iverse

Th ls  l s  specu la t i on ,  and  cu r ren t l y  un tes tab le .  Bu t
theor ls ts  are beglnning to  model  such scenar ios wi th  some
mathemat i ca l  r i go r .  The  c rux  o f  t he  p rob lem,  cu r ren t l y ,  i s
understanding quantum grav l ty .

SUMMARY

In  th l s  chap te r  we  d i scuss  the  o r i g in ,  evo lu t l on ,  and
fa te  o f  t he  Un ive rse .

There 1s ev idence (  the three degree background
rad la t i on ,  p ropo r t i ons  o f  p r l no rd la l  e le rnen ts ,  and  the  cosmic
expanslon)  that  the Unlverse or lg lnated 1n a b lg bang.
However ,  b ig  bang  theo ry  by  l t se l f  f a i l s  t o  exp la in  ce r ta ln
obse rved  fea tu res  o f  t he  Un lve rse :  f l a tness ,  l a rge -sca le
st ructure,  and the hor izon.  These can be accomodated by
in f l a t i on ,  a  pe r iod  o f  rap id  expans lon  a t  t he  o r i g ln .

We nodel  the evolut lon of  the Universe by processes
re la ted  to  coo l i ng  ( resu l t i ng  f ron  expans lon ) :  spon taneous
s lnnne t r y  b reak lng  ( " f reez ings " )  and  sh i f t s  1n  pa r t l c l e /an t i -
par t ic le  egul l lbr lum at  d i f ferent  termperatures produce the
par t l c l es  and  fo rces .  The  l a rge -sca le  s t ruc tu re  o f  t he
Unlverse may resul t  f ron domalns,  wl th  nass/energy
concentrated a long domain boundar ies.

we  don ' t  ye t  know the  fa te  o f  t he  Un lve rse ,  bu t  i t  1s
ca l cu lab le .  I f  t he re  j . s  enough  nass  to  c lose  the  Un lve rse ,
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i t  w i l l  co l l apse  back  on  i t se l f .  I f  t he  Un l ve rse  1s  open  o r
f l a t  (no t  enough  mass  fo r  c losu re )  space t lme  w i l l  expand
indef in i te ly .  By our  current  reckoning,  the net  mass, /energy
o f  t he  Un ive rse  (g rav i t a t i ona l  "pu1 l '  ba lanc ing  the  " s t re t ch "
o f  k lne t i c  ene rgy )  l s  c lose  to  ze ro .

w i th  be t te r  unders tand lng  o f  t he  pa r t l c l es  and  fo rces ,
and  unders tand ing  quan tum g rav l t y ,  phys i c i s t s  may  u l t ima te l y
unders tand  wha t  p receeded  the  b ig  bang .


