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From the field cquations it is a straightforward procedure to show t
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iverse we live in. srton et R S fiTat
lhc\\[/ypc Of\ u:; ut the lincar Hubble law by the Taylor expansion of S(1) tc
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order. If we retain the second-order term, we can show

z~ HD, + 3(1 + q)(HD,)". E
Thus, g can, in principle, be deduced from the mcasurcmcx?l of 1:1:; zcnosugh -
af ‘l'on of distance. But distance measurements are not txcctfr. I
vield a surate valuc for q. The deceleration parameter can be deduce
i dntljstx;ll: from the magnitude-redshift relation. Again, the .rcsulls arcdqot
Sct))rslzzgivc. ‘Ol-hcr observational tests of cqsmologlcul mo<(ijgl~sl 'l?flut(]jfc r:iu:cr)c

unts and angular diameters of galaxies. The ﬁl}ul verdicta ; o
50[“;5: C[?;]ivcr\‘c remains in the future. Whether we live in an open or clos
0 3

universe rem:ins an open question.

(26)

8. Conclusion
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In the foregoing, we have discussed very briclly some ~‘~“P‘~Ub5 of ”“.C ESL }he
- : ir i jcati observations.
fvistic 00s g odels and their implications to

tivistic cosmological m : : . w that
rcbl]zrl osc of this is to serve as a short introduction to other chdplc.rs to follo
rzlmp[rca( in ereater detail some of the basic features of our universe.
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I. The Early Universe

All Friedmann models have an epochrin the past when the scale factor S was zero.
We refer to this epoch as the big bang epoch. To mathematicians, the big bang
implics a breakdown of the concept of spacetime geometry, and they have come
to recognize it as an inevitable feature of Einstein's general relativity. It is a
feature that prevents the physicist from investigating what happened at S = 0 or
prior to it. To some physicists, this abrupt termination of the past significs an
incompleteness of the theory of relativity. To them, a more complete theory of the
future may show a way of avoiding the catastrophic nature of the § = 0 ¢poch.
A universe that has been expanding forever or that has been oscillating between
maximum and minimum (but finite) values of S, might result from such a theory.
Here we will continue to put our faith in the validity of general relativity and
push our investigations into the past of the universe as close as possible to the
§ = 0 epoch. The purpose of such investigations will be to find out whether we
can point to any present-day evidence that the universe indeed had a past epoch
when S was closc to zero. In short, we will be looking for relics of the big bang.
Pioneering work in this field was done by George Gamow in the mid-1940s.
Gamow was concerned with the problem of the origin of clements, Starting from
the (then available) basic building blocks of neutrons and protons, Gamow
attempted to describe the formation of nuclei of deuterium, helium, and so on.
The process envisaged by him involved nuclear fusion, that is, a process in which
nuclei are formed by bringing together neutrons and protons. Astrophysicists

were already sure by the 1940s that such processes operate inside stars, where the

Necessary conditions of high temperature and density were known (o exist,
Gamow pointed out that similar co

F

nditions must have existed in a typical
riedmann universe soon after the big bang.

We know from cosmological equations that the dcnisity of the universe was
very high at small values of S. What about temperature? A simple calcul
shows how the temperature also might have been high. This calculation requires
the assumption that, at present, we have a radiation density u,, that is a relic of an
carly hot era. With this assumption, the radiation enerpy density at a past epoch
Sis piven by

. 4
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ation
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where S = §, at the present epoch. Cosmological equations also tell us that at
a critical value of the scale factor the contribution of radiation energy density
cquals that of matter energy density, and that prior to this epoch the former was
more dominant. Gamow thercfore assumed that, in the early epochs, the

dynamics of expansion were determined by radiant energy rather than by matter

in the form of dust.
If we wish to make a simplified calculation, we can
was in blackbody form with temperature T, so that

assume that the radiation

(2)
ages of the big

u=aT?,
where a is the radiation constant. This means that in the early st
bang universe

TS ="al™, T)!=T3=T3}= —4aT* (3)
We also anticipate that the space-curvature parameter k will not affect the
dynamics of the carly universe significantly, and set it equal to zero. Thus, from
Einstein's equations for the (§) component, we get

(@)

Sl = 8xGa T
SE 3(.2 ’
Further, from (1) and (2) we get
T = d, A = constant. (5)

Substituting (5)into (4) gives a differential equation for S that can be casily solved.

Setting t = 0 at § =0, we gel

].'2 - 1/4

and, more importantly,

.2 1/4
T=(_3,‘__> Lz )

32xzGa

Notice that all the quantities inside the parentheses on the right-hand side of
ation are known physical quantities. Thus, we can express the

the above equ
above result in thé following form

’rﬁclvln = 152 X lo‘of;u«lﬁ.u-

In other words, about one second after the big bang the radiation temperature of
(he universe was 1.52 x 10'° K. The universe at this stage was certainly hot

enough to facilitate nucleosynthesis, as Gamow supposed.

The idea of a hot big bang, as the
the assumption that thereis relic radiation present tod

®)

above picture is called, depends therefore on
ay. Itis commonly belicved

Relics’ of the Biy Bang Ry A ’
‘ 61

that the microwave backgro iati
; 4 und radiation first di i
thak  RBTRNS AL ( n | iscovered in 1965 by Arno
”;q et ](':[t:,r[;}?:lrls‘?n is this relic radiation. We will return to the details of
S ater, F 1c present, we will accept this evi s
' - . y & lb ™~ » NLERI N - H
Gamow’s notion of the hot big bang and pr()ccc‘z] furlht"r”dw“ b

2. Thermodynamics of the Early Universe

Considerable progress has b i
$$ has been made in our understandi i
ansiders i : anding of the propertie
pdlrluc:lz.s dl‘;’ their basic interactions, since the days whgcn G"lmpowptlné;sh(')r
colleagues R. A. H i 1 : mordial
nuc]eo;ynthesis ]nA[l}?:Foru‘;nd' R. Hermann did their calculations of primordial
: wing pages we will briefly outli ic princi
g y outline the b
onF».vhxc}? t-hc modern calculations are usually based 7 A
irst, it is ne speci ildi )
e (;T](E:SSfr)l/ tc? specily the building blocks from which nuclei were
- L g c‘.x'r y (_poc!ls. The physicist would naturally like to imagine
e g (. ?(gr'(cd with the simplest possible material composi;ion
Sim;.)]cr OncsLb mah)' .L.) :fnd lha? more complex structures were built out of
simp Or[hc}moy\ ;l) (j)flc.ll Interactions. Thus, the cosmologist is forced to take
Steek chibe kna \‘ ¢ b;_ of'purtlclc physics. While Gamow and his colleagues tc;ok
mOd‘;m p‘miCler;l}:m' es Ilklc ;l)rolons, neutrons, electrons, and so on for granted
g > physicists believe that a more basj ‘ , ‘ ‘
creation or existence of these particles S gy
Here we take 5 .
e (CICC”O:E the story from.thc stage when baryons (neutrons and protons)
el G .m)a' m(ulor.]s, n(?utru.los, and their antiparticles) and photons (t}.u:l
P Oﬁm id{_i]d rcml]y In existence and are in thermodynamic equilibrium
: ; cal gas. Later, we will conside i
: g : r the more speculative and earlic
ep;)]c}']s and discuss how these particles came into cxistcncll Bl e
clore proceeding with caleulati :
. ' dleulations, we must clari i
Pt AL LR IR " ; nust clarifly what is me:
b e;i)llnmmu cquilibrium’ and ‘ideal gas’. We have already mcntion]c)(; :l}” l_’)’
r : g 1a
relatiVisﬁc);”epo;:s the d-ommapt form of energy was in particles mov;nln
o W)ifl.h )]c quclslnon arises, therefore, whether these particles wcrf
one another or whether the > i ‘ ‘
T R ' y were moving freely. The ideal ga
; : plies that the particles p i o
5% el ; - ! were mostly moving [reely,
par OCCL';o’ulj interact flnd f:olhdc, of course, but these instances frc aSSl)ll Sc'iJCh
ccupied very briel time spans, and their eff i i 55
othetwise neglected. We will shortly ex,pre thi 'de s~
ne . ss this idea in a itati
The collisions and scatterings of the particl S o
particles would, however, have helped to

