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1. Introduction

The study of the very early Universe in the standard big bang model necessarily requires
an intimate connection to particle physics. Already at a late time of the order of a minute,
nuclear and particle physics play a crucial role in determining the abundances of the light
elements. In fact, agreement with observations requires at most four neutrino species,
a limit which is on]y‘be‘gin’ning to be challenged by accelerator experiments. To understand
the present baryon asymmetry and the present isotropy seems to require much more than
is available by experimental verification. We can only guess at unification models with
or without supersymmetry or supergravity or a string theory, and explore their phenomeno-
logical and cosmological consequences.

Present-day cosmology also offers a strong connection to particle physics. Through
not too well known, the overall mass density of the Universe places constraints on the masses
of particles such as neutrinos and photinos. The apparent lack of luminous matter implies
that perhaps most of the mass of the Universe is in the form of dark matter. Particle physics
provides us with an abundant list of candidates.

In these lectures, 1 will review the particle physics cosmology connection and con-
centrate on a set of particle physics models described by scalar potentials with flat directions
and examine their cosmological consequences, which include effects on the present mass
density, the baryon asymmetry and inflation. In the first lecture 1 will outline the standard
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big bang model including inflation and baryosynthesis. In the second lecture I will discuss
dark matter and some prospects for detection. In the third lecture I will explore the role
of flat directions in cosmology.

LECTURE I

The standard big bang model assumes homogeneity and isotropy and is described
by the Friedmann-Robertson-Walker metric [1]

2

. d
ds* = -dt'+R2(t)[ L (A0 +sin? 6d¢2)], M

1—kr?
where R(¢) is the F-R-W scale factor and k is the curvature constant describing the overall
geometry (k = 0, +1, —1 for a flat, closed or open Universe). Einstein’s equations lead

to the Friedmann equation which relates the expansion rate to the energy density and
curvature,

H? = (R/R)? = 8mo[3ME—Kk/R*+A/3, )
where H is the Hubble parameter, ¢ is the total mass-energy density, 4 is the cosmological
constant and M, = Gy '/? = 1.2x 10'® GeV is the Planck mass.

When combined with the equation for energy conservation (equivalent to entropy
conservation)

. R
g = —3(5) (e+p), 3)

where p is the isotropic pressure, the Friedmann equation (2) leads to several typical
expansion stages in the early Universe. At early times, the Universe is thought to have
been dominated by radiation so that the equation of state was just p = o/3 and at early
times we can assume that the contribution to H from k and A were negligible, we have
that ¢ = —49 R/R or g ~ R+ and hence R ~ R-! so that

R~ @

for a radiation dominated Ugniverse. One then also finds the time temperature relation
through

t = (3/327nGy0)"/* + constant (5)

and realizing that ¢ ~ T, Similarly for a matter dominated Universe (late times) we take
p=k=A4=0and find ¢ = —39 R/R or ¢ ~ R-3 and

R ~ 3, (6)

Because Qpauer ~ 1/R? and g4 ~ 1/R%, at early times @,,4 > @mawer and the Universe
became matter dominated when Ty (0raa = @mauer) = 103 K.
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If we maintain that 4 = 0, we can define a critical energy density g, such that ¢ = g,
for k =0
3H?

In terms of the present value of the Hubble parameter

0. = 1.88x107*°hl gom ™3, (8)
where

hg = Hy/(100 km Mpc™'s™1) 9)

is the present value of the Hubble parameter in units of 100 km Mpc-! s, The cosmological
density parameter is then defined as the ratio of the present energy density to the critical
density

Q = ge.. (10)
Furthermore, the value of Q will determine the sign of k. For 2 > 1 we have k = +1,
€ = | correspondsto Xk = 0and Q < 1tok = — 1. In terms of Q the Friedmann equation
can be rewritten as
2 k .
(@=DH” = . (11)

The observational limits on Ay and Q are [2].
04 < hy < 1, (12a)
01 < Q<4 (12b)

One of the most important pieces of evidence we have for the big bang model is the
existence of the 3 K microwave background radiation [3]. Since the formation of neutral
hydrogen (recombination) the observed photons have been decoupled. They are a remnant
of a previous hot and thermal era. The energy density in this background is simply
o, = (r/15)T* (in units where h = ¢ = kg = 1). Recombination occurs when T ~ 1 eV
or close to 7. At higher temperatures, the Universe is radiation dominated and the total
energy density is given by

2 2
0= 2o+l ) g )on T* == N(T)T* (13)
BTE ¥1130 30 ’
B F

where gy, are the total number of relativistic boson (fermion) degrees of freedom. For
temperatures T > 102 GeV, N(T) becomes very model dependent.

A second piece of evidence in support of the big bang model is the agreement between
observations of the abundances of the light elements and the predictions of big bang nucleo-
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synthesis {4-6]. At very high temperatures (T > 1 MeV), the weak interaction rates for the
processes

n+v +«>p+e’,
n+e’ < p+v,,
neopte +v,, (14)

were all in equilibrium, ie., I'y, ~ H. Thus we would expect that initially (n/p) = 1.
Actually in equilibrium, the ratio is essentially controlled by the Boltzmann factor so that

(n/p) = exp (—Am/T), (15)

where Am = m,—m, 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 2> 1 MeV deuterium is photodissociated because E, > 2.2 MeV (the binding energy
of deuterium; E, = 2.7 T for a blackbody). Furthermore, the density of photons is very
high n,/ny ~ 10'°. Thus the onset of nucleosynthesis will depend on the quantity

71 exp [—2.2 MeV/T], (16)

where n = ng/n,. When this quantity (16) becomes <O(l), the rate for p+n — D47y
finally becomes greater than the rate for dissociation D4y - p+n. This occurs when
T ~ 0.1 MeV or when the Universe is a little over 2 min. oid.

Because the rates for processes (14) freeze out at 7'~ 1 MeV, the neutron to proton
ratio must be adjusted from its equilibrium value at freeze out to its value when nucleo-
syathesis begins. When freeze out occurs, the ratio (n/p) is relatively fixed at

(n/p) ~ 1/6. (7

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

(n/p) ~ /7. (18)

Since virtually all the neutrons available end up in deuterium which gets quickly converted
to *He, we can estimate the ratio of the *He nuclei formed compared with the number
of protons left over

Xa = (Nage/Ng) = 1/2(n/p)/[1 —(njp)] (9
or more importantly the *He mass fraction
Yo = 4X,/(1+4X,) = 2n/p)/[1 +(n/p)]. (20)

For (n/p) =~ 1/7, we estimate that Y, = 0.25 which is very close to the observed value.
The actual calculated value of Y, will depend on a numerical calculation which runs
through the complete sequence of nuclear reactions [5, 6]. The nuclear chain is temporarily
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halted because there are gaps at masses A = 5 and 4 = 8, i.e., there are no stable nuclei
with those masses. There is some further production, however, which accounts for the
abundances of °Li and "Li. 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 nucleo-
synthesis 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

There are three parameters which have a very strong effect on the results. They are

1) the baryon-to-photon ratio n; 2) the neutron half-life 7,,,; 3) the number of light
particles or, in particular, the number of neutrino flavors N,.

As we have seen above, the value of n controls the onset of nucleosynthesis (16).
Basically what happens is that for a larger baryon-to-photon ratio n the quantity (16)
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 *He, Y., was
(n/p) [see Eq. (20)] 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 Y, is increased.

The value of  cannot be determined directly from observations. If we break it up we
find that

ng = gg/mp = Qgo./mp = 1.13x107°Qzh% cm ™3, 20

where gy is the energy density in baryons, my is the nucleon mass, Q is that part of Q which
is in the form of baryons and g, is the critical energy density. The number density of photons
is just

n, = 400 (15/2.7)° cm ™2, (22)

where T, is the present temperature of the microwave background radiation. Putting 5 back
together we find

n = 2.81 x1073Q,h2(2.7/Ty)>. (23)

Thus we could determine n if we knew Qg, A, and T,.

