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I. INTRODUCTION

At the time of the first Texas Symposium in 1963, the field which I
am now about to discuss, did not yet exist. Major topics at that
symposium revolved around qurasi-stellar sources, massive stars and
gravitational collapse. The state of cosmology at that time was also in
sharp contrast with our present views. After all, the First Texas
Symposium was held before the discovery of the 3°K microwave background

1)

radiation by Penzias and Wilson. Discussions on cosmelogy still
centered on trying to determine a basic cosmological model, the
steady-state theory or the big bang. Only since the discovery of the
microwave background, have efforts been concentrated on the bilg bang
model, i.e. our Universe has evolved from a once very hot and very dense
epoch.

Traced backwards, the 3°K photon background gives us information
about the 6niverse when those photons were last in thermal contact with
each other; when the age ¢of the Universe was about 105 yrs and 1Its
temperature about 10“°K. Our next single most Important piece of
evidence regarding our hot past comes from the abundances of the light
elements. As early as the 1940's, nuclear physics began to play a role
in cosmology when it was realizedz) that if owur Universe began with
temperatures in excess of 1 MeV or TO1O°K, nucleosynthesis would have
occurred and in particular the abundance of uHe can be calculated. The
fact that big bang nucleosynthesis agrees with the observed abundances
of the light elements gives us added proof of our hot beginnings. Big
bang nucleosynthesis began when the age of the Universe was about one

second.



Cosmology today does not stop at t = ls, Indeed "reasonable"
statements begin at the Planck epoch or when tu = 10-“& 3. In this
review, I hope to highlight our current understanding of the various

stages in the evolution of the Universe from t - 10_“ 5 to the period of

galaxy formation at t > 105

yrs. I will try to follow a chronological
order for the discussion. Therefore, I will begin briefly (as I do not
believe that too much can actually be said realistically) with the
Planck epoch. In section 3, I will discuss the inflationary epoch. 1In
section 4, I will review the present status of big bang baryosynthesis
i,e., the origin of the apparent slight exceas of baryons Qver
antibaryons. This is perhaps our third most reliable piece of evidence
indicating a hot big bang. I will review the present status of big bang
nucleosynthesis in section 5 and discuss why I feel it is one of the
greatest successes of the standard big bang model. Finally, in
section 6, I will review the present role of particles in the Universé.
That 1is their effects on galaxy formation and constraints from present
observations that can be placed on particle properties,

Throughout this paper I will be using units such that
h=c= kB = 1 and all masses will be given in GeV (unless specifically

noted otherwise).

II. THE PLANCK ERA

The Planck era is defined as the epoch when energy scales become
comparable to the Planck mass Mp = 1,22 x 1019 GeV. At these energies,
one expects gravitational interactions to become comparable to other

particle Interactions, G, = M;z' The age of the Universe at this point

N
1 u”s. Cosmology at or above Mp, must rely on a deep

istusﬂp“5X1O



understanding of gravitational interactions, At the present, such
theories are not yet available and cosmclogical models begin to get very
fuzzy (or foamy?3)). There are however several approaches to attack this
problem which I will very briefly describe, These include quantum
gravity, Kaluza-Klein theories and supergravity.

Quantum gravity”)

is an attempt to describe gravitational
interactions at the same level as is possible for the strong, weak and
electromagnetic interactions. 1In the context of the early Universe,
quantum gravitaticonal effects on particle production have been
discussedS) for isotropic as well as anisoﬁropic models. Initial
conditions such as the primordial wave function of the Universeé) have
also been put forward in this context.

Kaluza-Klein theories7) which began in the 1920's, have awoken
interest again recently.a) The basic idea is that one associates gauge
interactions with extra dimensicns. Or rather, one begins with a 4 + d
dimensional theory and one tries to reduce it to a 4-dimensional
space-time with the compactified Aimensions acting like gauge
interactions, For example, to account for the U{1) gauge group for
electromagnetic interactions one must simply go to 5 dimensicns. For a
SU(5) grand unified theory (GUT) one needs > 11 dimensions. A major
problem concerning these theories is that they contain only real-field
representations for particles.g) The =standard low energy theory of
electroweak interactions however contains chiral fields (i.e., there are
left-handed and right-handed helicity representations). Hence
Kaluza-Klein theories could not provide a true unified theory which

includes the standard low energy world. These theories have been useful

however in that they have begun to establish a formalism for treating



(and compactifying) extra dimensions which may be present In the more
hopeful supergravity or superstring theories. For a review of the
cosmological applications of Kaluza-Klein thecries see ref. 10.

Supersymmetry11)

is a symmetry between bosons and fermions,
Besides its beauty as a symmetry of néture, it has gained most of its
popularity through its resolution of what 1Is known as the gauge
hierarchy problem in standard GUTs. Very simply, the gauge hierarchy
problem i3 the problem concerning mass scales which arise in a theory.

For example the weak interaction scale is Mw -~ 102

GeV while the GUT
scale is Mx - 1015 GeV. The problem 1is why are these scales 30
different. Furthermore, a technical problem arises when one considers
radiative corrections to these scales. Radiative corrections to the
weak mass scale will tend to be as large as the GUT scale and must
therefore be cancelled with enormous precision, and to many orders 1in
perturbations theory.

Although such a cancellation is possible, it is not at all natural.
Supersymmetry resolves12) this difficulty in the sense that one can show
that these radiative corrections vanish exactly.13) Thus the weak scale
of 10 GeV is said to be stable with respect to radiative corrections.

The most striking effect of making a model supersymmetric, is that
one essentially doubles the number of known particles. To all spin 1
particles such as the photon or gluons one adds spin 1/2 partners called
photinos and gluinos; to all spin 1/2 leptons and quarks one adds spin O
partners, sleptons (such as the selectron) and squarks. Spin 0 Higgs
bosons are paired up with spin 1/2 Higgsinos. If supersymmetry is made

local (supergravity), then the theory Incorporates gravity as well and

hence the spin 2 graviton is joined to a spin 3/2 gravitino.



If supersymmetry were an exact symmetry of nature, the
supersymmetric partners would have identical properties (except for
spin) and hence the selectron mass would be degenerate with the electron
mass. However charged spin 0 particles with a mass of 511 keV have not
been observed. Hence supersymmetry must be broken. In order ¢to
preserve the gauge hierarchy the corrections to scalar masses must be
kept as small as 102 GeV. These corrections turn out to be proportional
to the gravitino massTu) which 18 related to the supersymmetry breaking

scale by

2
B3s0 = Mg/My (2.1)

where Mp = 1.2 x 1019 GeV is the Planck mass. Thus HS < 1010 GeV.