~redistribute thei ie
eir energies and momenta. If these redistributions occurred

frequently cnoug,

h, the system ¢ q
. system of particles as .
of thermodyn | s as a whole would have reached a state

amic equilibrium. In this cas

A i _ ; us case for cach species of particles i

e : articles there
3 lhermolj governing the number of particles in a given rqng‘; of mome ctrL N
ynamic equilibrium t ' A

. o i

solteringh RE b be reached, the timescales for successive
i, v o A allcompared to the expansion time scale for the universe
press this idea quantitatively in a short while =
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2.1. Distribution Functions

Assuming idcal gas approximation and thgrmodynumic' cquilil‘)iu‘n‘m.fll'liil:l:‘:
possible to write down the distribution f.uncllons. forany given spgucts 0 p.nP)Ld.P.
Let us usé the symbol A to denote typxcal'spccms (A= 142, 0 T 1u;, 111;4( o
denotes the number density of species 4 in the momentum range (P, P + ,

where

E(P)—p, o 9)
g. 2 AN I .
n,(P) = 7745‘ P cxp( kT ) £

In the above formula, T = temperature of the distribution, g, = number of spin
states of the species. k = Boltzmann constant, and

’ 10
EY = 2P 4 mict (6)

is the energy corresponding to rest mass m , of a typical particl(?. Thus},zfor c:?c;r?gr;
ga = 2; for the neutrino g, = 1,m, =0, z_md so o.n.'Thc + sign in Equatio i)
a?)plics to particles obeying the Fermi—Dirac S.[allS(lCS ((lilcsc part;}clcs aré:.catCin
fermions), while the — sign applies to particles obc?/mg ”,]c : osct—i 1(r;z e
statistics (particles known nls bosons). For example, electrons and neutrinos :
rmi Z ytons are bosons. . ) .
ru'lll"]l:(c:nqsh:::?itsl:_‘ is the chemical potential of the species A. For d d‘clmlcj
discussion of chemical potentials, sce any standard text on lhc.rmodyn‘m?lcs' aln
statistical mechanics. We note here tha't in any reaction mvolymg' th(;:sc parlncacrsé
the p, are conserved (just as clectric charge, cncrgy,‘ spin, an sob??in ¢
conscrved). Because photons can be absorbcd.or cmlu%d in any numbe ('C]c‘s
typical reaction, we sct u, = 0 for p‘h(')tons'. Sm;c particles and :lmll—parllhcir
(such as electrons and posi(rons);nmhlla'ttc in pairs and produce photons,
i ials are equal and opposite.

Ch?;;(?ritl fr;g;ini;]achdynar:ic quantities aqd the glcclric cha.rgc, scvcral’ Olh}:r
quantities are found to be conserved in the interactions of particles. These ;1rc llc
baryon number, the muon lepton numbc.r, anq the clcctro’n lc.:pllo'n niuml)c.;:). “l:
computing these numbers, a value of 4- I is assigned to il‘p'.lrllc c.‘.lm ; _1 ”,cil,-
antiparticle. The clectron lepton number counts clu.lmnsv(c ) .'m(i lhc'i,-
neutrinos (v.), while the muon lcplo'n l)llllnl.)(l:r.(.:.()l.llllls -”]‘il:\v“—“:hiﬁlc ) anc
neutrinos (v,). Under these conservation rules, reactions like thes

% L +
nop+e” +v, ptv,—p +n

are permitted, while a reaction like the following is not:

n—p+e” +v
(Later we will consider the situation in which the baryon number is not
conserved. At the epochs that we are concerned with here, however, we may safely

assume the conservation of baryon number to apply.) :
Hence, if we assume that in any reaction electric charge, the baryon number,
2 S
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the electron lepton num ber, and the muon lepton number are conserved, then we
have only four independent chemical potentials ~ those corresponding to
protons, clectrons, electron neutrinos, and muon neutrinos. From (9) we sce that
the total number of particles per unit volume in cach of these species is needed to
determine the corresponding s, and that the number densities will be large for
large s, > 0. These number densities are not known with any degree ofaccuracy,
except that (as we shall shortly sce) the ratio

Ny _ Number density of baryons

e 2 1078 — (- tO
N, Number density of photons

is small compared to 1.

The smallness of the baryon number density suggests that the number densities
of leptons may also be small compared to N, and it is usually assumed that this
hypothesis provides a good justification for taking s, = 0 for all specics. We will
assume that u, = 0 for all specics in our calculations to follow.

We then get the following integrals for the particle number density (N ), the
energy density (¢,), pressure (p4), and entropy density (SL):

- ,..."2;‘,., - — -__._l_)z_..(,i_.l,)_ s 1% ()
C2mhY J, explE(PYKT] £ 1
SV 9% 4 P2E (P)dP (12)
A2 [ explE(PYAT] £ 1’
o= Ya (7 APALE(P)]™ " dP (13)
Yonht |y oxplEL(PYAT] £ 1
Sa=(py+¢e,)T (14)

2.2, High- and Low-Temperature Approximations

The above expressions become simplified for particles moving relativistically. In
this case

Come?

R e (15)

The details are given in Table I for the different species of interest. The numbers
are expressed in units of the quantities for the photon (g, = 2, symbol +):

3 201.T\4
iy, o 2000 (’i) L e BET)

r 2\ ch TTOSh3 T 3Py

T
_ 4’k (kT? "
57 e %45 ?,? . ))
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Table I.  Thermodynamic quantities for various particle species at T » T,

8
Particle species A Symbol Y o N,/N, € /e, 5,15,
(K)
I lectron ¢ 593 = 0¥ 3 1/4 7/8 7/,"
Positton ¢! 2 /4 /8 /8
Muon o 1.22 x.10}? 2 3/4 7/8 7(8
Antimuon Ty ’ 2 3/4 7/8 78
Muon, electron Vi 0 1 3/8 7/16 7/16
neutrinos
and
their antineutrinos Vi ¥, | 3/8 7/16 7/16
Pions n' 1.6 x 10'? | 172 1/2 172
et 1 12 12 12
0 1 12 12 12
Proton p 10'3 2 3/4 /8 7/8
Neutron n T,-T. 2 3/4 7/8 7/8

n P
~1.5 x 10'°

In this approximation, consider the clectrical potential encrgy of any two
clectrons separated by distance r. This is given by
v uz
U =—,
r
Now the average interclectron distance is given by NJ "2 ~ c¢h/kT. Thus, average

interaction energy is

However, kT measures the energy of motion of clectrons. Thus, the interaction
energy is ¢?/he ~ 1 137 of the energy of motion. Since this fraction is small, we are

2
<U>~f—_kT.