The second parameter t,,, is important in that it also plays a role in determining the
value of Y,. Although we don’t usually consider t;,, a parameter, the uncertainties in its
measured value are significant from the point of view of nucleosynthesis. After ali, it is this
quantity which will control the weak interaction rates and hence determine the freeze-out
temperature. The best value of 7,,, = 10.4 min. is actually uncertain by about two percent
and this is enough to affect the production “He. 7,,, can be as low as 10.2 min. As in the
case of 7, increasing 7,,, leads to a larger value of ¥,.

The final input parameter, I said was the number of light (relativistic), stable (t 2 1s)
particles. Likely candidates for these particles are neutrinos and thus the number of neutrino
flavors N, becomes important. Of course any other type of light particles such as majorans
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Fig. 1. The predicted primordial abundances of “He (by mass), D, *He and "Li (by number relative to H)

as a function of 5 for 742 = 10.6 min; for *He the predictions for N, = 2, 3, 4 are shown and the size

of the “‘error” bar shows the range in ¥, which corresponds to 10.4 < 7., <C 10.8 min. The boxes show
the ranges in abundance determined by observations yielding limits on 3

or axions, etc., may also be important. The number of neutrino flavours N, will also affect
the primordial abundance of *He and like n and 7,,,, increasing N, increases Y.

In Fig. 1, the predicted abundances of D, 3He, He and "Li are plotted as a function
of n. Also shown in the figure [6] are the observational ranges for these abundances, From
deuterium alone, D/H-2 1-2x 10-° we see that n < 7-10x 10 !° while the combination
of (D + *He)/H < 10~* indicates that 3 x 10-'° < 5. The constraint from “Li is consistent
(Li/H) < 2x10-1° implies 10-*° < 5 < 7x 10-1°, Most importantly the range 0.22 < Y,
5 0.25 or at most Y, < 0.26 is again consistent with this same range for #.

Figure 1 actually contains significantly more information than just a limit on . We
can set a limit [6-8] on N, provided that we have a lower limit to 5. Using n > 3 x 10-1°
and Y, < 0.25 (0.26), we find that N, << 4 (4.6) 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 Y, on the three parameters requires great precision to
strengthen the limits due to nucleosynthesis. Strictly speaking, n > 3x 10-1® and = > 10.4
min. allows N, = 4 only if Y, 2= 0.253; however, we are not yet in a position to believe
the third decimal place. We can also turn the limits around and set a lower limit to the
helium abundance by assuming 5 > 3x 10-!° and N, == 3 then we have Y, > 0.24. If future
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observations actually yield Y, < 0.24, one would have to argue that perhaps v, is heavy
and/or for unstable (the present limit is only m, < 70 MeV). If we only assume N, > 2,
then the lower limit on Y, becomes Y, > 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 %

3x10710 <y << Tx1077° (24)

can be converted to a limit on the baryon density and €. If we turn around Eq. (23) we
have

Qp = 3.56x 107phg 2(Toj2.7)°, (25)

and using the limits on 5, Eq. (24), Ao, Eq. (12a), and T, from (2.7-2.8) K we find a range
for Qg

0.01 < Q <0.17. (26)

Recall that for a closed Universe 2 > 1, thus from Eq. (26) we can conclude that the
Universe is not closed by baryons. Indeed if Q3 = 1 and 4, > 0.4, T, < 2.8 K we have
n > 4x 10-% and the following light element abundances: D/H < 107, *He/H < 5x 10-5,
Li/H 2 5% 10-° and Y, 2 0.269. This does not exclude the possibility that other forms
of matter (e.g., massive neutrinos, etc.) exist in large quantities to provide for a large Q. In
fact, if @ = 1 as implied by inflation the limit from nucleosynthesis would indicate that
some form of dark matter must exist.

Recently, the possibility that fluctuations in the matter density produced in the quark-
-hadron confinement transition [9, 10] could affect the primordial yields has been explored
[11]. The idea is that because of different diffusion lengths for neutrons and protons, the
neutron density could smooth itself out leaving inhomogeneities in the proton density.
Nucleosynthesis would begin with a non-uniform n/p ratio. It was hoped that perhaps
Q, = 1 would yield abundances in agreement with observations. The biggest problem
first was the 7Li abundance which was 1-2 orders of magnitude too large. It was hoped
then that nucleosynthesis might be able to place constraints [12, 13] on the magnitude
of the baryon fluctuations, (ng)o/(ng)y < 4. However estimates of these fluctuations found
that (ng)o/(ng)y 2 6-7 for all transitions temperatures 7, ~ 100-1000 MeV. More recently,
it has become apparent that diffusion during nucleosynthesis [14] also plays an important
role and implying that for 5 = | all abundances might be in conflict with observation.
It seems at the present time that the predictions of standard nucleosynthesis are safe.

The origins of the current connection between particle physics and cosmology really
began with the generation [15] of a small but finite baryon to entropy ratio using grand
unified theories (GUTs). 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 = (ng—ng)in, 27)
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(if ng = O, this  is the same as that used in the previous discussion) since antimatter is not
observed in primary form,

n ~ ng/n, ~ 1071°—107°, (28)
In a standard model, the entropy density today is related to n, by
s = Tn, 29)

so that Eq. (28) implies ngfs ~ 10-1°-10-!!. This ratio is conserved however and hence
represents an undesirable initial condition, with its origin unknown.

Let us for the moment, assume that in fact = 0. We can compute the final number
density of nucleons left over after annihilations of BB have frozen out. At very high temper-
atures (neglecting a quark-hadron transition) 7 > 1| GeV, nucleons were in thermal
equilibrium with the photon background and ny = ng = 3/2n, (a factor of 2 accounts for
neutrons and protons and the factor 3,4 for the difference between Fermi and Bose statis-
tics). As the temperature fell below my, annihilations kept the nucleon density at its
equilibrium value (ny/n,) = (my/T)*? exp (—my/T) until the annihilation rate I', ~ nym, >
fell below the expansion rate. This occurred at T ~ 20 MeV. However, at this time the
nucleon number density has already dropped to

ngin, = ng/n, ~ 10718 (30)

which is eight orders of magnitude too small [16] aside from the problem of having to
separate the baryons from the antibaryons. If any separation did occur at higher tempera-
tures (so that annihilations were as yet incomplete) the maximum distance scale on which
separation could occur is the causal scale related to the age of the Universe at that time.
At T = 20 MeV, the age of the Universe was only ¢t = 2 x 1073 sec. At that time, a causal
region (with distance scale defined by 2¢t) could only have contained 10-° M, which is very
far from the galactic mass scales which we are asking for separations to occur, 10'2 M.

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 initial condition to start off with and in a baryon number con-
serving 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, is to suppose that the baryon asymmetry was in
some way generated by the microphysics. Indeed, if one can show that a small non-zero
value for n developed from i = 0 (or any other value) as an initial condition, we could
consider the question solved. In the rest of this section, we will look at this second possibil-
ity for generating a nonzero value of n using GUTs.

There are three basic ingredients necessary [15] to generate a non-zero 5. They are

1. baryon number violating interactions

2. C and CP violation

3. a departure from thermal equilibrium.
The first condition is rather obvious, unless there is some mechanism for violating baryon
number conservation, baryon number will be conserved and an initial condition such as
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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 anti-
baryons ? If C or CP were conserved, no such direction would exist and the net baryon
number would remain at zero. The final ingredient is necessary in 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 ingredients are contained in GUTs, the third in an expanding
universe where it is not uncommon that interactions come in and out of equilibrium. In
SU(5). the fact that quarks and leptons are in the same multiplets allows for baryon non-
-conserving interactions such as e-+d <> u+u, etc., 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 ~ My
~ 10’3 GeV these types of interactions should have been very important. C and CP violation
is very model dependent. In the minimal SU(5) model, the magnitude of C ane CP viola-
tion is too small to yield a useful value of . The C and CP violation in 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. In 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 commonly referred to as the out of equilibrium decay scenario [17]. The basic idea
is that the gauge bosons X and Y (or Higgs bosons) may have a lifetime long enough to
insure that the inverse decays have already ceased so that the baryon number is 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 structure constant, while for X a Higgs boson, (47na)'* will
be the Yukawa coupling to fermions, The decay rate for X will be
Iy~ aMy. (31)

However decays can only begin occurring when the age of the Universe is longer than the
X lifetime I'g', ie., when I, > H

aMy = N(T)"*T?/ M, (32)
or at a temperature
T? <L aM MpN(T)™ 12 (33)
Scatterings on the other hand proceed at a rate
I's ~ a*T> My, 34

and hence are not effective at lower temperatures. In equilibrium, therefore, decays must
have been effective as T fell below My in order to track the equilibrium density of X’s (and
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X’s). Thus the condition for equilibrium is that at T = My, I'y > H or
My < aMuy(N(Myx)) 2 ~10'%x GeV. (35)

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

For masses My R 10'® o GeV, the lifetime of the X bosons is longer than the age of
the Universe when T~ M. Decays finally begin to occur when T < My, however, the
density of X’s is still comparable to photons ny/n, ~ 1 whereas the equilibrium density
at T < My is nxfn, ~ (Mx/T)** exp [~ My/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.