Low energy local N=1 supergravity has been studied extensively.15)
At the Planck scale, there are many questions still_to be answered. For
example, where did this effective low energy N=1 theory come from.
Several possibilities have been put forward. The true theory might be
an N=8 supergravity16) (the largest possible in four dimensions) which
breaks down to an N=1. N>1 supergravity theories however, do not
contain chiral fields and must be written in terms of constituent
particles (preons) which confine at the Planck scale to ordinary
particles.17) More recently, N=1 supergravity theories expressed in
terms of 10-dimensional strings (superstrings)18) have drawn much
interest in that they seem to be free of problems concerning infinities
which are present in all other theories.

If the reader has not yet determined this, my personal bias lies

with supergravity. In the next section, 1 discuss how supersymmetry is



helpful to inflation and in section 6§ how supersymmetry may provide an

answer to the dark matter problems which plague cosmology.

III. INFLATION

As there are already several reviews19) about inflation,eo) I will
try to be bDrief here. However any review of the very early Universe
would be incomplete if it did not at least touch wupon inflation. In
short what is meant by inflation, is the effect of exponential expansion
due to a supetcooled phase transition in order to resolve several
finetunings regarding the initial conditions in the standard big bang
model.

As examples of these problems, I will briefly describe what |is
known as the horizon problem and the curvature problem, The horizon

volume or causally connected volume today, is just related to the age of

the Universe VO « tg. The microwave background radiation with

temperature T0 ~ 3°K has been decoupled from itself since the epoch of

recombination at Td - 1o"°K. The horizon volume at that time was

Vd « ti. Now the present horizon volume scaled back to the period of

t

decoupling will be VO

= VO(TO/Td)B and the ratio of this volume to the

horizon volume at decoupling is

' 3
VO/vd - (VO/Vd)(TOITd) (3.1)

- 3 3. 105
(tg/ty)3 (TgrTq) ~ 10,

2 T

sec and to - 5x101

corresponds to the number of regions that were causally disconnected at

where I have used td ~ 3;101 sec. The ratio (3.1)

recombination which grew into our present visible Universe.



The microwave background radiation appears to be highly 1isotropic.

In fact, the limits on the anisotropy putaT)

AT/T < (2-5) x 1072

(3.2)
This means that on large scales, the Universe must be very isotropic and
homogeneous, {any inhomogeneities would also produce fluctuations in the
microwave background). The horizon problem, therefore, i3 the lack of

an explanation as to why 105 causally disconnected regions at t, all had

d
the same temperature to within one part in 10”!

The curvature problem (also known as the flatness or oldness
problem) stems from the fact that although the Universe is very old, we
stil]l do not know whether it is open or closed. If we look at the

Freidmann equation for the expansion of the Universe

2
2 (RN _81Gp _x _ A
H (n) 3 R2+3 (3.3}

where H is the Hubble parameter, R is the Robertson-Walker scale factor,
p is the total mass energy density, k is the curvature constant {(k=3,z1
for a flat, closed or open Universe) and A is the cosmological constant.
Neglecting A, the curvature term can Dbe expressed in terms of the

density parameter

R = p/pc (3.4)

P, = 3H§/8nGN (3.5)



and the present value of the Hubble parameter, HO as
k/R2 = (2 ~ 1) Hg ) (3.6)

If we now use the limits @ < % and Hy < 100 knm s~ 1 Mpa! we can form a

dimensionless constant

k= k/R2T2 = (9 - 1) B2/12 < 302/12 < 2 % 10738 (3.7)

where I have used TO > 2.7°K. In an adiabatically expanding Universe, ;
is absolutely constant (R - T1) and thus the limit (6.4) represents an
initial condition which must be imposed 30 that the Universe will have
lived this long looking still so flat.

A more natural initial condition might have heen ﬁ - 0(1). In this
case the Universe would have become curvature dominated at T - 10-1 Mp.
For k = +1, this would signify the onset of recollapse, Even for k as
small as 0(10’“0) the Universe would have become curvature dominated
when T ~ 10 MeV or when the age of the Universe was only 0(10“2) sec,
Thus not only is (3.7) a very tight constraint, it must also be strictly
obeyed. O0f course, it 1s also poasible that k = 0 and the Universe is
actually spatially flat.

These are the two main problems that 1led GuthzO) to consider
inflation. In the problems that were just discussed it was assumed that
the Universe has always been expanding adiabatically. During a phase
transition, however, this is not necessarily the case. If we look at a
potential describing a phase transition from a symmetric false vacuum

state I = 0 to the broken true vacuum at <I> = v as In Fig. 1, and we
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suppose that because of the barrier separating the two minima the phase
transition was a supercooled first-order transition. If in addition,
the transition takes place at Tc such that Tg < VO' the energy stored in
the form of vacuum energy will be released. If released fast enough, it
will produce radiation at a temperature Tll ~ VO' In this reheating

R

process entropy has been created and
(RT)s ~ (Tg/T,) (RT); (3.8)

provided that T is not too low. Thus we see that during a phase

transition the relation RT ~ constant need not hold true and thus our
dimensionless constant ﬁ may actually not have been constant.

The inflationary Universe scenario,zO) is based on Jjust such a
situation. If during some phase transition, the value of RT changed by
a factor of 0(1029), these two cosmological problems would be solved.
The isctropy would in a sense be generated by the immense expansion; one
small causal region could get blown up and hence our entire visible
Universe would have been at one time in thermal contact. In addition,
the parameter E could have started out 0(1) and have been driven small
by the expansion.

If, in an extreme case, a barrier as in Fig. 1 caused a 1lot of

4

supercooling such that Tc

<< VO' the dynamics of the expansion would
have greatly changed. In the example of Fig. 1 the energy density of

the symmetric vacuum, VO, acts as a cosmological constant with

2
A = Bn VO/Mp. {3.9)
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If the Universe 1is trapped inside the false vacuum with I = 0,
eventually the energy density due, te say, radiation will fall below the
vacuum energy density, p <X VO. When this happens, the expansion rate

will be dominated by the constant VO and we will get the De Sitter-type

expansion

R ~ explHt], (3.10}
where

H2 = A/3 = B V/3ME. (3.11)

The cosmological problems could be solved if

Hr > 65, (3.12)

where 1 is the duration of the phase transition and the vacuum energy
density was converted to radiation so that the reheated temperature i3

found by

2
35 N(Tp) Tg = V- (3.13)

where N(TR) is the number of degrees of freedom at TR‘
If such a barrier persists down to 1low temperatures, the phase
transition must proceed via the formation of bubbles of the broken

phase. The bubble formation rate per unit volume is given byzz)
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p ~ Ae”B, (3.14)

a1/

where is generally taken to be the overall mass acale in the

4

problem (A ~ T or A - M%) and B is tunneling action. The transition

will take place in such a way so as to minimize the action. The phase

transition will be complated when p > Hu.