1C

-

justified in treating the electrons as free gas.

We will often refer to this limit as the nonrelativisitic approximation. (For the
photon and zero rest mass neutrino T = 0 and this approximation never

A h] o

g4 = myN 4.

applics.)

i 14

32
) cxp(

p. = N kT,

T,
T )

Sa

m,N
= Bata 2

By contrast, at low temperatures T <« T, we have for all species with m , # 0

g4 <m phild

(17)
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2.3. The Behaviour of Entropy

We now recall the conservation law satisfied by e and p in the early stages of the
expanding universe, the law given by

d o 0
s (£S?) + 3pS? =0, (18)

and use it in conjunction with the second law ofthermodynamics. This law tells us

that the entropy in a given volume S3 stays constant as the volume expands
adiabatically. From (14) we therefore get

o oo dfs?
(Tl(b' s) = qr [—,I: (p + s)J =0, (19)

where s = X ;s is the total entropy of all the particles in the expanding volume.
Rewriting (19) with the help of (18) we get

d (S°p 1 d d /1
O =S PR = (%) + (S —[ =
dl('l‘)4 T 1( L r)dx<T>

d /S 3pS? . d /1
7 £ 5 T 0 DR RLLY (R
‘ ( T ) T >0 (T)

that is,

dp 1 (6} ‘ ¥
Bl Cobar s "
This relation can be directly derived from (12) and (13) by a simple manipulation
of the integrals. Then, starting from (20), we can derive (19). We will use the
constancy of

S.l
ag= T (p +¢) ‘ (21)

in our later calculations.
In the high-temperature approximation we get p=¢/3cS™* from (18).
Hence, from the constancy of o we recover the relation (5) T S™' A simple

relation like this does not hold if the high-temperature approximation is not
valid.

3. Primordial Neutrinos

From Table I we see that for T < 1.5 x 10'2K, the only particles that can be
present with appreciable number densities in thermal cquilibrium are gt ety

'

Vur Ves ¥,y and y. The baryons (p and ' n) and pions (m*, 7°) will be cooled below
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their critical temperatures T, so that for thcm the lowl-lcm.pcrfltur.c approx-
imation holds. The photons, ¢* and ji* follow their respective dlﬁl.ﬂhl'll‘lf)lnls o[l‘hc:
type (9). The neutrinos, however, require some attention, since this phase happens
to be crucial in determining the extent of their SUIj\’l\”‘}l. .

The neutrinos are absorbed, emitted, or scattered in reactions such as the
following:

e” +ut v+, et +pu" =V 4y,

- + +
v:‘+ pH-oe—v,+e, Vet pT ey, +c’,

- + +
v, +eT vtk e o, Vo te” =y e,
Vil ute—v, +et, Vst RV SaeEt

These are all examples of weak interactions. For T < T, the cross-section of

a typical reaction is of the order
Y = G- kT2
where @ = 1.4 x 10"*%ergem ™ is the weak interaction coupling constant.
From (6) and Table I, we see that the number densities of participating particles

(22)

et is of the order
(kT [ch)?,
while for muons we should take account of (17) and introduce an exponcential

damping factor of

i
cxp(—— —T£>

Thus, typical ncutrino reaction rate is

kT\? T, PSR e 23
’I=CZ<E) cxp(——Y-:)_—_izh Te=S (KT} u(p( T)‘ (23)

We must now take note of the other rate that is relevant to the maintenance of the
cquilibrium of ncutrinos — the rate at which a typical volume enclosing them

expands. From Einstein’s cquations we get
§2 10826 - 167G

7 o T
Ho 1 morgiis R s

(kT)*. (24)

H. the Hubble constant at the particular epoch, measures the rate of expansion qf
lh,c volume in question. Thus, the ratio of the reaction rate to the expansion rate is

given by

ba
i’-—\. =142 7‘1_1”2{9)2(‘_7/2(/\’7‘)3 CXp(——;‘:)
H 1
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Ty 102 K
100K expl — T

|
= TJ (& ke r==sal) |7 2-
3 "’< m) 125)

Here we have substituted the values of G, h, %, c, k, and T, and arrived at the
above numerical expression. Further, we have written the temperature using the
notation T, T},, and so on. In general, T, indicates temperatures expressed in
units of 10" K.

What does (25) tell us? As the temperature drops below 10'2 K, the exponential
decreases rapidly. This means that the reactions involving neutrinos run at slower
rate compared to the expansion rate of the universe. The neutrinos then cease to
intcract with the rest of the matter and therefore drop out of thermal equilibrium
as temperatures fall appreciably below T, = 1. How far below?

The original theory of weak interactions suggested that this temperature may
be around T, = 1.3. In the late 1960s and early 1970s, successful attempts to
unify the weak interaction with the clectromagnetic interaction led to additional
(neutral current) reactions that keep neutrinos interacting with other matter at
even lower temperatures. We state here the outcome of these investigations: that
the neutrinos can remain in thermal equilibrium down to temperatures of the
order™ I "~

However, even though necutrinos decouple themselves from the rest of the
matter, their distribution function still retains its original form with the
tempcerature dropping as T oc S™'. This is because as the universe cxpands the
momentum and energy of cach neutrino falls as ™! and the number density of
neutrinos falls as S72. Since the temperature of the rest of the mixture also drops
as $7Y and since the two temperatures were equal when the neutrinos were
coupled with the rest of the matter, they continue to remain cqual, even though
ncutrinos and the rest of the matter are no longer in interaction with one
another.*

There is, however, another epoch when the neutrino temperature begins to
differ from the temperature of the rest of the matter. We end this section with
a discussion of this important phase in the early ‘universe.

First consider the universe in the temperature range T, =1toT,, = I.Inthis
phase we have the neutrinos, the electron positron pairs, and the photons. each
with distribution functions of the type (9) in the high-temperature approximation
(see Table I). Thus

ﬁ=*5v,+5v,+€v,,+8‘=,+6,~ +e.+e

v

* Our remarks about neutrinos are meant to apply to all four species VeulWeu¥y ¥id
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Counting the various g-factors from Table I, we get

‘ 26
c = %u'l“. (26)

Thus, in this period the expansion equation is modified from our simplified
formula (1) to
$*_ 12nGa 21
52 c

and the relation (7) is changed to

i il wogivi H{“'“, (28)
~ \48nGu

which we may rewrite as
29)
. 4¢—t2 2
7 10 = 104 lstc.\nds-

However, in the next phasc the situations become cnmplic.n(cd,. as (.I\c et pairs
are no longer relativistic. Thus, the high-temperature ;mpmxmmnm.x s no lo.ngcr
valid and we have to use the full formulae (12‘) and (13). to dctcrmlrlc lh‘c 5 zmvd‘
p and the expansion rate of the universe. We \Vll'l not go into d‘clmls oflh}s phase
but, instead, jump across to its end, when the pairs have annihilated, leaving only
photons
(30)

Thus, the energy, originally in ¢t and photons, has now vested only in photons,
" ' el o e ) e
raising their number and temperature. How can we evaluate this change? It is
here that (21), telling us of the constancy of g, comes to our help.
In the relativistic phase (T, > 5) of e* we have

1

48° 11
- 3

o= —3—7[;{1:=. + €. e, ) =—alST). @31
When the e* have annihilated and left only photons, we have the photon

temperature T, given by
-a(ST,)’. (32)

1 =
We now use the result that the neutrino temperature always changes as S™*. Let

us write it as

TR H, B = constant. (33)
YOS
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Then (31) gives

11 f i)
O = —3— abB- T . (34)
Similarly (32) pives
L 3

Now in the preannihilationera T = T,,so that (34) tells us ¢ = (1 1/3)aB3. After
annihilation o must have the same value, so we may equaltceit to the value given by
(35). Thus, we arrive at the conclusion that the photon temperature at the end of
¢! annihilation has risen above the neutrino temperature by the factor

T, (112
H={—) =14
T, {4} ‘ (36)

So the present-day neutrino temperature is lower than the photon temperature
by the factor (1.4)™'. If we take the latter as ~ 3K, the former is ~ 2.1 K.