If total baryon density that will have been produced by the X, X pair [provided Eq.
(35) is not satisfied] is

ng ~ (AB)ny, (36)

where AB is the baryon number produced by a X, X pair, then since we also have
Ny = g ~ n,!,

ng = (AB)n,. 37

Although the net baryon number is conserved during the subsequent evolution of the Uni-
verse, the photon number density is not. A more useful quantity just after baryon generation
is the baryon-to-specific entropy ratio, mg/s. The entropy density, is

2 T 38

5= s . (38)
AtT S My ~ 10'° GeV, we expect N(T) < O(100) so that s ~ O(100) n,. Thus the baryon-
-to-entropy ratio we would expect to produce in the out-of-equilibrium decay scenario
would be

ngf/s ~ 10" *(AB). (39

The value of ny/s that we are looking for must be related to the limits on » from nucleo-
synthesis. 7 in the range (3-7) x 10-1° corresponds to a value of ng/s in the range (4.3-10)
x 107 1. Comparing this with the expected production, Eq. (39) gives us a lot of hope that
GUTs may provide us with a viable mechanism for generating a small (but not too small)
value for y.

In Figs. 2a and 2b, results [18] for the development and final baryon asymmetries
are shown for an SU(5) model. An alternative scenario for baryosynthesis will be discussed
mn Lecture I

Closely tied to particle physics is cosmological inflation, Inflation as will be described
below is the effect of a phase transition needed to solve a host of cosmological problems.
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 V, o 1. The microwave background radiation
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Fig. 2. a) The time evolution of the baryon asymmetry inu nits of (AB)for 1 — My = 3x10'80; 2— M, =3
*x10'7a; 3— My = 3x10'%a; 4 if scatterings remain very effective; b) The final baryon asymmetry as
a function of K = 3x10'7 /My in units of (AB). The dashed curve assumes effective scatterings

with the temperature T, ~ 3 K has been decoupled from itself since the epoch of recombina-
tion at Ty ~ 10* K. The horizon volume at that time was ¥, oc t3. Now the present horizon
volume scaled back to the period of decoupling will be ¥y = V(T,/T,;)® and the ratio
of this volume to the horizon volume at decoupling is

VoiVa ~ (VoI V) (To[Ta) ~ (to/ta)’ (To/Te)* ~ 10°, (40)

where I have used #; ~ 3 x 10'2 sec and £, ~ 5x 10'7 sec. The ratio (40) corresponds to the
number of régions that were casually disconnected at recombination which grew into our
present visible Universe. Because the anisotropy of the microwave background is so smali,
ST|T < few x 10-5, the horizon problem, therefore, is the lack of an explanation as to
why 10° causally disconnected regions at ¢4 all had the same temperature to within one
part in 10*!
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The curvature problem (also known as the flatness or oldness problem) stems from
the fact that although the Universe is very old, we still do not know whether it is open or
closed. If we look at the Freidmann equation (2) for the expansion of the Universe and
use the limits Q < 4 and H, < 100 km s! Mpc! we can form a dimensionless constant

k = k/R*T? = (Q-1DHE/TZ < 3H3T? < 2x 10738, 41)

where I have used T, >: 2.7 K. In an adiabatically expanding Universe, k is absolutely
constant (R ~ T-!) and thus the limit (41) represents an initial condition which must be
imposed so that the universe will have lived this fong looking still so flat.

A more natural initial condition might have been k~ O(1). In this case the Universe
would have become curvature dominated at 7~ 10! Mp. For k = + 1, this would signify
the onset of recollapse. Even for & as smail as O(10-4%) 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 (41) a very tight constraint, it must also be strictly obeyed.
Of course, it is also possible that £ = 0 and the Universe is actually spatially flat.

These are among the two main problems that led Guth {19] 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 scalar potential describing a phase transition from a symmetric
false vacuum state (X = 0 for some scalar field 2 to the broken true vacuum at (X) = ¢
as in Fig. 3, and we 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 T, such that T# < V(0), the energy stored in the form of vacuum energy will
be released. If released fast enough, it will produce radiation at a temperature T s~ (0).
In this reheating process entropy has been created and

(RT); ~ (I/T.) (RT); (42)

(Z)

Vo

0

(o] v z

Fig. 3. Schematic view of the scalar potential for a first order phase transition. For SU(5) symmetry breaking
X is the adjoint and and V ~ M,
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provided that 7, 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 k may actually
not have been constant.

The inflationary Universe scenario [19], is based on just such a situation. If during
some phase transition, such as SU(5) — SU(3) x SU(2) x U(1) (taking X to be in the adjoint
representation of SU(5)) the value of RT changed by a factor of 0(102%), these two cosmo-
logical problems would be solved. The isotropy 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
%k could have started out O(1) and have been driven small by the expansion.

If, in an extreme case, a barrier as in Fig. 3 caused a lot of supercooling such that
T$ < ¥(0), the dynamics of the expansion would have greatly changed. In the example
of Fig. 3 the energy density of the symmetric vacuum, V(0) acts as a cosmological constant
with

A = 8aV(O)M}. (43)

If the Universe is trapped inside the false vacuum with (X) = 0, eventually the energy
density due, to say, radiation will fall below the vacuum energy density, ¢ < V(0). When
this happens, the expansion rate will be dominated by the constant (0) and we will get
the De Sitter-type expansion and from Eq. (2)

R ~ exp [Ht}, (44)

where

H? = A[3 = 8aV(0)/3M}. (45)
The cosmological problems could be solved if
Hrt > 65, (46)

where 7 is the duration of the phase transition and the vacuum energy density was converted
to radiation so that the reheated temperature is found by

2

T N(TOTE = V(0) 47
:’I)(R r = V(0), 47

where N(T3) is the number of degrees of freedom at Ty,

In the original inflationary scenario, the 'phase transition given by a potential with
a large barrier as in Fig. 3 proceeds via the formation of bubbles [20]. The Universe hope-
fully reheats, and the release of entropy must occur through bubble collisions and the transi-
tion is completed when the bubbles fill up all of space. It is now known {21}, however,
that the requirement for a long timescale 7 is not compatible with the completion of the
phase transition. The Universe as a whole remains trapped in the exponentially expanding
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phase containing only a few isolated bubbles of the broken SU(3) x SU(2) x U(1) phase.

The weli-known solution to this dilemma is called the new inflationary scenario [22].
New inflation is based on symmetry breaking using a flat potential of type shown in Fig. 4.
In addition to producing Q = 1, new inflation is capable of producing scale invariant density
perturbations [23] of the type preferred for galaxy formation models. However, the original
[22] new inflationary models based on a Coleman-Weinberg [24] type of SU(5) breaking
produced density fluctuations with magnitude dg/¢ ~ 50 rather than 6g/¢ ~ 10* as needed
to remain consistent with microwave background anisotropies.