The scenario just deseribed is the original idea of Guth2?)

for
cosmological inflation. 1In this scenario, the Universe would undergc a
phase transition, say SU(5) » SU(3)xSU(2)xU(1} in which the potential
resembled that in Fig. 1. The Universe would then get hung up in the

SU(5) phase down to a very low temperature. After completion of the

phase transition, the Universe would reheat to

1/4
T, - M/IN(TE) 1AL (3.15)

Baryon generation would then follow 30 long as 'I‘H was not too low. (See
next section.)

It is now known that there is a problem with Guth's original idea
for inflation.23) It turns out that the requirement that the Universe

u, i.e.,

supercool for a long time (Hr > 65) is not compatible with p > H
the phase transition does not finish. In order to have a long
inflationary time scale, a large barrier was necessary so as to be sure
that the action for tunneling was also large. It is necessary in this
scheme that the initial probability for tunneling be very small. The
problem is that under these conditions the tunneling probability never

catches up with the expansion rate. As a whole, the Universe remains in

the De Sitter state trapped in the symmetric SU(5)} vacuum with only a
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few isolated bubbles containing the true SU(3)xSU(2)xU(1) vacuum. Not
only is the resulting Universe very inhomogeneous, but each bubble
remains empty as all of the energy is stored in the bubble walls and is
only released through collisions which in this case do not occur.,

The solution to this problem is called the new inflationary

Universeau)

and its basic and simple idea is this: tunnel first and
inflate later. To realize this type of inflation, one must have a long
flat scalar potential, If one can argue (e.g., by thermal effects) that
at early times or high temperatures the Universe was In the symmetric
phase I =0 and then at some lower temperature T << Tc a bubble is
formed. The supercooling may be due to either a barrier as in the
previous case or a suppression of thermal fluctuations so that the field
I rests near the origin. In the case of a barrier, once a bubble is
formed, if the potential is very long and flat at values of I past the
barrier, the potential energy hensity (approximately constant) will
again aect like a cosmological constant. If a single bubble were to
expand by 29 orders of magnitude, the phase transition need not be
completed as in the previous case. The entire visible Universe would be
contained within one bubble. The bubble would be filled in this case
not by bubble collisions, but by dissipation of the kinetic energy of
the scalar field as it finally reaches its global minimum, A generic
example of such a potential is shown in Fig. 2.

Popular examples of flat potentials considered for inflation have
been the Coleman—weinber325) potentials which are derived by taking
first-order radiative corrections to the tree potential. If scalar self
couplings are small enough, the tree potential can be neglected and we

can concentrate on the corrections. Using an SU(5) Coleman-Weinberg
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potential has  been shown to  present several insurmountable
difficulties?6’27'28'29). These range from unnatural finetunings of the
self-couplings27) to transitions occuring to the wrong vacuum state.eg)

The most serious blow to Coleman-Weinberg type inflation comes from
the density perturbations which are produced during the rollover.za) The
isotropy of the microwave background radiation tells us that any
perturbations produced on large scales must have é&p/p < 0(10_“).
Ideally, what one would want from inflation i{s what 1is known as the
Harrison—Zeldovich30) spectrum of density fluctuations. They are also
known as scale independent perturbations which are the type most desired
for the purposes of galaxy formation. Their magnitude, however, must be
0(10—”). Any perturbations stronger than this would produce visible
anisotropies in the microwave background radiation while weaker
perturbations would not have had enough time to grow during the present
period of éétter domination (since decoupling).

As it turns out, phase transitions, such as the SU(5) transition

described above, produce31)

very nearly the Harrison-Zeldovich spectrum
which is desired. The perturbations are formed because the field ¢ does
not roll down to its global minimum homogenecusly. There will, in
general, be a time spread over which certalin regions roll down faster or
slower than others. The density perturbations have been calculatedza)
for SU(5) and turn out to be &p/p ~ 50, i.e., nearly 5 orders of
magnitude too large.

Supersymmetry has led to the resolution of some of these
problems.27’32) In ways similar to those in which supersymmetry resoclves

the gauge hierarchy problem discussed in the previocus section, it

relieves the problems of finetuning mass scales in inflation and hence
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allows for flatter potentlials. Ancthzr way to make flat potentials 1is
to increase the value of the vacuum expectation value v from -~ TO1SGeV
in GUT models to v-Mp~1019GeV. This class of models is called primordial
1nflation.32) Considering primordial inflation and supersymmetry
naturally leads one to inflation in supergravity.33)

The actual phase transition responsible for inflation is no 1longer
the GUT phase transition and may happen before, during, or after the
breaking of GUTs. The scale of supersymmetry breaking Ms must be much
lower than the GUT or inflation scale (Ms - 1010 GeV) in order to
preserve the gauge hierarchy. Therefore inflation should not be
associated with the supersymmetry breaking transition. Indeed there
have been efforts to associate the two, but these models have required
large amounts of fine tunings.3u}

The simplest SUSY preserving inflationary models however, run into
certain difficulties regarding initial conditions. 1In other words, if
the initial conditions for inflation are determined by high temperature
effects35) it has been shown that these are inconsistent with the
requirements for a long inflationary period.36) Non-minimal supergravity
models offer a resclution to this problem.37) In fact a very simple
inflationary model can be written38) in the context of so—-called
no-scale non-minimal supergravity.Bg) These models are attractive in the
sense that only one fundamental scale is put 1in by hand, namely the
Planck scale, and the others are determined through radiative
corrections. Such non-minimal models are also thought to stem from
extended supergravity models of the type discussed in the previous

gection, and perhaps recent superstring theories.uO)
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Finally, further recent work regarding the role of initial
conditions and the possibility of inflation seems to favor heavily

models of primordial inflationu1)

. It has been claimeduz) that at very
high temperatures, the field responsible for inflation will not be found
near I = 0 but rather spread very far from the high temperature minimum,
This however 1is true only for certain circumstances and it has been
shown that this effect does not occur in models of primordial inflation.