In the above calculation, we have not taken account of neutrinos having
a small but nonzero rest mass. Nor have we considered the question of the
cexistence of more than two types of ncutrinos in the primordial e¢pochs. For
example, particle physicists talk about the so-called t -neutrino associated with
the t-lepton. We will take another look at neutrinos later when we will discuss
these questions anew,

4. The Neutron/Proton Ratio

We have so far developed a picture of the carly universe that is best expressed
in the form of a time-temperature table of events, as shown in Table II.

In our discussion so far we have not paid much attention to baryons ~ the
protons and ncutrons that are also present in the mixture. In our approximation
of setting the chemical potentials to zero we took the baryon number to be zero.
The validity of the approximation depended on the baryon number density being
several orders (8 to 10) of magnitude smaller than the photon density, Never-
theless, we must now take note of the existence of baryons, however small their
number density; for we need them in order to consider Gamow’s idea of nucleo-
synthesis in the hot universe.

First notice that the temperatures T, and T, of Table I are very high, so that
the neutron and proton distribution functions follow the nonrelativistic ap-
proximations of (17).
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Table Il A time-temperature table of events preceding nucleosynthesis in the carly universe

Time since Temperature Iivents

big bang (s) (K)

S07Y > 1012 Baryons, mesons, leptons, and photons in thermal
equilibrium.

5 [0 10'2-10"" st begin to annihilate and disappear from the
e mixture. Neutrinos begin to decouple from rest of
! matter.

1072-1 1''-10'e Neutrinos decouple completely. ¢* pairs still
relativistic.

1-180 10'°-10° The pairs of ¢* annihilate and disappear, raising

the photon gas temperature to ~ 1.4 times the
temperature of neutrinos,

Thus we get

2l RN 0
N”=F<—:—"_—> exp —-7—f )

-

2 i kNP T, ‘ (37)
N":}l—j )~ CXp _T ¥

In this approximation, the neutron to proton number ratio is given by
N Il < 1.5 ) (38)
— ~ =exp| —=— ).
N = cxp< T Sl

The ratio therefore drops with lunpcrugurc,lg"(:)n})(ncm' i lent RRuO4K to
:6at T=10"K, and to 3:5 at 3 x .
ab}orloltr (Sk;gr:wiozynalll:ﬂc cq,uilibrium to be muintui.ncd, the rcnclior'ls. l(ljuu clonv'clrl.
neutrons to protons and vice-versa have to be rupld cnough comp‘ulc' loll ‘1c r1 ;
at which the universe expands. These interactions arc none olhcy than l‘u wea ~
interactions considered carlicr when we discussgd the Elpcoup_hng (jf(?.cl.].u‘lrmo?
from the rest of the primordial brew (sce SCC‘-lOIl 3). There is one iicrf:x‘mlu,
however. In discussing the decoupling of neutrinos wc;vcrc concerned mainly
with the reaction of a neutrino with leptons hk.c ek, 1 and thc‘cr"os‘sjsccu’o‘lf
¥ given by (22) was determined for such in’lcrn'cllons. Similarly, Lhc r:]d-uvl'(()in\smo(}‘
n given by (23) was obtained by multiplying by the number densitie
articipating leptons. . .

pdlr:Ltlll:;t[l)lrlé‘sl;;:lc;lsc, the cross-scction for a typical reaction like

v.+ne—e +p .
is larger than that for the pure leptonic reaction like

\'“ + ¢ > Ve its K.
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Also, the lepton densitics used in (23) were considerably higher than the nucleon
densities we are considering now. So the probability of a given nucleon
interacting with any neutrino is higher than the probability of a given neutrino
interacting with any nucleon. The result is that the effective temperature at which
n and p cease to be in thermodynamic equilibrium is lower than the effective
temperature for neutrino decoupling determined earlier.

Quantitatively, instead of £ ¢ T2 as in (22), the cross-section in the present
case goes as oc T, and the effective decoupling temperature T, at which the
reaction rate is just about equal to H is <10'° K. Note that if the universe were
expanding faster, T would be higher and the ratio N,/N, atdecoupling as given
by (38) would be higher.

Once the thermodynamic equilibrium ceases to be maintained, the N,/N, ratio
is not given by (38) but by detailed consideration of specific reactions involving
the nucleons.

As the universe cooled further, this ratio was thercfore determined by the
reactions that change protons to neutrons and vice-versa. These are essentially
weak interactions of the type

n=+y «p+ter, N ¢ pt e’ 47,

The reaction rates arc therefore determined by the cross-sections computed
according to the weak interaction theory. Until the clectro-weak gauge theory
became established in the late 1970s, the V-A theory of weak interaction was used
for these computations. We will not go into details of the calculation here, the
purpose of which is to come up with a differential cquation for the ratio

N

o= o (39)

"
Il 2 (n =+ p) denotes the rate at which neutrons are converted to protons and
A(p = n) the corresponding rate for protons changing to ncutrons, then clearly X |

satisfics the equation
dx,
dt

=(1 —=X.)Ap—n) = X -A(n - p). (40)

The rates A depend on distribution functions of leptons, which in turn depend
on the temperature, which is related to the scale factor of the expanding universe.
The integration of (40) has to be done numerically, and it is continued until all ¢ *
pairs have dropped out of the mixture — which happens at T 2 10” K.

Whenalle* have disappeared, it is still possible for the neutron to decay via the
reaction

n-op+e +v,

with a characteristic time t = 1013 s. So from the time the pairs disappear to the

onset of nucleosynthesis, the neutron ratio X, will decrease by the exponential
factor exp(—t/7).
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Thus, the ratio of neutrons to protons is uniquely determined at the time
nucleosynthesis begins, once we know all the parameters of the weak interaction
process. This is one good aspect of primordial nucleosynthesis theory, which we

will now proceed to discuss.

5. The Synthesis of Helium and Other Nuclei

A typical nucleus Q is described by two quantities A = atomic mass and
. . . *
Z = atomic number, and is written

4

L0

L .
This nucleus has Z protons and (4-Z) neutrons. If m, is the mass of the nucleus, its
binding energy is given by

By =[Zm, + (A = Z)m, — my]c?. 1)

I.et us now consider a unit volume of cosmological medium containing N,
nucleons, bound or free. Since the masses of protons and neutrons are nearly

] ! e o
equal, we may denote the typical nucleon mass by m. husm, ~ m, = m. Il there
are N, free neutrons and N free protons in the mixture

= N, X i N (42)
n NN' P NN
will denote the fractions by weight of free neutrons and free protons. l.le typical
bound nucleus Q has atomic mass A and there are N, of them in our unit volume,
we may denote the weight fraction of Q by
B (43)
Q ™ N. - )
N
Now at very high temperatures (T > 10'° K), the nuclei are expected to be in
thermal equilibrium. However, even at lhgsc temperatures, T « I,‘O, and (1117)
holds. Further, since we are now concerned with relative number densities, we can

Y

no longer ignore the chemical potentials. Thus,

BTV iy e’ "
No= Uq<’:§7,'z") expl == ) )

where we reinstated the chemical potentials pg,. Since chemical potentials are
conserved in nuclear reactions,

Bo=Zpu, +(d — ), (45)
assuming that the nuclei were built out of neutrons and protons by nuclear
reactions.