This problem led to primordial inflation [25] and the inception of the inflaton [26]
as a new scalar field whose sole (hopefully temporary) role is to drive inflation. Primordial

vViy)
VO
0 T
0] v Y
Fig. 4. Schematic view of the scalar potential for new inflation. In primordial inflation, ¥, is the inflaton

and ¢ ~ Mp

inflation, allowed the expectation value » to go up to the Planck scale producing a flatter
potential. Supersymmetry was also employed [27, 25] to give flatter potentials and acceptable
density perturbations [28]. These models were then placed in the context of N = 1 super-
gravity [29, 30]. Additional problems regarding initial conditions [31-33] were resolved
in non-minimal versions [34-36] of primordial inflation [37].

These models have the benefit that they can be written down very simply. We can
assume a scalar potential of the form V(y) = m*P(y), where y is the inflaton and P(y)
is some polynomial with coefficients O(1). Such a potential would arise from a superpoten-
tial of the form

fp) = m* (1 —p/Mp)* M, (48a)
fp) = m* (@ —y*1aM}), (48b)

where (48a) [30] is to be used in minimal supergravity while (48b) [45] is to be
used in SU(W, 1) supergravity. The former does not satisfy thermal initial conditions [31]
while the latter does. During inflation, the Hubble parameter is

H? >~ m*/M}. (49)
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The magnitude of density perturbations is given by
dgjo ~ (m*IMIH)In*> (HK™") ~ 10°m*/M2, (50)

where k! is the length scale of the perturbation. g/o ~ 10-* requires m* ~ 107 M2
so that the amount of inflation, exp (H7), is determined by

Ht ~ Mj/m* ~ 107, (51)

Clearly more than enough inflation.

Other variants of the inflationary scenario include chaotic inflation [38] and stochastic
inflation [39]. Unfortunately to date there are no models of inflation in the context of string
theory [40].

LECTURE 1l

If inflation gives us Q = 1 while nucleosynthesis restricts us to Qp < 0.2, the bulk
of the mass density of the Universe is in some form of dark matter (DM). Already on galac-
tic scales, there is good evidence from rotation curves [41] of spiral galaxies for the presence
of dark matter and a galactic halo. The rotation curve is a measure of the velocity as a func-
tion of distance from the center of the galaxy of a star as it revolves around the galaxy.
If there were no DM, one would expect that at distances beyond the bulk of the luminous
matter that > ~ |/r. Instead one finds flat rotation curves (v2 ~ constant) out to very
large distances (> 50 kpc). This implies that the mass of the galaxy must continue to increase
M ~ r beyond the luminous region.

A more subtle DM problem is the one in relation to the growth of density perturba-
tions and galaxy formation. One of the features of the spectrum of density perturbations
produced by inflation is that as the different Fourier modes fall within the horizon scale

. o9 : s :
(i.e., 2 ~ ct) they all have the same magnitude — at that time. Once within the horizon,
Q

these modes cannot really begin to grow further as long as the Universe is radiation domi-
nated. At a temperature of a few thousand degrees, the Universe becomes matter dominated
and density perturbations begin growing as

% RO~ — (52
) T )

. S
Now to reach non-linear growth we must have had e < 1 at the time when the oldest
0

<

galaxies and quasars were forming or at T~ 4 T, ~ 10 K. This means that at the time

. 4 . .
of matter dominance — ~ 10-3. However we know from limits on the anisotropy of the
[

4

89
microwave background that — < 10-4. We will see shortly that this is really a DM
Q

problem.
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As a first guess as to the identity of the DM, one might pick baryons i.e., ordinary
matter. As we saw from big bang nucleosynthesis, there are good limits (Eq. (26)) on the
value of @ in the form of baryons. Recall, in the standard model, one finds good agreement
for the predicted abundances of the light isotopes D, *He. *He, "Li only for a range in Q,
between 0.01 and 0.17. For Q4 < 0.01, D and 3He are overproduced while for Qg > 0.17,
“He is overproduced and D is underproduced. If inflation is correct and Q = |, then at
least some of the DM must be non-baryonic.

Returning to the growth of perturbations, if there exists some form of non-baryonic
DM, the Universe may have become matter dominated earlier. For example in the case of
massive neutrinos Ty ~ m,/10. Density perturbations could then begin to grow earlier at
say T ~ 10%-10° T, while baryonic perturbations could not until decoupling at 7~ 103 T,
After decoupling, the baryons would fall into the perturbation aiready formed by the
neutrinos. Hence the existence of DM could help enormously in the growth of perturba-
tions for galaxy formation. For a complete review see Ref. [42].

Returning once more to the question of DM on the scale of galactic halos, although
one needs © - 0.05 and that is consistent with Q in baryons, there are several arguments
[43] against baryonic matter in halos. Put briefly, it is very difficult to have a large baryon
density in such a way that it is unobservable. In the form of gas the baryons would heat up
and emit X-rays in violation of observed limits. To put the baryons in non-nuclear burning
stars (Jupiters) would require an extrapolation of the stellar mass distribution which is very
different from what is observed. Dust or rocks along with dead remnants such as neutron
stars or black holes would require a metal abundance in great excess of the galactic metalli-
city. Very massive (=100 M) black holes remain a possibility.

There are of course, many other candidates for the DM. Because of its important
role in the formation of galaxies, DM has classified [44] into three types: hot, warm and
cold DM. They are distinguished by their effective temperature at the time they decoupled
from the thermal background. Examples of hot particles are neutrinos or very light Higgsi-
nos with <100 eV masses. These particles decouple at T, ~ | MeV and are thus still
relativistic at T,. They typically produce large scale structure first. Warm particles decouple
carlier and have higher masses (up to ~ 1 keV). Any superweakly interacting neutral particle
is a warm candidate such as a right-handed neutrino. Cold particles are non-relativistic
at temperatures relevant for galaxy formation and usually have masses >1 GeV. Examples
of these include heavy neutrinos, photinos/Higgsinos, sneutrinos and axions. These typically
produce small scale structure first. With this classification, the specific identity of the particle
is no longer important for the purposes of galaxy formation,

Given the need for DM, we can ask what sort of constraints are there on particle
properties. The most common cosmological constraint is on the mass of a stable particle
and is derived from the overall mass density of the Universe. The mass density of a particle
x can be expressed as

0, = mY,n, < o, ~ 107 °hj GeVjem®, (53)

where ¥, = n/n, is the density of x’s relative to the density of photons, for Qh < 1. Hot
particles have limits characteristic to that of neutrinos. For neutrinos [45] Y, = 3/11 and
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z <g2_) m, < 100 eV (Qh2), (54)

where the sum runs over neutrino flavors and g, = 2 for a Majorana mass neutrios
and g, = 4 for a Dirac mass neutrino. All hot particles with abundances Y similar to
neutrinos will have mass limits as in Eq. (54).

Warm particle limits are derived from Eq. (54) as well. Warm particles have lower
abundances than neutrinos and the corresponding mass limits are weaker. Recall that
Y, = 3/11 is derived from the conservation of entropy before and after e* annihilation.
Neutrinos at this time are decoupled so that after the annihilations (7,/T,)® = 4/11 and
Y, = 3/4)(T,/T,)* = 3/11. (The factor of 3/4 is due to the difference between Fermi and
Bose statistics.) If a particle x interacts more weakly than neutrinos then the ratio (T,/T,)*
will be lowered [46] due to other particle species annihilations. Thus Y, is reduced allowing
{47] for a larger value for m,. If the particle x decouples around the GUT epoch, then Y,
could be as low as O(10-2) and m, < O(1) keV.

For cold particles the analysis is somewhat different. The abundance is now a function
of m, and in most cases one finds a lower limit to m,. The reason for this is that for large
m,, Y, is controlled by the annihilations of x. When the annihilations freezeout, Y, is fixed.
The freezeout will then depend on the annihilations cross-section and roughly one finds
Y, ~ (mwo,)! and g, ~ 1/o,. This situation was first analyzed for neutrinos [48]. The
annihilation cross-section in this case is basically o, ~ mZ/my so that g, ~ I/m? and
yields [48-50] m, > 4 GeV for Dirac mass neutrinos and m, > 6 GeV for Majorana mass
neutrinos [51, 49, 50].