The actual origin of Inflation and the exact identity of the phase
transition producing the desired supercooling are not known. Inflation

exists as a possibility within the context of supergravity models. Its

apparent beauty still reaches out further than our apparent ignorance.

IV. GUTs AND COSMOLOGY

The origins of the modern connection between particle physies and
cosmelogy really began with the generationu3) of a small but finite
barycn to entropy ratio using grand unified theories (GUTs).uu) The
problem in cosmology is basically that there is apparently very little
antimatter in the Universe and the number of photons greatly exceeds the

number of baryons. If we define
n = (nB - nﬁ)/nY (4.1)

where nB By is the number density of baryons, antibaryons and photons,
» ¥

we find that

n = ng/n, ~ 10710 - 107? (4.2)
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{see section V). In a standard model, the entropy density today is

related to -nY by

s = TnY {(4.3)

11

so that eq. (4.2) implies ny/s ~ 107" - 10710

. This ratioc is conserved
however and hence represents another undesirable initial condition, with
its origin unknown.

Let us for the moment, assume that in fact n = 0. We <can compute
the final number density of nucleons left over after annihilations have
frozen out. At very high temperatures (neglecting a quark-hadron
transition) T > 1 GeV, nucleons were in thermal equilibrium with the
photon background and ny = ng = 3/2ny {(a factor of 2 accounts for
neutrons and protons and the factor 3/4 for the difference between fermi
and bose statistics). As the temperature fell below Mys annihilation;
kept the nucleon density at its equilibrium value (nN/nY) = (111“/'1')3/2
exp (-mN/T) until the annihilation rate I, = nNm;2 fell below the
expansion rate, This occurred at T = 20 MeV. However, at this time the

nucleon number density has already dropped to

Ny/ny = nﬁ/nY = 10-18, {(4.4)
which is eight orders of magnitude too smallu5) aside from the problem
of having to separate the baryons from the antibaryons. If any
separation did occur at higher temperatures (so that annihilations were
as yet ilncomplete) the maximum distance scale on which separation could

occur is the causal scale related to the age of the Universe at that



18

time. At T = 20 MeV, the age of the Universe was only t = 2x10'3 seg,

At that time, a causal region (with distance scale defined by 2ct) could

only have contained 10_5M@ which is very far from the galactic mass

12M

scales which we are asking for separations to occur, 10 8

4 final possibility might be statistical fluctuations, but in a
12 80
10 M@, there are -~ 10°° photons so that one would

only expect statistical fluctuations to produce an asymmetry n - 10

region containing
-40,
Thus we are left with the problem as to the origin of a small non-zero
value for n. We can assume that it was an initlal condition to start off
with and in & baryon number conserving theory it would remain nearly
constant. [The production of entropy {photons) could cause it to fall.]
In this case, however, we must still ask ourselves, why is it so small?
A more attractive possibility, however, ia to suppose that the baryon
asymmetry was in some way generated by the microphysies. 1Indeed, if one
can show that a small non-zero value for n developéﬁ fromn = 0 (or any
other value) as an initial condition, we could consider the question
solved. In the rest of this section, we will 1look at this second
possibility for generating a non-zero value of n using GUTs.uu)

There are three basic ingredients necessaryu3) to generate a

non-zero n. They are
1. baryon number viclating interactions
2. C and CP violation
3. a departure from thermal equilibrium.

The first condition 1is rather obvious, unless there is some mechanism

for wviolating baryon number conservation, baryon_ number will be
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conserved and an initial condition such as n = 0 will remain fixed. C
and CP violation indicate a direction for the asymmetry. That is,
should the baryon number violating interactions produce more baryons
than antibaryons? If C or CP were conserved, no such direction would
exist and the net baryon number would remain at zero. The final
ingredient s necessary 1in order to insure that not all processes are
actually occurring at the same rate. For example, in equilibrium If
every process which produced a positive baryon number was accompanied by
an equivalent process which destroyed it, again no net baryon number
would be produced.

The first two of these Iingredients are contained in GUTs, the third
in an expanding universe where it is not uncommon that interactions come
in and out of equilibriuﬁ. In SU(5), the fact that quarks and 1leptons
are in the same multiplets allows for baryon non-conserving interactions
such as e + d «+ u + u, ete..‘ or decays of the supermassive gauge
bosons X and Y such as X =+ e + d, u+ u. Although today these
interactions are very ineffective because of the masses of the X and Y

bosons, in the early Universe when T > M, - 1015 GeV these types of

X
interactions should have been very important. C and CP violation is
very model dependent. in the minimal SU(5) model, the magnitude of C
and CP violation is too small t¢ yield a useful value of n. The C and CP
violation 1in general comes from the interference between tree level and
first loop corrections.

The departure from equilibrium is very common in the early Universe
when interaction rates cannot keep up with the expansion rate. 1In fact,

the simplest (and most useful) scenario for baryon production makes use

of the fact that a single decay rate goes out of equilibrium. It is
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commonly referred to as the out of equilibrium decay scenario.”6) The
basic idea Is that the gauge bosons X and Y {(or Higgs bosons) may have a
lifetime 1long enough to Insure that the inverse decays have already
ceased so that the baryon number {s produced by their free decays.

More specifically, let us call X, either the gauge boson or Higgs
boson, which produces the baryon asymmetry through decays. Let a be its
coupling to fermions. For X a gauge boson, o will be the GUT fine

)1/2

structure constant, while for X a Higgs boson, (img will be the

Yukawa coupling to fermions. The decay rate for X will be

PD - Mx. (u-5)

However decays can only begin occurring when the age of the Universe is

longer than the X lifetime rB‘

y i.e., when rD > H

a MX > N(T)1/2T2/M (4.6)
p
or at a temperature
2 -1/2
T < a MXMDN(T) . (u.7)
Scatterings on the other hand proceed at a rate
_ 2732
Iy - a“T2/My (4.8)

and hence are not effective at lower temperatures. In equilibrium,

therefore, decays must have been effective as T fell below Mx in order
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te track the equilibrium density of X's {and X's). Thus the condition

for equilibrium is that at T = M >H or

x* Tp

-1/2 _ 1418
Mx { a MD(N(MX)) 10"%a GeV. (4.9)

In this case, we would expect no net baryon asymmetry to be produced.