* Sometimes the suflin Z is suppressed.,

e e i
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The unknown chemical potentials can be eliminated between (44) and similar
relations for N, and N,. The result is expressed in this form

B,
Fom S g B, s
where
. mkT\ 32
=5 @)

For an appreciable buildup of complex nuclei, T must drop to a low enough
value to make exp (B/kT') large enough to compensate for the smallness of &4,
This happens for nucleus Q when T has dropped down to

A B,

T kA= Dnel (48)

Let us consider what happens when we apply the above formula to the nucleus
of *He. The binding energy of this nucleus is =43 x 10-3 erg. If we substitute
this value in (48) and estimate Ny from the presently observed value of nucleon
density of around 10 ¢ ¢m ™3, we find that Thisaslowas ~3 x 102K, However,
at this low temperature the number densities of participating nucleons are so low
that four-body encounters leading to the formation of *He are extremely rare,
Thus, the underlying assumption of thermodynamic cquilibrium (which requires
frequent collisions) leading to (48) becomes invalid. We therefore need to proceed
in a less ambitious fashion in order to describe the buildup of complex nuclei.

Hence, we try using two-body collisions (which are not so rare) to describe the
buildup of heavier nuclei. Thus deuterium (d), tritium (*H), and helium (*He, *He)
are formed via reactions like

p+ned+y,
d +d <« He + n s >H + p, ; (49)
’H + d « *He + n.

Since formation of deuterium involves only two-body collisions, it quickly
reaches its equilibrium abundance as given by

v i i aen( Se S0
‘ d—:/i‘ pa G EXp kT /) ) (50)

However, the binding energy B, of deuterium is low so that unless T drops to less
than 10°K, X, is not high enough to start further reactions leading to *H, 3He,
and *He. In fact, the reactions given in (49) with the exception of the first one do
not proceed fast enouph until the temperature has dropped to ~8 x 10K,
Although at such temperatures, nucleosynthesis doces proceed rapidly enough,
it cannot go beyond *He. This is because there are no stable nuclei with 4 = 5 or
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8, and this means we cannot go on adding neutrons and protons to build nuclei
heavier than *He. So the process terminates there. Detailed calculations by
several authors have now established this result quite firmly.

So starting with primordial ncutrons and protons, we end up finally with *He
nuclei and free protons. All neutrons have been gobbled up by helium nuclei.
Thus, if we consider the fraction by weight of primordial helium, it is very simply
related to the quantity X, — the neutron concentration before nucleosynthesis
began. Denoting this fraction by weight by the symbol Y, we get

Y =12X.. (51)

In Figure 1 the cosmic weight fractions of *He, *He, and 2H and so on are plotted
against a paramecter 1 defined by

= Po _3_ e -
i <2.7 x 10726 gcm"><7‘0> ' (52)

Thus, 5 essentially measures the nucleon density in the carly universe through the
formula

T3 (53)

Note that the *He weight fraction is insensitive to the parameter 7. This is
because, as we saw just now, it only depends on X ; which in turn depends more
critically on the epoch when the weak interactions rate fell below the expansion
rate. If we go back to (38), we sce that in the very carly stages the neutron/proton
ratio depends on temperature T,. A faster expansion rate implies that the ratio
becomes frozen at a higher temperature and so is higher, thus Icading to a higher
4He abundance. However, the expansion rate in the carly stage does not depend
sensitively on the parameter 7. This is why the curve for *He in Figure 1is nearly
flat, with Y in the neighborhood of 0.25.

In contrast to the behavior of Y, the abundances of other nuclei critically
depend on #. These abundances are very small compared to Y. Only deuterium
and 3He eventually survive; *H (tritium) decays to *He. Of nuclei heavier than
*He, only "Li (lithium) appcars with any appreciable quantitics, although smaller
than 3He. The most interesting situation exists for deuterium, whose abundance
sharply drops as 1 rises above 107*. For T, = 3K, this corresponds to

po~27 %107 gem™3, (54)

p=nT3,

Comparing this with the densities of Friedmann models, we see that for hy =1,
Q, < 0.12 and. hence, g, < 0.06. Here we have used the present Hubble constant
1, as 100 iy kmes ' Mpe band L = p,, /elosure density. ¢, is the deceleration
parameter, Therefore, if even a small amount of deuterium believed to be
primordial in origin were found, Fricdmann models of the closed variety would
be ruled out. There is, however, a loophole in this argument to which we will
return later.

We can sum up by saying that Gamow’s expectation that the carly hot universe
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would synthesize all types of nuclei has been only partially fulfilled. To obtain
complex nuclei heavier than *He (and possible "Li), astrophysicists have to look
to ol}.lcr sources: the stars. (In Figure 1, the primordial production of nuclei with
atomic weights exceeding 11 is shown by the curve 4 > 12.)

6. The Micrownve Backpround

hCvamow and his colleagues Alpher and Herman made another prediction
”owc!vcr, that appears to have reccived confirmation. This is the prediction that
1¢ photons of the carly hot era would have cooled down to provide a thermal
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radiation background in the microwaves. As mentioned earlier, §uch radiation
was first detected in 1965 by Penzias and Wilson..To see how this background
forms we have to follow our history of the carly universe to stages subsequent to

ACOSY SIS, "l
n“’kl'lltl:l\c'\r:::]fknbuscluosyn(hcsis took place when tlu,t temperature was around !0 ’ K.
The universe in subsequent phases cooled as it c:_&p:mdcd \\'ll]? the rlufl.m.um?
temperature dropping as § ' The prcscncc‘ of nuclei, frccl protons, u-nd LIL,LF“)I-"SI
did not have much effect on the dynamics of lhg universe, which was stil
radiation-dominated. However, these particles, espeC{ally the l'lgl.ltest of them, th.e
electrons, acted as scattering centers for the ambient l'ildl:lllO!l and kept it
thermalized. The universe was thercfore quite opaque to start W‘Ilh. .

However, as the universe cooled, lhc. electron-proton el‘cclrlc‘zll)atlr:flul)rt
began to assertitsell In detailed caleulations performed by 1% J. l I ccblius, .l e
mixture of electrons and protons and of hyfirogcxm atoms was SllldlCC‘i at varying
temperatures. Because of Coulomp attraction between lht.: clc‘clrorll ‘;l‘)d. prgl.on',
the hydrogen atom has a certain bindng energy B. The ploblun. ~0. « L?Ll:lnl;]llllb.
the relative number densities of free electrons, free protons (that is, ions), .l!)‘( t u:
neutral H-atoms in thermal equilibrium is therefore un;lllogous to that which we
considered carlier in deriving (46) in Section 5 for the mlxlur.c of free and bou.nd
nucleons. Following the same method, we arrive at the following formula rclutu‘lg
the number densities of electrons (N ), protons (N, = N,), and H-atoms (N,,) at
a given temperature T:

12 T\ 32
s 8 ———’”‘AT\) exp ——li> (55)
Ny 2ah? kT
wherem, = clectron mass. (This equation is a particular case of Saha's ionization
<
cquation.)