Supersymmetric theories introduce several DM candidates. The reason is that if the
R-parity (which distinguishes between ‘“‘normal” matter and the supersymmetric partners)
is unbroken then there is at least one supersymmetric particle which must be stable. Candi-
dates for the stable particle include the photino, Higgsino, and sneutrino. If we assume for
simplicity that all of the scalar quarks and leptons have equal masses then the photino
annihilation cross-section can be expressed as [52-54]

one finds

2 2
CONS %’; Z ae(1 — z)m3(zf +2x(1 —522/2)), (55)
sf
where a is the fine structure constant, m, is scalar fermion mass, ¢; the electric charge of
the fermion f; z; = my/m; and x = Tjm;. For my ~ 90 GeV, m; > 12 GeV. For Higgsi-
nos [54] the annihilations are controlled by the fermion Yukawa couplings and the cosmo-
logical bound requires my > m, or about 5 GeV.

Sneutrinos are an interesting example in that there is in general no cosmological limit
on their mass [55]. In addition to the standard weak annihilations of sneutrinos, there is also
the process v+ v — v+ v via zino exchange. In this case {ov), oc 1/M; and is independent
of m,. Thus g, is fixed by parameters other than m, making the sneutrino mass free from
cosmological bounds.
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Assuming the existence of dark matter and assuming that the dark matter is responsible
for the observed flat rotation curves of galaxies it is possible to estimate the mass density
of dark matter in an isothermal halo,

! 007Gevem-s e (56)
= - ——— = 0.07GeVem "* -0
4nG a’+r? ajo+ris

r

g

where ¢, = 100 v,90 km s is the galactic rotation velocity, ¢ = 10a,, kpc is some core
radius for the halo and r = 10 r 4 kpc is the distance from the galactic center to the sun.
Typical values are v, =~ 2.4, rjo ~ | and a,q ~ 0.6 so that g = 0.3 GeV cm—3.
Dark matter particles in the solar neighborhood may be trapped [56] in the sun as
they pass through and elastically scatter. Numerically, the trapping rate is [56, 57}.

Iy~ 10%° s7Y(n,/0.3 cm™?) (300 km s~ '/5) (1 GeV/m,) (6g/1072® cm?), (57

where n, is the dark matter abundance in the solar neighborhood, & is the R.M.S. velocity
of x in the halo and o is the elastic scattering cross-section.

The abundance of dark matter particles in the sun is controlled by annihilations [58,
59] and evaporation [60, 56, 61] which is negligible for m, > 3 GeV. Although the annihila-
tions make it difficult {59] to resolve to the solar neutrino problem by heat transfer [60]
they open up a possibility for detecting a signature of the presence [58, 57, 62-67] of dark
matter. The products of these annihilations are high energy neutrinos. In particular, we
will be interested in looking for the prompt neutrinos in reactions such as [62, 63]

XX — ff
had f’+1_+ Vi (58)

It is then straightforward to calculate the differential flux of neutrinos produced in this

way [62]
de LB | drIy
dE. E | 4nd’ I, dE,’ 69

f

where d = | A.U., B; is the branching ratio for f — f’+f+vl and Iy is the decay rate for
the same process. We can now compare Eq. (59) with the differential flux of atmospheric
neutrinos produced by cosmic rays [68]. In Figs. 5a-d [62], the differential neutrino flux
for a) (generic) higgsinos (these are equivalent to Majorana mass neutrinos, i.e. their abun-
dance is completely determined by their mass); b) (closure) higgsinos (their abundance can
always be adjusted so that = 1); ¢) photinos; and d) also shown is a typical candidate
from superstring inspired theories [69]. Indicated on the figures, is the mass of each particle
in the range 640 GeV (a-c) and 20-50 GeV (d). The dashed line is the atmospheric back-
ground flux of v.’s within 30° of the sun. Also shown in Fig. 6 is the total flux of monochro-
matic neutrinos [57] for the Dirac mass neutrinos and sneutrinos. The differential flux
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Fig. 5. The differential flux of v+ v, from the sun due to the annihilation of cold dark matter (x) as compared
to the atmospheric background flux in the direction of the sun (dashed line) for: a) a generic higgsino,
x = Hor ﬁ for m, = 6, 10, 20 and 40 GeV. In this case, £2, = 1, 0.37, 0.12 and 0.36 respectively; b) a sym-
metric higgsino, x = (H+osH)/(»2+7%)"/* with v/v adjusted so that 2, = 1: v/t = 3, 1.8, 1.4 and 1.2 for
the same set of LSP masses as in a); ¢) a photino with degenerate squark and slepton masses, mf, adjusted
so that 2, = 1: mi" = 71, 88, 117 and 166 GeV for the same set of LSP masses as in a); d) superstring
LSP (photino) with masses 20, 40 and 50 GeV and sfermion masses taken from the relations of Refs.
[69, 101}
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Fig. 6. The total flux of monochromatic v+ ve produced by annihilation in the sun of scalar or Dirac
neutrinos

for these particles is just

i PO(E ) (60)
—_— = —m,).
dE *

In order to make the comparison between the calculated dark matter induced flux

and the background we must compute an event rate

S dE VA{EYo (E i 61
ch FE)o(E) dE, (61)
for neutrinos from the sun, where V is the fiducial volume of the detector and 6, is the
neutrino cross-section in the detector. A similar computation is done for the atmospheric
background rate 4. We also distinguish between three types of events [65]: 1) contained
events with 1 GeV < E, << 2 GeV; 2) neutrino events with E, > 2 GeV producing through-
-going muons; and 3) contained events with E, > 2 GeV.

Data for each of these event types exists. For case 1), IMB [70] reports 11 events within
30” of the sun out of a total of 89 events. The 909, confidence level statistical upper limit
on the ratio r = §/A is r < 0.14 [64, 65]. For case 2), IMB [70] reports 2 through-going
muon events within 8° of the sun out of a total of 187 events yielding r < 0.024 at the 909,
confidence level. Finally for case 3), IMB [70] reports O events out of 10 within 30° of the
sun for r < 0.23; Kamioka [71] reports 0 events out of 23 for r < 0.10 and Frejus [72]
reports 0 events out of 24 with r < 0.096. Because the data is still statistics limited, the
best limit for contained events with E, >> 2 GeV comes from combining the data yielding [65]

r < 0.040. (62)

In the tables, the calculated values of r are shown [65].
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Before discussing the limits we can set based on this data, it is worthwhile to remind
the reader of the uncertainties in the analyses. These were discussed in detail in Ref, [64].
The largest uncertainty comes from astrophysics because the trapping rate I', oc /0.
If we naively take the limits 1.75 < 1,40 <26,08 <r¢<1, and 0<a,0 <25

(@ = /3/20)

300 kms™!

0.14 < = -
0.3cm 0]

TABLE I
Photinos
my r r r
(Gev) (Case 1) (Case 2) (Case 3)
4 0.11 0.014 0.097
6 0.032 0.015 0.077
10 0.0067 0.016 0.054
20 — 0.0066 0.013
40 — 0.0023 0.0023
fimit 0.14 | 0.024 0.040
TABLE 1II
Higgsinos
my r r r
(GeV) (Case 1) (Case 2) (Case 3)
6 0.045 0.0091 0.052
10 0.0084 0.010 0.040
20 — 0.0057 0.012
40 —_ 0.0023 0.0025
limit 0.14 0.024 0.040
TABLE III
Majorana neutrinos
Ny, r r r
(GeV) (Case 1) (Case 2) (Case 3)
6 0.055 0.011 0.064
10 0.023 0.028 0.11
20 0.0058 0.051 0.11
40 _— 0.078 0.082
limit - 0.14 1 0.024 0.040

(63)
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implying the signal could bé Jowered as much as by a factor of 7. However Flores' [73]
has argued that a'conservative fower limit on ¢, might be 0.2 GeV cm—? implying a smaller
uncertainty. Other factors to be taken into account are fragmentation effects [66], and
couplings to protons {67].

