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ABSTRACT

The present status of supersymmetric inflationary models is
reviewed. In particular, problems in finding a successful model in
minimal N=1 supergravity theories are resolved in more general

non-minimal theories.
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It is well known by now, that probiems associated with initial
conditions in the standard big bang model can be neatly resolved by an
early period of exponential expansion or inflation.1) The inflationary
epoch is triggered during a first order phase transition in which the
Universe is trapped in a false vacuum state. In models of new
inflation,z) the Universe begins its exponential expansion as a scalar
field rolls into a potential well, thus picking up a vacuum expectation
value resulting in symmetry breaking. Early attempts to find a model
for new inflation associated the phase transition with SU(S) symmetry
breaking. It had quickly become apparent, however that problems in
these SU(5) inflationary models began to outnumber their benefits,3™5)

It was noticed5,7) that if the scalar field responsible for
inflation, the inflaton, were a gauge singlet, many of the difficulties
could disappear. As we will see, models in which the inflaton picks up
a very large vacuum expectation value <¢>=v>>Mx {where M, is the GUT
scale) allowed for a longer period of inflation, and are called
primordial inflation.7} As we will also see, supersymmetry removes other
difficulties in ways similar to those in which supersymmetry relaxes the
gauge hierarchy problem in GUTs. Primordial inflation combined with
supersymmetric inflation naturally leads one to look for models derived
from N=1 supergravity.g) (For a review of the general interplay between
cosmology and supersymmetry see the contributiong) by J. Ellis in these
proceedings.) Here, I will examine the present state of inflationary
medels in supergravity focusing on the resolution’0712) of some general
problems!3) regarding initial conditions.

To begin, I will very briefly review the conditions necessary for
inflation. The expansion rate of the Universe is determined by the

Friedmann equation



where H is the Hubble parameter, R is the Robertscn-Walker scale factor,
p is the total mass-energy density of the Universe, Mp = 1.2x1o19 GeV is
the Planck mass, k = #1,0 is the curvature constant determining whether
the Universe 1is open (-1), closed {(+1) or flat (0) and finally A
represents the cosmological constant. If during a phase transition, the
Universe supercools intc a state with a large vacuum energy density
which acts as a cosmological constant, the expansion rate will soon be
dominated by this contribution. Recall that the energy density in
radiation falls off as T? as the Universe expands and cools. Thus if

the phase transition is described by a scalar potential V(¢), such that

V{C) is large, the expansion rate will be

H2 = 81r‘J(O)/3MS (2)
and

R = exp(Ht) (3)

where the vacuum energy density plays the roll of the cosmological
constant. An expansion of the form of eq. {3) characterizes what we
call inflation.

The search for an inflationary model becomes the search for a
scalar potential V(¢) with several key properties.1”) First of all, we
must require that the timescale for the field to pick up its vacuum

expectation value be large, so that exp(Ht) > ‘IO28 or Ht 2 65 where t is



the rollover timescale. The timescale is determined by the classieal

equations of motion

§ + 3H¢ + 3aV/d¢ = 0 (4)
to be

1 = 9/¢ " (32V/342)/3H (5)
where § = 0 1initially and the effects of interacticns are neglected

until after the rollover is completed. Cur first major requirement Iis

that near the origin, ¢ < H << v
32V/a¢;2l¢20 < 3H2/65 (6)

Clearly, flat potentials of‘this type are more easily attainable when v
is made as large as pcssible, i,e. in models of primordial inflation.

A second key constraint concerns the production of density
fluctuations during the phase transition. In general there will be a
time spread over which in certain regions of space, ¢ rolls down faster
or slower than others., Density perturbaticns have been calculatedu) in

terms of this time spread
Sp/p « HSt (7)
where dp/p is the magnitude of the perturbation as it enters the horizon

and &t 1is calculated in terms of H and ¢. Limits coming from the

isotropy of the microwave bhackground radiation!>} imply that



o/ p < TO.‘H {8)

This limit generally feeds into a constraint on the coupling constants
in v.4) Supersymmetry is helpful in keeping these couplings smzll enough
to satisfy this constraint.5,7)

Our goal therefore is to find a potential V of the form
Vo= 6+ Y$2 + g3 + agh .... (9)

wnhere the coupling «,8,Y,8... satisfy the inflationary constraints
(... refers to the possible inclusion of non-renormalizable terms in V).
In the context of supergravity, the search for V translates into a
search for a superpotential or more generally a Kihler potential., 1In
N=1 supergravity, the scalar potential is expressed in terms of the