Writing Ny for the total baryon number density, we may cxpress the fraction of
ionization by the ratio

) s NC
2 Ny
Then, since Ny, = Ny — N, we get from (55)
e cxp("‘li)‘ (56)
T=x "N, (31[/12 k1

For the H-atom, B = 13.59 ¢V. Substituting for'various quantities on the right-
hand side of (56). we can solve for x as a function of T. The results showo(t)h]zt
x drops sharply from | to near zero il.I the temperature range 02f ~:5()0.() ’to 25l o r,
depending on the value of Ny, that |s’, on the parameter Qi hg. For example, fo
Quhd = 0.1, x = 0003 at T = 3000 K. ’ i >
Thus, by this time most of the free elc.ctrons have bcc.n removed from t 10,
cosmological brew and, as a result, the main agent responsible for the scattering

S
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of radiation disappears from the scene. The universe becomes effectively
transparent to radiation. This is called the ‘recombination epoch’,

The transparency of the universe means a light photon can go a long way
(~«¢/H) without being absorbed or scattered. Therefore, this epoch signifies the
beginning of the new phase when matter and radiation become decoupled. This. |
phase has lasted up to (he presentepoch. During this phase, the [requency of each
photon is redshifted according to the rule

I
lOCE.

while the number density of photons falls as

1
NYOC§3.

Itis casy to sce that under these conditions the photon distribution function
preserves the Planckian form with the temperature dropping as

T o

Ll -

A present background temperature of ~3 K therefore means that the epoch when
matter decoupled from radiation corresponds to a redshift of ~ 102, However, we
also find that the universe also changed over from being radiation-dominated to
matter-dominated around the same cpoch. Why the transition from opaquencss
to transparency and from radiation domination to matter domination should
take place around the same time is at present unexplained and must be
considered a coincidence,

Another result, as yet unexplained by early universe physics, is the observed
ratio of photons to baryons

il TR
oo 7 & 2= () .
N, 4.57 x 10 (Q,h3) (3 > (57)

This ratio has been conserved since the time the universe became essentially
transparent, although both N, and N, can be studied theoretically at even earlier
epochs. Why the above ratio and no other? Later we will discuss some ideas from
particle physics that are intended to throw light on this mystery.

The important signature of the relic radiation is, however, its spectrum, In
addition, we will consider a few effects that may cause small perturbations of the
radiation background. But these apart, we should find the background spectrum
to be very close to the Planckian form. Observations to date confirm this
prediction with T =20K,
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7. Anisotropics of the Microwave Background

Assuming that the microwave background is the relic of a hot big bang, lhlc.rc arc
two typc; of anisotropies that, il found, should give us clues to ll}c carlyd ;)lsllo‘rvy
of the universe, espevially about the recombination era. They are discussed below.

7.1. Small-Angle Anisotropy

Theories of galaxy formation place lower limits on the fluctuations of 8{)/;), the
density contrast at the recombination cpoch. Assuming that the ﬂucluatljps are
adiabatic, the particle number density will vary ‘as the cube of the radiation

temperature, therefore

oT 1 d}) ) (58)
(7),-3G)r ,

where the subscript R denotes the rccombinfllion cpoch. i v

Since the universe is optically thin after this epoch, these ﬂuclua](.lox;'s W fn,.,l
imprinted on the radiation background and would be obscrvc'd ul) t gs (:iour;d
is, if we sweep across the sky we should see ups ;mFI downs m.t 1; l:c ’l;l,ion .
temperature. What should be the order of m:\gmludf: 9[ this I’uc.'u: i
temperature at the present epoch? Over what characteristic angular size s

/ ctuations? ’
wcS?rgspclrcvfhgéisigsfz:' galaxy formation suggest that “—/i sho'uk'l have prcsu;nltl-cd;)i
fluctuations of (T, T) in the range ~3 ><-|0'3 to 107 This is of course tr
the assumption of optical thinness mcnU(.)ncd. before.

The typical angular size of the fluctuation is

M 173 i (59)
= e (hoqd)'"? arcsec,
(49) 23(10“ Mo)
where M is the typical galaxy mass. Thus, galaxy formation should Icu_vc a
characteristic patchiness of the angular size ~20 arcsec. AC(UlilﬁOl?;lcrY“llOl:Ti
however, reveal no fluctuations down to A T/T < 5 x l.O + These..ny

observations severely constrain the theories of galaxy formation.

7.2.  Large-Angle Anisotropy

Particle horizons restrict the distances over which physical Siglj“ls-c”“~::u1v$vl.i(l|:
could be argued that the universe mity not have hccn.Ilt)lll()gcl'litl)lls l(: ?.;]xcil :
(as presumed by the cosmological principle), but that it achicvec ' u.ulm },::L OChylhz
physical transport of energy and momentum. In lh.ul case, at any gnc.nl phorizon
size of a homogeneous region cannot exceed the diameter of the particle

at that epoch.
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Since the last time that there occurred a thorough mixing of the radiation
background was at the cpoch of redshift z,, it would be relevant to ask what the
size of the particle horizon was at thatepoch. Calculations show that the diameter
of the horizon was

d 4c it 2q0 -1 o
= — s A
H Hy(l + :R)m 2g,(1 + zp)

for the model with do > 1/2. Similar results can be obtained for do < 1/2.
The angle 0,; subtended by the horizon at us is given by

vt 0” oy o/ 1 + 2qozR phi
o =———— 0V T dofp
Gozg + (g0 — {1 + 20025 = 1}

For large redshift, g ~ 1000, (61) can be approximated to give

2
O ~ 2 # ~ 5° Vdo. (62)

“R

The small angle coming out of this analysis implies that if the radiation
background was thermalized at an carly epoch such as g = 1000, the smallness
of particle horizons should lead to a patchiness in the present intensity
distribution across the sky. Is such patchiness observed? Again, observations
show a null result. Thus, the observed smoothness of the microwave background
is at present a great embarrassment to theorists,

8. Cosmology and Particle Physics

We have so far discussed (he propertics of the big bang universe starting from the
cpoch in which it was ~ 107 sec old, when a mixture of baryons, mesons,
leptons. and photons was in thermodynamic equilibrium with a temperature of
~10'* K. We discussed how this hot primordial gas evolyed as the universe
expanded and cooled down. We ended ourstory with the formation of the helium
nucleus, by which time the universe was ~3 minufes old.

In the 1960s the above range of epochs would have been considered as
describing the carly universe, Today the implication of this phrase has changed.
The *early universe’ now implics the era preceding the above phase, when matter
was in an even more elementary form than that considered above, The reason for
this shift lies less in any development in cosmology than in particle physics. The
remarkable developments in particle physics, which Signily progress towirds
A unification of the bhasic interactions of physics, have found their echoes in
cosmology,

So far. particle physicists have relied on the use of powerful accelerators to
Study the interaction of particles at high energy. From clementary quantum
theory. it follows that to be able to probe smaller and smaller distances, higher
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and higher momenta must be achieved. Thus, high-energy accelerators are
required in order to probe the structure of particles like the proton or the pion.
The present accelerators achieve encrgies of the oder of a few tens or hundreds of
GeV(1 GeV = 10° eV).