TABLE 1V
Dirac neutrinos
Myp F r r
(GeV) (Case 1) (Case 2) (Case 3)
3
4 — 0.022 0.087
6 — 0.044 0.12
10 — 0.10 0.17
20 —_ 0.30 0.24
40 — 0.70 0.28
limit 0.14 0.024 0.040
TABLE V
Scalar electron neutrinos
"3, r ! r r
(GeV) (Case 1) 5 (Case 2) (Case 3)
—m _— ' - . - - [
| i
4 — — 17
6 — — 6.3
10 — —_— i
20 — — 20
40 — —_ 26
limit 0.14 0.024 : 0.040
TABLE VI
Scalar muon neutrinos
m”\.p r r r
(GeY) {Case 1) (Case 2) {Case 3)
4 — 0.50 14
6 — 1.3 2.3
10 — 38 4.1
20 — 13. 9.5
40 — 35. 18.
limit 0.14 0.024 0.040
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Keeping in mind the uncertainties, we can obtain the following limits on cold dark
matter candidates with m, = 3 GeV:

photinos: my =: 15 GeV

Higgsinos: my = 10 GeV

Majorano Neutrinos: excluded as dark matter
Dirac Neutrinos: excluded as dark matter
€, U sneutrinos: excluded.

One should be very aware however that with the exception of the sneutrinos all limits
are within a factor of 2-3 of being acceptable so conservatively we can conclude only the
sneutrinos are excluded.

LECTURE 1}

In this last lecture, 1 will look at seven instances in which models of particle physics
containing a scalar potential which along some direction (linear combination of scalar
fields) is flat, V(¢) ~ 0.1 will then examine the cosmological consequence of these potentials.

1. Inflation

As was described in the first lecture, the new inflationary scenario [22] requires a flat
potential in order to have a sufficient period of exponential expansion. Though, we clearly
do not want ¥(y) = 0, inflation requires ¢V/dy and &*V/3y* to be very small for some
extended region in y-space. Using the condition (46) and approximating the duration of
inflation by

r~ yly~ H[@*V]dy?) (64)
so that the flatness condition is
&2Vjoy? < H?J65. (65)

As was shown earlier, a potential of the form V(y) = m*P(y) with m?/M} ~ 10-7 easily
satisfies (65) and yields density fluctuations with do/p ~ 104 as well.

After the period of exponential expansion, the inflation w will begin to roll down
to the global minimum at (y) = v >~ M,. But because y is weakly coupled (usually only
gravitationally coupled [29]) y oscillates about the minimum until its decay rate becomes
comparable to the Hubble rate H. During this period the energy density in the scalar field
oscillations is

g, = mi(tp)(z,(R,‘,.;’Rf (66)

where m, ~ m* /My ~ 1007 M,, (y>o ~ M, is the initial amplitude of oscillation and
R, is the cosmological scale factor when the oscillations begin. During this period,
H~ ¢,/*/My. For a gravitationally coupled inflaton we might expect a decay rate
I',~ m)/M;, so that y decays when R = R,, given by

RyjRay = mi2[Kypys My (67)
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and the energy density at that time is g, ~ mf:./Mg and the reheat temperature is [26)
(assuming rapid thermalization which is in general not true) Ty ~ ¢4/* ~ m}/*/M3/* ~ 10®

GeV. This is low enough to make baryogenesis difficult {74] (though not impossible).

2. Axions

Axions are pseudo-Goldstone bosons which arise in solving the strong CP problem
[75, 76] via a global U(l) Peccei-Quinn symmetry. The invisible axion [76] is associated
with the flat direction of the spontaneously broken PQ symmetry. Because the PQ symmetry
is also explicitly broken (the CP violating FF coupling is not PQ invariant) the axion
picks up a small mass similar to pion picking up a mass when chiral symmetry is broken.
We can expect that m, ~ m_f,/[f, where f,, the axion decay constant, is the vacuum expecta-
tion value of the PQ current. If we write the axion field as ¢ = f,0, near the minimum,
the potential produced by QCD instanton effects fooks like

V() = L m2e*f]. (68)

Schematically this potential is shown in Fig. 7. In the absense of any CP violating effects
00 == 0.
The equations of motion for # can be written as

0+3H6 = —m?0. (69)

For H» m,, 0 ~ constant while for H < m,, 0 begins to oscillate about ),. The energy
density in these oscillations may be the dominant contribution to the mass density of the
Universe today [77]. Depending somewhat on the value of f,, oscillations begin when
T~ T, ~ 1GeV. The energy density is ¢, = F(0) where it is understood that m, is also
a temperature dependent quantity. Entropy conservation tells us that m,0? is constant.
So that we can write

0, = + mym, T)OIR,/RYf1, (70)
2

- V(8)/m2 2

\l
ar o 8, ™

Fig. 7. Schematic drawing of the axion potential in units of mZ2f? produced by QCD instaton effects
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where 6, ~ O(1) is the initial value of 8 and R, is the value of the scale factor when oscilla-
tions begin. Taking m,(T,) ~ H(T,) ~ T/Mp, R,/R~ To/T; where T, = 2.7K, and
m, ~ Tx 107 eV (I GeV/f,) [78], we find [77]

g, ~ mfI0ITIIMLT, ~ 107 "7(£,/1GeV) GeV/em® (71)
s0 that @ <C | implies that
fi << 10" GeV. (72)

It is interesting to note that the recent supernova SN1987a places the strongest constraint
from below on f, [79]

fi 2 11 Gev. (73)

3. Supergravity breaking

In supergravity theories [80], unbroken supersymmetry [81] guarantees a degeneracy
between fermion-boson (particle-sparticle partners) masses. Supersymmetry breaking lifts
this degeneracy so that

Am? ~ euz, 4

where u Is some supergravity breaking scale and ¢ is the coupling of the gravitino to the
matter and gauge supermultiplets. Typically we expect
&~ my,[Mp ~ WMz (75)
so that
Am* ~ m}, ~ u*/M3. (76)
Supergravity can be broken by the superhiggs mechanism [82-84]. This can be achieved
by introducing a single chiral superfield containing a scalar field z — the Polonyi [83] field

and its superpartner the goldstino which gets eaten by the gravitino. The scalar potential
in N = 1 supergravity can be written in general as [84]

V = °[G(G™ G -3], 77

where G is the Kahler potential (the metric in field space) such that kinetic energy terms
in the Lagrangian are determined by

L. = —5 G(0,87) (@"¢]) (78)

and G; = 8G/o¢', G’ = 8G/i¢] etc. In minimal N = | supergravity G = 3% and we can
write

G = ¢'¢f +In |F}?, (79)

where F(¢) is the superpotential.
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Using Eq. (79) the scalar potential becomes [84]
V = &R + T F T —31F %], (80)

in units where M}/8n = 1.
The simplest model for breaking supergravity utilizes the superpotential

F(z) = iz + 1), (31)
so that

V(z, z*) = pte!™*[(1 = 34%) =2z +2*)4
+izH (= 1+ 47+ (z 4294+ D] (82)

Along the direction z = z¥  } has a minimum at {z) = v = (\;'13»»]) and at the minimum
Wiry=0 if 4 =(2-'3). The two scalar fields have masses mjy = 2,/3 m},, and
m: =22—. 3) m§,2 where the gravitino mass is

G 4 (~3-1)2
mi, = @ =ttt (83)

With i ~ 10'° GeV, m;,, ~ 100 GeV [85]. Clearly this potential is very flat since V(0)'/*
~ p <€ v, This potential is shown in Fig. 8.
In the early universe the evolution [86] of z is determined by the equation of motion

543Hz = —dVjéz, (84)

when H > p?/Mp ~ mj,,, z is constant and when H < u?/M,, z begins to oscillate about
the minimum at v. The initial value of {z) might be determined by thermal effects or by
fluctuations during inflation. In the former, the minimum at finite temperature is at
{z)7 # v. In the latter because the mass of the Polonyi field z is so small, fluctuations
in (z2> are induced during inflation [87]. When m] < H?2, (z%> ~ H3t up to a limiting
value (z2) = 3H*/872m? (in our case it would be much smaller since m? is very large when

| 1 1
% -3 2 -1 0
log(z/v)

Fig. 8. The scalar potential for the Polonyi field z giving rise to the SuperHiggs mechanism breaking super-
gravity




379

{z) 2 v). In either case we expect that (z>, ~ (z2>'"? ~ M, but not at ¢ so that r—{2),
~ M, as well.