For masses Mx > 1018a GeV, the lifetime of the X bosons 1is longer

than the age of the Universe when T -~ MX' Decays finally begin to occur

when T < M,, however, the density of X's is still comparable to photons
nx/nY - } whereas the equilibrium density at T < M, is nx/nY ~ (r-txl'r)y2

x exp ['Mx/T] << 1. Hence, the decays are occurring out of equilibrium
(inverse decays are not occurring), and we have the possibility for
producing a net asymmetry.

Let us now look at what happens during the decay of an X,% pair.
If we consider the example of the X gauge boson and its decays to u,u
with branching ratic r and net baryon number change Ab1 = =~2/3 and to

e , d with branching ratio 1-r, and net baryon number change Ab2 = +1/3

X == u+d Ab, = -2/3 (4.10a)
Xoone +d X ab, = +1/3 (4.10b)

A similar set of decays will occur for X
X ==+ u+u aby = +2/3 (4.11a)
r
X--2e" +d Ab3 = -1/3 (4.11b)

1-r



If C and CP are violated then r#r and we can define the total net baryon

number produced per decay of X and X

AB

(aby)r + (aby) (1-r) + (abg)r + {ab3) (1-r)

r-r. (4.12)

The value of r-r will of course depend on the specific model for C and
CP violation.
The total baryon density that will have been produced by the X, X

pair [provided Eq. (4.9) 1is not satisfied] is

ng = (AB)ny | (4.13)

and since we also have nx = ng = nT'

nB = (AB)DY- (4.14)

Although the net baryon number 1is conserved during the subsequent
evolution of the Universe, the photon number density 1is not, A  more
useful quantity just after baryon generaticn Is the baryon-to-specific

entropy ratio, nB/s. The entropy density, is

2
s = =& N(T)T3 (4.15)

At T < My ~ 10'° GeV, we expect N(T) > 0(100) so that s ~ 0(100) n..
Thus the Dbaryon-to-entropy ratio we would expect to produce in the

out—-of-equilibrium decay scenario would be
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ng/s - 1072(4B). (4,16)

The value of nB/s that we are lcoking for must be related to the limits

on n which will be discussed in section V. n in the range (3—10):10-10

corresponds to a value of nB/S in the range (4.3-14):10_11

this with the expected production, Eq. (#.16) gives us a lot of hope

. Comparing

that GUTs may provide us with a viable mechanism for generating a small
{but not too small) value for n.

Although we can be encouraged by the above scenario, we must still
show that given a GUT, after the full set of Boltzmann equations have
been integrated, an acceptable and definite value of n emerges. In
particular, most GUTs do satisfy Eq. (4.9}, for a = 1/u1 and Mx -
1012 Gev decays will be occurring at T ~ MX' but in at best partial
equilibrium. Thus the esﬁimate, Eq. {(5.14) is not a good one.

In Fig. 3, we look at the typical results which one finds after a

complete numerical integrationuT)

of the Boltzmann equations. These
particular results are for an SU(5) model, but their behavior is generic
for most any GUT,. What is plotted 1is the time development of the
baryon-to—entropy ratio Np/s normalized to the net baryon number
produced by pair decay, AB. The horizontal scale, MX/T, is proporticnal
to t1/2. The three curves correspond to different choices for the mass
of the boson X. In curve 1, we have chosen, a mass which we expect to

satisfy the out-of-equilibrium condition Mx = 3x1018

o and we indeed find
that the maximum asymmetry has been generated Ny/s = 10"2A(B) as we
expected (4.16)., This in itself confirms the original idea,

The good news that we find from Fig. 3 is that even for lower

masses, an asymmetry is still produced. In curve 2, we have chosen Mx =
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3:1017a and we find still a substantial asymmetry nn/s ~ 10“u {AB). What

is happening is that at T ~ M_, inverse decays are still effective in

%!
trying to restore equilibrium. Eventually, they too freeze out and any
¥'s and ¥'s still present, decay freely to produce a net baryon number.
If we continue to lower the mass as in curve 3, Mx = 3,1016a,
scatterings begin to play a role in driving things further towards
equilibrium. Again, when they freeze out the remaining X,X pairs decay
leaving an asymmetry. If scatterings become dominant, however, the
resplting asymmetry in the standard model will become exponentially
small with decreasing M_ as shown in the dashed curve. In Fig. 4 we

have plotted the final asymmetry which 1s produced as a functicn of K =

3!1017u/Mx where K is defined by

K= rD/HIT-Mx‘ (4.17)

Depending on whether or nct X is gauge or Higgs boson, the resulting

final asymmetry can be approximated by

ny/s = 2x1073(8B)/[1 + (3K)1+2] (4.18)
for Higgs bosons, and

ng/s = 8x1073(aB)/[1 + (16K)1+3] (4.19)
for gauge bosons.

Thus we see that GUTs do indeed offer an explanation to the small

but finite baryon to entropy ratio. In supersymmetric theories, the
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ideas are generally the same although the detalls may be somewhat

different,487,49)

V. BIG BANG NUCLEOSYNTHESIS
As was noted in the introduction, the two most important pieces of
evidence in support of the standard big bang model are the observation1)

of the 3°K microwave background radiation and the explanationz)

of the
origin of the 1light elements and their abundancea. Because of the
initially high temperatures and densities and the large abundance of
neutrons relative to protons, the chains of nuclear reactions similarrto
those occurring in stars might have occurred. Indeed 1in the simplest
model of nucleosynthesis, one c¢an compute the produced abundances of
deuterijum, 3He, uHe and 7Li and one finds an amazing degree of agreement
with the observed abundances., (The observations which must be compared
with the big bang abundances mﬁ;t be from sources where 1little or no
subsequent nucleosynthesis has taken place.) In this section I will
review the predictions of big bang nucleosynthesis and its cosmological
consequences in terms of limits on particle physies.