In theories of unification, however, interesting phenomena are predicted at
encrpics ~ 10" GeV. Fnergy ranging as high as this value is far beyond what
could be achieved by present technology.

It is against this background that particle physicists have turned to cosmology
in the realization that the carly hot universe is the poor man’s high-energy
accelerator. This is not the first time physicists have turned to astronomy in order
to study the behavior of basic physical processes under conditions unattainable
in a terrestrial laboratory. Even before thermal fusion could be achicved on the
Earth, physicists were studying the process inside stars.

Naturally, the interplay of cosmology and particle physics that we plan to
discuss in this section in highly speculative on both fronts. It depends on the
validity of the cosmological model and on the viability of (as yet fluid) ideas of
particle physics. This should be borne in mind throughout the various
calculations given here.

Let us first consider what particles might exist in the carly universe, out of
which the baryons and mesons are formed. This information is supplicd by
particle physics.

The masses of particles like quarks, leptons ete. are expressed in the unit of
McV (1 McV = 10°eV). We have so far not introduced this unit. It is convenient
to do so now, since we shall be using many ideas from particle physics where this
unit is commonly used. Thus, for cach mass m expressed in grams, mc? is energy
expressed in ergs. We then use the following conversion scale:

I MceV = 1.6021917 x 10° erg.
Further, since we are going to describe the hot universe, it is also convenicent to

express the temperature in the same unit. Thus, for T expressed in Kelvin, kT is
energy expressed in ergs, which can be written in units of MeV. We thercfore have

| gram = 5.618 x 10?° MeV,
1 Kelvin = 8617 x 10" MeV,

Although these conversion factors involve many powers of 10, they show why the
MeV is a good unit for the early universe. For example, a temperature of the order
of 102K is a few MecV.
We end this section by recalling from carlier work the result that relates the
temperature of the universe Lo its age and is given by the Einstein equation
N2
., (63)

Svis1o8

If there are bosons with a total g, of g-factors and fermions with a total g, of
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S1
g-factors, then
Jo. 4

pct.=tgaT (64)
with

g =gy dag. (65)
Thus, we have for g == constant

S o 2
with i

. < 3¢ )1/2 s

16nGa ; : (67)

This relation can be expressed in MeV as

biccang = 249~ 12 T2 . (68)

9.  Survival of Massive Particles

Wc will bcgi{l with a simple extrapolation of the approach adopted carlier, W
wnll. assume n this scction that quarks have combined to form '1rt‘i fll-t'r. i
an[xparlnclf:s) and investigate the criteria that determine the survi\[f)"ll o; i
c1‘1]ar. specics of particles. In the ideal gas approximation »;/c-will. assume
distribution functions to be those given by (9). In t};c rchtiv"‘-S?l*”m'(hc
temperature) approximation of Section 2 ' g

2, we have the following for 3
' ek ik i ) mu
a number density of particles of specics A: ‘ -

2! cT\3
N, = ny 4 N_r =1y, —? <I‘_,£> .
B \eEh

and
a parti-

(69)

;\"hcr.e N, is the number density of photons and n=
crmions. In the nonrelativistic approximation, we get

N, = (’1’;&1’)’” expf =
h 2n ' kT ) (70)

Thc. {1551:m;)!i01} leading to (69) or (70)
cqmllbrium with the rest of the P
mye k, while for (70) 1o hold w

1/2 for bosons and § for

is that the specics is in thermodynamic
articles. For (69) to hold we need T » T, =
must hold if species 4 has :u]lipubrlsilgl(::ls‘”;li hll:)lbh\l ii;cz"'. .!"xf‘Clly B e
Boing to use these formulae for b:lry()ns-protons" und‘ l:L(:Ill::T):;/L -,”b Sl\;C“lUil”)'
- to be a fermion. Thus, y = 3/8. ches

In general, 4 and T m

assume

ay annihilate if they are brought together. In a typical
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reaction, two photons will be produced
A+ A-y+ (1)

A comparison of the reaction rate with the rate of expansion of the universe
finally yiclds the surviving baryon to photon ratio as

&:ZX for < (72)
N)'

Compare this with the observed range:

T\ -3

%ﬁ ~2x107? (Qohﬁ)<%9> . (73)
v |

Since Ty ~ 3 and Q,hd is not expected to be lower than ~ 1072 under the most
extreme case, we have a large discrepancy to account for. There is onc further
point of criticism. If we are sure that the universe is made up predominantly of
matter, then N, » Ny and the formula (73) applies N (= N, — N; = baryon
number density). However, our analysis so far is symmetric between matter and
antimatter and so leads to N, = N Clearly new inputs are necessary in the
discussion given above if we are to understand why N o N jand why N (/N is
as high as indicated by (73).

10. Problems of the Very Early Universe

The baryon to photon ratio described above poses a problem to be solved by the
scenarios purporting to describe the very carly universe. Itis clear that new inputs
are needed to understand the observed ratio N /N ..

On the observational side, our understanding of the material composition of
the universe is largely based on the data provided by the electromagnetic
radiation. Since this radiation treats matter and antimatter in a symmetrical
manner, the distinction between the two cannot be made by this method. Cosmic
rays in the Galaxy and the Local Group of galaxics may be used to argue that we
are living in a matter dominated arca. But for remote parts of the universe, the
assumption of a net baryon number corresponding to (73) is largely a conjecture.

Assuming that (73) is characteristic of the whole universe, we sce that new
inputs are needed. such as (i) the possibility of baryon nonconserving processes in
particle physics, (it the probable lack of thermodynamic equilibrium in the
processes of the very early universe, and (iii) a likely asymmetry between matter
and antimatter at very high energics.

The Grand Upitied Theories (GUTs) and other versions of unification
attempts are therefore likely to play animportantrole in explaining NN, Ton
example, the simple SU(S) model has been used to bring this ratio in the range

10712 — 10~ * which includes the observed range (73). However, since the GUTs
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themselves arcin a state of flux so far as their final form isconcerned, it is too early
to say that the problem of explaining N ,/N, has been solved '

I'he other important m i
ant problems of the very early universe a i i
3 I / CUSSEe
i y are bricfly discussed

10.1.  The Horizon Problem

l.n the very carly universe, the size of the particle horizon was exteremely small. At
{1"”“‘ ; ?‘() 'Ehc particle horizon restricts the range of communication to ~ cr. At
= 10""GeV, g ~ 100 (values characteristic of GUTSs-cpoch) we get from (68)

t~ 103,

Correspondingly, the horizon range is R, ~ 3 x 10727 cm. As the temperature
dropped from 10" GeV to the present value of 3K ~ 2.6 x 10713 GeV, the size
R, would have expanded to , y

1**

Ry x e
2,0,% 10~12

~ 10 cm.

C.onn‘).'lrcd to the present size, ~10*%cm, this is extremely small; thus
highlighting the fact that unless the initial composi(im; of lhcy u::ill"l‘ "'l ]‘l'lS
homogencous, the horizon cannot allow homogencity to be c%t'll)lis'thrJLl‘l\l\tls
Clcarly.;l departure from the dynamics of standard model js ncc;JL:d t(; clim'; 'Llr:
the horizon cflect. Later articles will offer solutions through inflation (P;mlcll‘llzlt

pakesan, Chapter 17) and quantum cosmology (Padmanabhan, Chapter 18).