When z begins oscillating at T~ u the energy density is ¢ ~ m2(Az)? ~ u* and sub-
sequently ¢ ~ uT3. As with the inflaton, oscillations continue until z decays at
H~ "3 My ~ T, ~ m}]M} ~ /M3, or at Ty, ~ u"'3/M83. For u~ 10° GeV,
Ty, ~ 102eV (T, =27K~2x10*eV) and “reheats” to Ty ~ old(Ty) ~ u3/M}
~ 1 keV. The problem with that is that nucleosynthesis would have taken place during
the oscillations which is characteristic of a matter dominated expansion rather than a radia-
tion dominated one. Because of the difference in the expansion rate the abundances of the
light elements would be greatly altered [88]. Even more problematic is the entropy release
due to the decay of these oscillations. The entropy increase is [86] is

SefSi = (To/Ta,)’ ~ (Mp)* ~ 10'°. (85)

Far too much to understand the present value of 5 in light of nucleosynthesis and baryo-
synthesis.

The presence of a flat direction for the breaking of supergravity clearly has an important
impact, albeit a negative one, on the early Universe. The simplest solution, to raise the scale
of u, is not acceptable in this context because it would destroy the mass hierarchy which
requires Am? ~ p*/M} < (1 TeV)2. In no-scale supergravity [89] models and in superstring
theories [90], we expect the scale for u to be larger [91] 1 ~ 10-* M, but still leaving us
with an entropy increase of ~ [0%. If the baryon asymmetry is produced along the lines
discussed in the next section, the Polonyi problem [86] can be solved {92].

4. Flat directions in the supersymmetric standard model and baryogenesis

In addition to the flat direction associated with the small scale of supersymmetry
breaking, the standard supersymmetric model also contains numerous other flat directions
as well. Along these directions squarks and sleptons have in general non-zero vacuum
expectation values. Supersymmetry breaking lifts the degeneracy and the “‘symmetry
restoration” can lead to a sizeable baryon asymmetry in the context of a GUT [93].

Let us consider the superpotential for the standard model

f = i HQd + i, HQu* + i HLe* + /. ymHH, (86)

where Q and L represent SU(2), doublets of quarks and leptons, «°, d°, ¢ are the SU(2)
singlets and H and H are doublet Higgses. These are just the Yukawa mass terms for
quarks and charged leptons plus a mixing term for H and H. The scalar potential is

2
~ Ly sALrA g ai 1 f .
V = |F?+{D]* = g ofjopa” + 5 g (@7 T, (87)

H a

where g is the gauge coupling and T ,‘ is a generator of the gauge group. A flat direction
can be constructed by taking some linear combination of squark and slepton fields such
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that ¥ = 0. For example, taking [93) u§ = a, 5> = a, —u; = v, b5 = *(v? +a?)"'? and
p~ = v with H=H = 0, is both F and D flat under SU(3)c x SU(2), x U(1)y. Another
simple example is [94] di = 55 = 13 = v. In both cases v and a are arbitrary. Supersym-
metry breaking destroys the degeneracy so that scalars typically pick up masses of the order
m? < (1 TeV)? (or order p*/M¢ in the notation of the previous section). The potential
for this combination of sfermion fields ¢ is shown in Fig. 9. {¢), represents some initial
value for the expectation value of ¢.

V(gb) <4)>0

¢

Fig. 9. Schematic view of the scalar potential along a flat direction after supersymmetry breaking effects
are included. <), is the expected initial value of <@ after inflation

The fact that at early times when the effects of supersymmetry can be neglected, sfer-
mions (charged and colored) have non-zero vacuum expectation values implies that ail
gauge symmetries were broken, i.e. M, ~ g{¢> for vector masses. It is interesting that
supersymmetry breaking actually restores the gauge symmetries by picking out the ground
state at {(¢) = 0.

When {¢> # 0, in a GUT such as SU(5), there exists operators V, of the form qqq/
such that (V) # 0. We can then define a baryon number per particle as [93]

B = ImV>[m*(ddg ~ eddoiME, (88)

where € is a measure of CP violation. When the expansion rate of the Universe, H falls
below m, ¢ begins oscillations about the origin so that the baryon density is

ng = Bny = Bin($)? ~ Bm(gI3(R,/RY’, (89)

where R = R, when oscillations begin. As before we can compute ‘the final asymmetry
when the oscillations decay when I'y ~ m3/<$>* ~ H ~ m{¢P/M,. The final baryon
to photon ratio is [93]

ne (9% (_vt_)’ ©0)

— ~g—0| =
n, Mg \m

which as one can ‘see could be O(1)!.
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Because of the fact that this asymmetry is produced late, Ty ~ 10* GeV, there are very
few dissipative processes to damp this asymmetry before nucleosynthesis [92]. Is this asym-
metry embarrassingly large?

Normally we consider the origin of (¢>, # 0 to be due to inflaton, via the scalar
field fluctuations [87] discussed previously. That is, (¢> ~ {($?> which grows as H3t
during inflation. We can ask therefore, what is (¢, in a typical inflation model and can
any of the entropy produced by inflation be used to damp the baryon asymmetry [95].
For our inflaton potential V(y) = m*P(y), recall that the duration of inflation was given
by (64) T ~ Hj(m*/M{)~ M;/m? so that($*> ~ H>1 ~ m? and we should take ($>2 ~ ($*)
~ 1077 M. Furthermore, after inflation, the expansion rate is dominated by inflaton
oscillations so that really sfermion decay is determined by I'y ~ m3p>: ~ H ~ m{y>/Mp
with (>, ~ Mp. Then the baryon asymmetry becomes [95]

ng  &(promy’

Y AYE IR
n, McmM,

1))

For, £ ~ 103, (¢o>> ~ 107" M, Mg ~ 107 My, m,~ 1077 M, and m ~ 10-'¢ M, we
find ng/n, ~ 3 x 10-° in remarkable agreement with the desired value from nucleosynthesis.

5. Gauge symmetry breaking in superstring models

In this section I consider the breaking of a gauge symmetry in 10-dimensional heter-
otic superstring theories [90, 96] based on Calabi-Yau compactification [97]. In such
theories, the resulting gauge group subsequent to compactification, with SU(3) holonomy
[98] is either a rank-5 or rank-6 subgroup of E,. Recall that the standard model is rank-4.
For example the model based on the CP?x CP3 Calabi-Yau manifold yields SU(3)® as
a rank-6 gauge group [99] and one based on CP7 yields SU(3) x SU(2) x U(1)? as a rank-5
gauge group [100).

The matter fields are contained in the 27 (or 27) of E¢ which has the following decompo-
sition with respect to SO(10) and SU(5) respectively

27 = (164+10+1) = (10+5+1+5+5+1) 92)

and the most general superpotential is of the form

F = A HQu +i,HQd*+ s, HLe + i ,HHN + i ,NDD*

+4¢DQQ + A,DU°d® + AgD°QL + AgDue® + A o DAV + A, HLY, 93)
where H, H, Q, L, , d°, ¢° have been defined above and D, D° are new charge +1 color
triplets and N and v° are standard model singlets (v is like a right handed neutrino). If all
of these terms were present, they would result in serious problems [101, 102]. For example,
the presence of 4,, leads to an unacceptably large Dirac mass for neutrinos and the presence

of 4 and i, leads to fast proton decay through p — mn+v°. In the above superpotential
the first three terms represent the standard model couplings. The 1, term supplies a necessary
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H H mixing and /s supplies a mass to the D-quark mp ~ (N) ~ | TeV. By inclusion
of a simple Z, discrete symmetry (D, D%, v°) — —(D, D, ") the unwanted couplings
Ag, Avy Ag, A and 4, can be made to vanish. This is characteristic of all inspired models
where discrete symmetries must be imposed to delete unwanted Yukawa couplings.