The temperature region of interest 1is one typical of nuclear
energies, i.,e., T - 1 MeV. The initial conditions for the problem will
therefore be set at T >> 1 MeV, Once again, because the asymmetry
between baryons and antibaryons is s0 small and since we do not expect
very different asymmetries among the leptons (standard GUT models even
predict their similarity) we will take all chemical potentials to be
zZero. One of the chiel quantities of interest will be the

neutron-to—-proton ratio (n/p). At very high temperatures (T >> 1 MeV),

the weak Interaction rates for the processes
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n"'\)e++p+e
n+e’esp s, (5.1)
ne>p+e +v

e

were all in equilibrium, i.e., I‘w > H. Thus we would expect that
initially {(n/p) = 1. Actually in equilibrium, the ratio is essentially

contrelled by the boltzmann factor so that
(n/p) = exp(~Am/T), (5.2)

where Am =m - o, is the neutron~proton mass difference. For T >> Am,

(n/p) = 1.
At temperatures T >> 1 MeV, nucleosynthesis cannot begin to occur
even though the rate for forming the first isotope, deuterium, is

sufficiently rapid. To begin with, at T > 1 MeV deuterium is

photodissociated because E. > 2.2 MeV (the binding energy of deuterium;
EY = 2,7T for a blackbody). Furthermore, the density of photons is very
high nY/nB ~ 1010. Thus the onset of nucleosynthesis will depend con the
quantity

0~ exp[-2.2 Mev/T] (5.3)

where n is defined as before. When this quantity (5.3) becomes < (1),
the rate for p + n -+ D + Y finally becomes greater than the rate for
dissociation D + Y + p + n. This occurs when T ~ 0.1 MeV or when the

Universe is a little over 2 min. old.
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Because nucleosynthesis begins when T < 1 MeV, the rates for
processes which control (n/p) (5.1) as well as those which keep
neutrincs in equilibrium are frozen out. Furthermore, because the rates
for processes (5.1) also freeze out (at T < 1 MeV), the neutron to
proton ratio must be adjusted from Lts equilibrium value,. When freeze

out occurs, the ratio (n/p) is relatively fixed at

(n/p) ~ 1/6. (5.4)

This equilibrium value 18 adjusted by taking into account the free
neutron decays up until the time at which nucleosynthesis begins. This

reduces the ratic to

(n/p) ~ 1/7. (5.5)

Since virtually all the neutrons available end up in deuterium which

gets quickly converted to l’He, we can estimate the ratic of the 4

He
nuclei formed compared with the number of protons left over
X, = (N, /Ny) = 1/2 (n/p}(1 - (n/p)) (5.6)
4 y H
He
or more importantly the uHe mass fraction
Y, = 4X,/01 + 4xy) = 2(a/p)/{1 + (n/p)). (5.7)

For (n/p) = 1/7, we estimate that Y, = 0.25 which is very close to the

observed value.
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The actual calculated value of Iu will depend on a numerical
calculation which runs through the complete sequence of nuclear
reactions.SO) The nuclear chain is temporarily halted because there are
gaps at masses A =5 and A = 8, i.e., there are no stable nuclel with
those masses. There is some further production, however, which accounts
for the abundances of 6I..i and TLi. Once again because of the gap at A =
8 there is very little subsequent nucleosynthesis in the big bang. A
second chief factor in the ending of nucleosynthesis is that during this
whole process the Universe continues to expand and cool, At lower
temperatures it becomes exponentially difficult to overcome the Coulomb
barriers in nuclear collisions. In spite of these effects, numerical
calculations of the elemental abundance continue the chain up until Al,

Before reviewing the results of the big bang nucleosynthesis50-53)
calculations, it is important to realize that there are three additional
parameters which have a very strong effect on the results.* They are
1) the baryon-to-photon ratioc n; 2) the neutron half-life T,,0: 3) the
number of light particles or, in particular, the number of neutrino
flavors Nv'

As we have seen above, the value of n controls the onset of
nucleosynthesis (5.3). Basically what happens {s that for a larger
baryon~-to-photon ratio n the quantity (5.3) becomes smaller thus
allowing nucleosynthesis to begin earlier at a higher temperature.
Remember also that a key ingredient in determining the final mass
fraction of llHe, Yu, was (n/p} [see Eq. (5.7)] and that the final value
of (n/p) was determined by the time at which nucleosynthesis begins thus
controlling the time available for free decays after freeze out. If
nucleosynthesis begins earlier, this leaves less time for neutrons to

decay and the value of (n/p) and hence Yh is increased.

*
I am not considering the eggects of a chemical potential, which can

~Team ~wmantke vrany kha moonlda 5
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The value of n cannot be determined directly from observations. If

we break-e-find that

Mg = pg/mp = Qpgp/mp
2
Bho

1.13 x 1077 em™3, (5.8)

where PR ia the energy density in baryons, mp is the nucleon mass, QB is

that part of Q@ which is in the form of baryons and pc is the critical

energy density. The number density of photons is just
= 400 (Tp/2.7)° em™3 (5.9)
"y o/é- :

where TO iz the present temperature of the microwave background

radiation. Putting n back together we find
- -8, 2 3
n=2.81 x jo tho(2.7/T0) . (5.10)

Thus we could determine n if we knew 2, hy, and T,.
The second parameter, Tys2+ is important in that it also plays a
role in determining the value of Y,, Although we don't usually consider

T1/2 @ parameter, the uncertainties in its measured value are

significant from the point of view of nucleosynthesis. After all, it is
this quantity which will control the weak interaction rates and hence
determine the freeze-out temperature. The common value of T2 = 10.6
min. is actually uncertain by about two percent and this 1is enough to

affect the production of uHe. The range we will consider is
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10.4 min. < Ty/2 £ 10.8 min. {(5.11)

As 1In the case of n, increasing Ty,p leads to a larger value of Y.
We can see this by looking again at a comparison between the weak

interaction rates and the expanrion rate, If we parameterize the weak

5 2

interaction rate by rwk = AT” and the expansion rate by E = BT then the

freeze-cut temperature is determined by

H(T)) = 1, (Tp) (5.12)
or

Tg = B/A. (5.13)

1

If we now increase Ty/00 this corresponds to decreasing rwk ~ or

172
decreasing the value of A. This in turn gives a higher value for Td‘

Now if T, is larger, this will give a larger value of (n/p) at

freeze-out via Eq. (5.2) and hence more %He via Eq. (5.7).

The final Iinput parameter, we sald was the number of light
particles. Specifically, what we mean is the number of degrees of
freedom corresponding to particles which are still relativistic (m << T)
when T < 0(1) MeV, In addition, we must require that these particles be
relatively stable so that they will be present when freeze-out occurs,
thus 1 > few seconds. A3 we hinted to above, likely candidates for
these particles are neutrinos and thus the number of neutrino flavors Nv
becomes important. Of course any other types of light particles such as

photinos or axions, etec., may also be important,
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The number of neutrino flavors Nv will also affect the primordial
abundance of uHe and like n and Ty/2s increasing N increases Yy. The

]1/2

expansion rate is proportional to [N(T) . At T > 1 MeV, N(T) is given

by

.1
N(T) =2+ 2 + 4 N\J (5.1“)

which takes into account the contribution of Y's, etts, and N“ flavors
of neutrinos. Thus increasing N , increases B in the notation of
Eq. (5.13) and again leads to higher value of Td' with the same effect
of producing more llHe.