10.2. The Flatness Problem

Consider the ficld cquation

Ef 3 ke? _ 8aGp
ST (74

I L erie Stonid
1 the .L.HI_V tiverse scenario, we neglected the ‘curvature term' ke?/s® in
comparison with the dynamical term $?/S2. The ratio of the two terms

F o 5“_2_/52 _ A
SysT == 0 (73)

as § - o in standard hig bang models: so the approximation was justified
However, as first pomted out by Dicke and Peebles in 1979 ltlu;l |T l'mlj' i

'cumpnml\lf' to-unity at presentand this corresponds to an c.\'llcm‘cly slni"ll'l“\‘ | |‘I

att = Is. Fort = 107" s, F may be as small as 10~ 50, Thus, the prcséné slz\;::lcl)}

thc .V See v 1 1 cm 1
universe seems to h:l € arisen from an extr c line [Uning ()f th curvature
¢
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term to the value zero. In other words, all observationally permitted Friedmann
models seem to be bunched round the flat k = 0 model to within a very narrow
range. Why should this be so? Again inflation and quantum cosmology will offer
alternative scenarios to explain this ellect.

10.3. The Monopole Problem

GUTSs scem to imply the existence of a magnetic monopole type solution,
Monopoles appear to be inevitable consequences of GUTs and once created they
are hard to get rid of. Their present density can be estimated as follows.
Since the particle horizon restricts a monopole solution to a region < Ry, the
: = =3 —— &
monopole number density at ¢ = 1077 s was ~ Ry >. By expansion, lhlb‘bhullld
3 i [¢ o
fall to (10 cm) ™3, as we saw earlier. But the mass of the monopoleis ~10'° GeV,
i.c., 0.2 x 1077 gm. This gives us the monopole mass density at the present epoch
as
~2x 107" gmem™3
Py =2x% | 2n :
: -29 8 @1 B
This is far greater than the closure density of ~ 10 gm cm ™2, Clearly there is
something wrong with the monopole survival scenario! The inflationary universe
olfers a way out of this difliculty.

10.4.  Galaxy Formation

Despite numerous attempts the detailed scenario of galaxy formation still eludes
the theoreticians, Considerable complexity and arbitrariness has now entered the
picture because (a) there is some astronomical evidence ll.m.l there s dark matter
in the universe, probably in considerable excess over the visible muu}cr and (b.) the
GUTs and SUSY offer several candidates for dark matter, e.g. massive neutrinos,
gravitinos, photinos. etc., as well as other massive particles that may dcca)( in
short timescales. In addition, the inflationary scenarios of various kinds bring
fresh inputs to the galaxy-formation problem. il o

The observed smoothness of the microwave background is still the biggest
stumbling block to such theories. In addition, there appears to be problcm from
massive neutrinos also in that their background induces galaxy formation on
a much more clumpy state than observed.

10.5.  Massive Neutrinos
Recent experiments in the U.S.S.R. suggest that neutrinos may indeed have

a small rest mass. This possibility opens up a number of interesting astrophysical
consequences. As early as 1972, R. Cowsik and J. McClelland had conjectured

Relics of the Big Bang

fo =)
N

that the ‘missing mass’ in the universe (that is, the difference between poand p
may be accounted for by relic neutrinos. What can we say tod
possibility? (py = mass density of nucleons.
N ¥y

Let us do the caleulations taking ¢ = 1 even for massjve neutrinos. If the rest
mass of the neutrino is larger than ~2 x 10* eV, they will have small random
velocities today. Since experiments suggest m of the order of a few electron volts,
we will write

m, = M (eV).

~)
ay about such a

From Table I we know that the number density of neutrinos is 3/8 of the
number density of photons of the same temperature. We also know that the

number density of photons goes as the cube of the photon temperature. Since in
the post (¢* — e ™) annihilation phase

T.\? 4
‘1; =17 (76)
we get the present number density of neutrinos as

N, 3
V), =57 (77)

Putting everything together, the mass density of neutrinos at present may be
cxpressed as

Pe = 2 .Q,p., (78)
where X denotes sum over all types of neutrinos and :
M, R
Q, == 4150<3,> hi 2, (79)

Comparing (54) with (79), we sce that 20Q
such a modest value of M
above result as

> m, = 15cV.

all
specics

v exceeds the upper limit on Q. even for
v as 1.5, If we include all neutrino specics, we get the

Very massive neutrinos will prove emb
neutrinos (which means Ver Voo VoV, v W), have on average a mass of ~25¢V,
then £Q is close to 1. Larger masses than this value and/or increase in the
number of relic neutrino species would increase £Q, and the overall Q beyond the
closure value Q = 1. As seen in genceral, closed universes have shorterages, and an
overall age < ~ 6 x 10” years may be embarrassingly small in reality. It has
.bcenksiiggcsted that under such circumstances, /-cosmologies might have to be
invoked.

These calculations illustrate how

arrassing for big-bang cosmology. If all

astrophysics may provide valuable con-
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straints on propertics of clementary particles. We end with another such
straint coming {rom neutrinos. .

CO;]lilé‘:lclt]ilo(;m(:zlgid 5 we found that the primordial helium producl:gn depends
on the terminal value of N,/N,, and th.nt this value goes up 1.Hhc l.llll\”CrSC wcr.c‘:
expanding faster at that epoch. Thus, it could happen that if there were Zjnolxt
ncutrino flavours (say = 3) then the value 9[ the ‘g-lector wou’ld go up and the
universe would expand faster so that the primordial Vill}lc o.f Y would cxcc.cd. all
rcasonable bounds [rom observations. Thus, cosmlologls%s Impose a restriction
on particle theories if their picture of the early universe is to be valid.,
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6. An Approach to Anisotropic
Cosmologies

A. K. RAYCHAUDHURI
Department of Physics, Presidency College, Calcurta 700 073, India

1. Motivation

It is perhaps not wrong to consider Einstein’s 1917 paper on cosmology as the
beginning of modern cosmology. It was a peculiar beginning for a branch of
physics. Normally, one has some observational data and the theoretician goes on
to build up a structure with a minimum of ad-hoc assumptions which help to
systematize and ‘explain’ the data. In 1917, Einstein had hardly any observational
data to explain and the little he had, he chose to ignore. Even at that time, it was

from celestial bodies and, thanks to the ideas of the special theory of relativity,
this could be understood as a continuous change in the distribution of sources of
gravitation. Besides, it was already known that matter and radiation, even of the
same energy density, differ in their energy-stress tensor. All this was enough to
indicate that the universe, even il in equilibrium at the same stage, would not
continue in that state. Yet Einstein adopted the assumption of a static universe
which was also uniform in space and isotropic,

Later, the assumption of static nature had to be given up to accommodate the
Hubble shift of spectral lines from distant galaxies, but the assumptions of spatial
homogeneity and isotropy still form the cornerstone of standard cosmology.
Indeed, while for a long time there was little empirical cvidence in favour of these
assumptions, the microwave radiation background is commonly thought to have
brought powerful support for the isotropic models.

But if standard cosmology, were completely successful, there would hardly
be any need to explore other models of the universe, except perhaps for
mathematical recreation. Here and there, however, doubts and difficultics remain
and anisotropic models have been investigated at different stages in the hope that
they may smooth out these difliculties. We just make mention of the problems
that plague standard cosmology and give the motivation for the study of
anisotropic models: :

(@) The big bang singularity
Standard cosmology gives, for the metric of the universe*,

* : : . :
In the following equation and in some of the subsequent onces, the upper and the lower signs
correspond, respectively, to the metric signature (4 — — —)and (— + + +).
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