In a rank-5 model [101], only one of the two standard model singlets v or N need
pick up a vacuum expectation value. As noted above a vev for N produces HH mixing
and D masses. This phase transition has been shown [92] to be cosmologically safe from
the point of view of entropy production. In a rank-6 model, both v and N need to pick
up vacuum expectation values. It has been shown [103] that without an intermediate scale
(e.g. (¥ = O(10'° GeV) the addition of a v° vev produces problems for the down quark
mass matrix, flavor changing neutral currents and lepton number violation.

There are however severe problems which can arise in models with intermediate
scales. Intermediate scales arise along flat directions of a scalar potential of the form

V(. T) = (—m>+THp> +¢* " M0, (94)

where ¢ might be v* for example, m; ~ m? and M, ~ 10-' M, is the compactification
scale. The zero temperature potential has a2 minimum at

(py = My = (m*MHYEHD, (95)

so that for n = 2, M, ~ 10'® GeV. Larger intermediate scales are possible along flatter
directions (i.e. with » > 2). See Fig. 10.

Problems for intermediate scale models can arise in many ways. First, in many models,
baryon decay can be mediated by dimension-five operators due to the exchange of particles
weighing O(M,). The stability of the proton suggests that M, = 10'¢ GeV [105]. Second,
in models with several mirror generations, unless M, > 10'®"'7 GeV the evolution of
gauge couplings is rapid enough to preclude a perturbative regime at lowe energies. Third,
unless M, < 105 GeV or there exist non-zero scalar masses at the compactification scale,
it is very unlikely that the renormalization group equation evolution of scalar masses would
be strong enough to drive mi < 0 to generate the intermediate scale. Finally, unless

Vig)

High T

jmemg

!
M
¢ I
Fig. 10. Schematic view of the scalar potential along a flat direction breaking an extended gauge symmetry
down to the standard model, in superstring theories with an intermediate scale M,
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M, < 107 GeV (10'°~'* GeV depending on assumptions about inflation and baryosynthe-
sis) the entropy produced in this phase transition is too large [106] thereby diluting the
baryon asymmetry of the Universe. I will discuss only this last problem in more detail.

Using the scalar potential in equation (94) we see that the phase transition {(¢> = 0
to {¢> = M, in the early Universe takes place at T~ m < 1 TeV. For T < m, the ¢ field,
as in the many cases before, oscillates about the minimum at M, with an energy density
0s ~ M*M](R,/R)* and decays when I'y ~ m3M} ~ H. The entropy produced after
¢ decay is [106]

4 = SifS; ~ M{m3* M2, (96)

Unless M, =< 107 GeV, S;/S; = 108,

This bound can be relaxed somewhat by considering the effects of inflation. Symmetry
breaking during inflation effectively induces ¢ oscillations earlier (T > m) so that if the
reheating temperature after inflation does not restore the symmetry and Ty < (mM,)'/?
then S¢/S; < 10° if My < 10'® GeV [104]. This bound can be further relaxed if the baryon
asymmetry were produced after the phase transition such as in the mechanism described
above [93]. But this only raises the limit of M, to M; << 10'2 GeV.

A promising alternative to the 10-dimensional models is the 4-dimensional formulation
of superstring theory [107]. One example which has been examined [108] in detail is the
model based on the gauge group SU(5)x U(1). The model is attractive from a model-
-building point of view in that it does not require an adjoint to break SU(5), it is done with
a 10-plet. There is also a very natural doublet-triplet separation mechanism and a see-saw
for neutrino masses. Although AB # 0 interactions require a scale M; ~ 101® GeV, strong
coupling effects become important at T ~ A5 ~ 10!° GeV and can avoid the entropy
problem normally associated with intermediate scale models [109].

6. Inflation and the generation of an electric charge asymmetry

In this section 1 will briefly describe a problem [110] that arises, during inflation in
the presence of the same flat direction used to generate the baryon asymmetry in Section 4,
As was noted above during and just after inflation, all gauge symmetries are broken by the
expectation value for the sfermions ¢. In particular, electric charge is violated and
the photon has a mass ~e{¢)>,. Because of this, an electric charge asymmetry may have
been generated after inflation.

Because our gauge group contains no operators which explicitly violate electric charge,
we can not generate a charge asymmetry in the same way as we argued for baryons. But
other processes, in particular inflaton decay, now has charge violating modes which are
in all likelihood CP violating as well. Consider a piece of the lagrangian which gravitation-
ally couples the inflaton to matier

o ppHgd® (97)
M, e

Zs

where £ is some Yukawa coupling,
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If for example we consider a flat direction containing d° then by shifting the fields,
we get a charge violating interaction of the form (m,/M;) (¢>hypHQ. The branching ratio
for the charge violating mode is

Taolly = h*{¢>*Imy, 98)

where ($>? = (Pp>a(R,/R)® is to be evaluated at the time the inflaton y decays. The net
charge asymmetry is now [110]

e ooy §¢>§ (~T—w—)9/2, (99)

n,., 152
where ¢’ is a measure of the CP violation in the inflaton decay. When compared to the baryon
asymmetry, it is found that ny/ng ~ 10~*. Limits due to electrostatic repulsions require
nofng < 107'® so we are off by some 14 orders of magnitude! Limits from the propagation
of cosmic rays imply further that [111] ny/ny < 10-2°,

There are not many attractive resolutions to this problem: 1) An unknown suppression
of by 14 orders of magnitude in the CP violating phase; 2) Reduce {¢>, (which also reduces
ng/n,), but it is not clearly why {¢>, would be smaller than its value obtained by fluctuations
during inflation; 3) Reduce m,, (this would also reduce ng/n,) but this would lower the
magnitude of dg/¢ =~ 10° m /M,, and thus an additional source of density fluctuations
would be needed to produce galaxies; 4) Eliminate the unwanted couplings, but they are
already gravitational. The best solution seems to be to consider residual non-renormaliza-
tion terms in the potential due to integrating out massive fields in a GUT [94], which would
reduce {¢), and leave ny/ny ~ 10-2* — somewhere between the two observational limits.
This clearly imposes a severe problem for inflationary theories in models with flat directions
such as the standard supersymmetric model.

7. Initial conditions for chaotic inflation

Finally the existence of these same flat directions imposed strong constraints [112]
on the initial conditions for chaotic inflation [38]. Models of chaotic inflation are based
on very simple potentials such as V(y) = § mly? or 1 Ay* (here I will only consider the
former) and the initial canditions for {y) are fixed by setting V() ~ Mp. The magnitude
of density perturbations is just dg/¢ =~ 10 m, /My so that we take m, ~ 10~ Mp in this
case and (y)o ~ 10° M,. The duration of inflation is more than sufficient Hz
~ {pdaMz ~ 10,

The chaotic condition ¥V ~ Mg, however should also be applied to other scalar fields
as well. In particular, along the sfermion flat direction this would imply that
{d>o ~ 10'% M. The problem [112] that arises is that density fluctuations are fixed by
the last field to inflate which in this case would be ¢ not y and hence gfo ~ 10-', far
too small to have any relevance for galaxy formation. Indeed even if {(¢)>, = 0 initially,
scalar field fluctuations [87] drive <{¢*> to H3t. When {p)>¢ = 103 M}, {¢*> fluctuations
are large enough so that ¢ is again the last to inflate. In Fig. 11, the allowable parameter
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Fig. 11. The magnitude of energy density fluctuations produced and the number of inflating epochs as
a function of the sfermion (@) and inflation (%) initial values, in a chaotic inflationary scenario

space for (¢}, and {p), is shown in order to have dg/¢ ~ 10~*. Either <¢>q < 3 M,
and 3Mp < (y)o S T30 My or {ydo < 10° Mp and 6x 103 My < (Do < 8x10'* M,.
Although a clear non-negligible area for dg/¢ ~ 10~* is present, complete chaotic condi-
tions may very well result in very little structure,

To summarize, 1 have tried to show that the existence of flat directions in models

of particle physics which appear under almost any circumstance can have a profound impact
on cosmology and the evolution of the early Universe.

This work was supported in part by DOE grant DE-AC02-83ER-40105 and by a Presi-
dential Young Investigator Award.
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