Let us now look at the observation555) which tells wus the
abundances of the light elements. In particular, we will be interested

JlHe, and 7Li. Deuterium is the most easily

in the abundances of D, SHe,
destroyed of the light elements. It is also very difficult to produce
in astrophysical systems where it is not further processed to form 3He.
Therefore, any of the observed D is generally assumed to be primordial.
Furthermore because deuterium is so easily destroyed (or burned) we must

assume that the abundance of D produced in the big bang is greater than

the observed value or

(D/H)pg 2 (D/H)gpgs (5.15)

where (D/H) is the ratio (by number) of deuterium to hydrogen.
Unlike deuterium, 3He is very difficult to destroy in its entirety

in stellar systems. Pre-main~sequence 3tars are very efficient in



32

burning deuterium to 3He via D + P+ 3He + ¥. 3He is only destroyed at
high temperatures (T > 7 x 10%0k) through 3He + 3He » YHe + 2p and JHe +

4 uHe is burned to

He - 'Be + Y. At higher temperatures (T > 1099K),
carbon and oxygen. The point is that, in general, some fraction g of
the initial 3He abundance will survive stellar processing. If one takes
into account the fact some of this 3He is redeposited in the
interstellar medium {pre-solar) then in terms of g we have

(5.16)

(D + 3He/H) |y < (D + 3He)/H| + (17g - 1) 3HesH|

pre@ pree

The value of g, however, can only bhe determinedsﬁ) by models of stellar

evolution and in fact may differ depending on the mass of the star. In

low mass stars (M < 8M)), g > 0.7 is not unreasonable while for high
mass stars (8Me <M <100 My), g may be as low as 1/4. Since an initial
spectrum or_étellar masses would cover all ranges, perhaps a lower limit
to g of 1/2 -~ 1/4 would be safe,

Using the observational limits on D/H and SHe/H (see

refs. 55,57-60)

(D/H) 2 (1-2) x 10°° (5.17a)
3 -5
(D+ He)/H]pree < b x 10 (5.17p)
3Hesm| <2x107° (5.17¢)
pree < )

we find from the results of big bang nucleosynthesis calculations53)

shown in Fig. 5 that
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10

(3-4) x 10710 <m g (7-10) x 107 (5.18)

to be consistent with both 3He and D.

7Li is another 1sotope which Is 1in principle difficult to draw
so0lid conclusions from. The main difficulty is that TL.i is both easily
produced as well as destroyed. Recently, however, there have been some
measurementseT) of the 7Li abundance in some very old Population II
stars., Since some L1 might have been destroyed before the formation of
these stars, we might expect (7Li/H)PopII < (7L1/H)BB, (The presen; TLi

abundance would be larger still representing the contribution from

stellar processing.) The observed limit on the 7Li abundance is

7 -10

( Li/H)PopII < 1.5 x 10 (5.19)
and is consistent with big bang nucleosynthesis for

10710 ¢ 5 ¢ 7 x 10710 (5.20)

which agrees well with (5.18).
This brings us to uHe which is probably the most important of the

isotopes studied. The main reason .

He is so important is that there is
so much of it. Next to hydrogen it is the most abundant element around
and its abundance is quite well known. Unlike the other light elements
which have observational uncertainties of 2 100%, the qu abundances are
measured to within a few per cent. The main problem is that it is also

produced in stars and care must be taken In trying to derive the

"observed" primordial abundance.
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To be sure, one c¢an place an upper limit on the primerdial
abundance by YMBB < Yyoms (YU’ remember i3 the total uHe mass fraction).
However, in order to use big bang nucleocsynthesis to set 1limits on

particle physies (e.g., Nv) a much more accurate determination of ¥)gag

55)

is needed. Spectral measurements of galactic HII regions give very

accurate values of Yh' however, there they have been contaminated with
by-products of stellar processing. The observations of galaxies with
low metal abundances could in principle yleld an accurate value of quB
but these measurements are difficult because these galaxies are
typically very far away. It 1s not possible within the scope of these

lectures to cover completely the discussion of Yu_ The best estimates

consistent with the observations place Yu in the range

0.22 < ¥, < 0.25. (5.21)

If we restrict ourselves as before to Nv = 3, Tyyp = 10.6 min., the

upper limit on Y, implies an upper limit on n from Fig. 6

5

n<s5x 10 (5.22)

which is once again consistent with the previous 1limits Eq. (5.18).

(The lower limit on Y, does not give an interesting bound on n.)

Figure 6 actually contains significantly more information than just
a limit on n. In Fig. 6, we see clearly the behavior of YB with respect
to all three parameters: n, Ty/2» and N It is clear how Y, increases
with 1increasing values of any of the three parameters. It is also
t 51-53)

immediately clear that we can set a limi on Nv provided that we
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have a lower limit to n. Using n > 3 x 10_10 and Yu < 0.25, we find that

N, < 4 with the equality being at best marginal. This implies that at
most one more generation is allowed, assuming that the neutrinos
associated with each generation are light and stable.

The strong dependence of Yu on the three parameters requires great
precision to strengthen the limits due to nucleosynthesis. Strictly
o~ 10

speaking, n > 3 x 1 and 1, 5 > 10.4 min. allows N, = % only if ¥, >

0.253; however, we are not yet in a position to believe the third

decimal place. For Ty 2 10.4 min., the limit Eq. (5.22) on n can be
relaxed so that N < 3, ¥, < 0.25 {mplies n < 7 x ?0—10. We can also
turn the limits around and set a lower limit to the helium abundance by
assuming n > 3 «x 10_10 and Nv 2 3 then we have Y, > 0.24. If future
observations actually yield Y, < 0.24, one would have to argue that
perhaps Vo is heavy and unstable (the present limit is only m, < 250
MeV). If we only assume Nv 2 2, then the lower limit on Yh becom;s ¥y, 2_
0.22. Any observation of the primordial helium abundance less than 0.22
would indicate an inconsistency with the standard model.

There is still one more important consequence of the above limits,
that is the limit on n can be converted to a limit on the baryon density
and QB' If we turn around Eq. (5.10) we have

7

9 = 3.56 x 107 (T /273, (5.23)

and using the limits on n Eq. (5.18), hO and T, from (2.7 - 3)°K we find

a range for QB

0.01 < gp < 0.19. (5.24)
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Recall that for a closed Universe @ > 1, thus from Eq. (5.24) we can
conclude that the Universe 18 not closed by baryons. This does not
exclude the possibility that other forms of matter (e.g., massive
neutrinos, ete.) exist in large quantities to provide for a large Q. In
fact, if large clusters of galaxies were representative of § the 1limit
from nucleosynthesis would indicate that some form of dark matter must

exist.

VI DARK MATTER AND GALAXY FORMATION

Inflation predicts that 9=1. Big bang nucleosynthesis requires RB f
0.2. The obvious resolution to this conflict is to suppose that there
exists non-baryonic dark matter Q5 > 0.8. Observational determinations
of { however always prove to be less than a few tenths62) indicating
that perhaps a large fraction of the dark matter 1s unclustered.

The above represents the first part of a growi;g chain of dark
matter problems. Other dark matter problems become evident when one
censiders smaller scales. On the scale of galaxies, the observation of
flat rotation curves implies strongly the existence of a dark halo
component for spiral galaxies. That is, it appears that a substantial
fraction of the galactic mass is non-visible. Because on galacticsB)
scales @ ~ 0.1, one might think that baryons are the logical candidate.
However unless the baryons are carefully hidden in clouds distributed
over the halo or in low mass stars with a special mass distribution,
baryons are unlikely6u) to provide the missing mass in galactic halos.
(Very massive black holes, M > 100 Mg, which leave little or no ejecta

remain a possibility).
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On smaller scales, those of dwarf spheroidal galaxies, there
appears to. be a dark matter problem as well.65) Even locally, in the
solar neighborhood, there appears to be as much dark material as is in

the form of stars and gas.66)

The dark matter in the galactic disk
however is presumably in the form of baryons as they must have undergone
dissipational processes tc get them into the disk.

Once we accept that non-baryonic dark matter 13 needed, wWe can
distinguishGT) three forms of dark matter depending on their impact on
the growth of density perturbations needed to account for galaxy
formation. Perturbations grow primarily during the matter dominated
phase of expansion. Particles which are relativistic just before matter
dominance are called hot particles. Neutrinos or light Higgsinos are

examples. Because these particles are relativistic at relatively late

times, their free streaming wipes out perturbations out to scalesﬁa)

18y,

My =3 x TO e/ms(ev) (6.1)

where MJ is the Jeans mass and is the minimum scale on which clustering

oceurs. In the hot scenario of galaxy formation, large scale structures
form first and must fragment down to galactic scales.69) A second class
of dark matter candidates is referred to as warm matter and includes
more massive particles up to 0(1) keV. In this case, initial mass
scales are somewhat smaller.70’71) If they exist, right~handed neutrinos
might be warm particle candidates.70)

Particles which have been non-relativistic long before perturbation

growth began are called cold particles. Particles more massive than

1 keV such as heavy neutrinos, photinos, higgsinos, sneutrinos, etc.
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are cold particle candidates. In the cold dark matter scenario72),
small scale structurzs (M > 106H@) form first and larger scales are
built in a hierarchical manner. For a summary of the pros and cons of
these three possibilities in relation to models of galaxy formation, see
ref. 73 in these proceedings.

The existence of the dark matter candidate depends of course on the
particular particle physics model that one employs. Supersymmetric
models are interesting in this context because they guarantee one stable
and probably massive particle. If the particle is neutral there are
basically four possibilities: 1) the spin O partner of the neutrino or
sneutrino; 2) the spin 1/2 partner of an axion like particle or axino;
3) the spin 3/2 gravitino and 4) the spin 1/2 partner of the photon or
photino.

Similar to limits on neutrino masses, there are limits on most of
the supers}mmetric dark matter candidates, The exception 1is the
sneutrino, whose mass is not constrained by cosmology7u), but should be

~2 GeV if it acecounts for Q=1. The axino mass limits depend on the

temperature at which axino interactions dropped ocut of equilibrium but

roughly s < 1 keV. Similarly, the gravitino if stable must have75)

m3/2 £ 1 keV unless the number of gravitinos was reduced by inflationTG)

in which case m3/2 is unconstrained. Photinos are most like neutrinos

in the sense their mass must beTT'TB) my; > 1/2 GeV. This last

¥

possibility has been suggestedTg) to account for low energy antiprotons

observed in cosmic rays thrdugh photino annihilations and photinos in

80)

the sun may provide a direct observational test of dark matter

through annihilations to energetic neutrinos.
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The gravitine is also quite interesting cosmologically in that if
it 1is not stable it must be very long lived. Its decay must be purely

gravitational and hence its decay rate given byST)

r - ‘“3/2/”2 (6.2)

30 that decays may have been occurring fairly recently. These late
decays may be of interest82) to galaxy formation models using a decaying
particle scenario.83'82) Decays into photons and photinos can highly

constrain the abundance of gravitinosaa)

again necessitating an
inflationary solution76} but with a low reheat temperature so as not to
reproduce gravitinos after inflation., Such low abundances of gravitinos
decaying into Y + Y however may be able to account for observed features
in the Y-ray spectrum.BS)

In this last section, we have seen some of the recent results and
activity taking place between particle physics and cosmology, and will
probably remain the most active area in the interface in the near
future, Planck era cosmology must still rely heavily on breakthroughs
in particle physics and quantum gravity. Inflation seems to have
reached a plateau. Inflation is possible, but its origin is unclear.
Perhaps some new idea from superstring theory will replace it, In
sections IV and V, big bang nucleosynthesis and bar&osynthesis have laid
the corner stone of modern cosmology. This leaves us with the dark
matter problems, their soclutions and tests of the existence of dark

79,80,86)

matter. The detection of dark matter offers cosmologists as

well as particle physies with a promising challenge.
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FIGURE CAPTIONS

Figure 1: The scalar potential for a first order phase transition.
Figure 2: A schematic view of the type of scalar potential needed

for new Iinflation,

Figure 3: The time evolution of the baryon asymmetry in units of

@B) for 1) M, = 3x10'%; 2) 3x10'Ta; B 3x10'6y and 4) 1f

scatterings remain very effective.

Figure 4: The final baryon asymmetry as a function of K =

3"10170/”x in units of (AB). The dashed curve assumes effective

scatterings.

Figure 5: The abundances (by number relative to hydrogen) of D, 3He

and their sum as a function of n for Nv = 3 and Ty/2 = 10.6 min.

Figure 6: The abundance (by mass) of qu as a function of n for Nv

= 2, 3 and 4, and for Ty/2 = 10.4 min. {(solid), 10.6 min (dashed),

and 10.8 min (dotted)}.
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