K&hler potential as1®)
_ .G IR
V= ellG, (g 1)5 g - 3] (10)

where G, o 3o/ael GJ < 32G/3¢ia¢§ etc. and G is a real function of the
chiral superfield ¢i. The scalar kinetic terms of the theory are

expressed as

,Zf - ol i *
k.7, = 705 (3,000(3% ) (11)

50 the theory is only well defined for G{ > 0. Minimal N=1 supergravity

refers to those theories in which G{ = 5% and G is expressed as

G = ¢i¢: + ln|F[2 (12)



where F{¢) is the superpotential. (I will be using throughout, units
such that Mp = /87~

For G of the form in eq. (12}, the scalar potential is given by
i * i * *
Vet ey = exple9y) [|Fi+¢iF|2'3|F|2] (13)

where Fi - 8F/B¢i- One must now apply the inflationary constraints to

find a superpotential F. Let us write F in the following general form8)

F(g) = mz(l + T ni? ¢n+1) (1w
n

where m is an overall scale for F and we will assume that the A{ are all
of the same order of magnitude fer naturalness. We will from now on
concentrate on a single field, the inflaton ¢, which is a gauge singlet,
One constraint on F comes from the fact that we will not want to break
supersymmetry with ¢. The reason being that, 1if broken by ¢, the

supersymmetry breaking scale would be M_ . m2/M

3 pe As we Wwill see,

m = ?O““Mp implying that Ms——101OG9V >> M 102 GeV, thus destroying the
gauge hierarchy we set out to solve initially with supersymmetry. The

condition to preserve supersymmetry is that
G/2 *o o
e G, - F =20 1
o F¢+ ¢ {15)

at the global minimum (we will take the global minimum to be at
<¢> = v = 1 for convenience). Secondly we will alsc want the
cosmological constant to vanish at the minimum implying that®) F(1) = 0

as well,



The couplings «,B,Y,8 etc. can be expressed 1in terms of the

couplings A, gor example, for V along the real ¢ axis

9.2 1.3 . 4 L .
S SATEAIS M Rt R A2k x,)m {16a)
3 L0103 o'y

lz )
o &1 2 3 o2

o= ~2—

g = "(ZXOAS + 2hqghp + hok1)mu {16b)
Y= 2k, o (16e)
5 = (A2 - 322)mt (16d)

where A .54 was in order to cancel the linear term, The first
inflationary constraint (eq. 6) 1s satisfied if ¥ or A> = 0. The

constraint coming from density perturbations becomes17)

sp 1 g 2 -1 -
5 T (2% () In"(Bk ") 2 10 & (17)

where ¥k is the wave number of the perturbation. This then beccomes a

constraint on the secale m, m £ 10'”. The simplest superpotential which

satisfies all of this 1518)

F=(1- ¢)2me (18}

As we will see however there 1is one additicnal c¢onstraint to be

considered.

The normal picture for & phase transition in the early Universe is

that at very high temperatures, symmetries are restored and <¢> = 0. As



the Universe cools the high temperature minimum may become metastable
triggering the phase transition. Since we are dealing here with a gauge
singlet this picture is not guaranteed. For example, if V is asymmetric
about ¢ = 0, due to a cubic term we would expect the high temperature
minimum to be shifted. In supergravity, the picture becomes less
intuitive. Finite temperature minima may be shifted from ¢ = 0 even if
V is symmetric. This is true however only when the superpotential ¥ Iis
asymmetric about the origin. For wvery high temperatures, one loop

corrections to V in N=1 supergravity arel9)

T g (g g M) (19)
where

g - avg (20a)

Tng - 2eG[Tij|2 ~ UG (200)

Tiy = Gy + G303 - Gk(G'1)§G¥j (20¢)

The importance of the finite temperature potential, is that it
enables the theory to predict the initial wvalue for <¢>, i.e. the
starting place for the inflationary rollover. Our final requirementzO)
is therefore that there exist & high temperature minimum at ¢=0 (or
wherever the potential is suitably flat. Unfortunately, for the simple
example of eqg. (18), the finite temperature minimum is far from the

origin so that it is rather unnatural to expect <¢>=0 initially. If one



chooses <¢>=0 as an initial condition (i.e. ignoring VT) then the model
will work. The benefit of using V., js that it 1is the theory which
chooses the initial conditions rather than doing s¢ by hand.

It turns out however, that without cheosing couplings Ai which
differ by many orders of magnitude, 1t is impossibleT3) within the
context of minimal N=1 supergravity. This is most easlly seen when one

considers  the form for V., ywhen a large number n, of chiral

supermultiplets are also present in the theory,Tg)

o

V. o= nT

1 2

[G¢G¢ - 276" (21)

£~

In a minimal theory, the zero temperature potential V takes the form
V= eGEG¢G¢ - 3] (22)

It 1s easy to show that V (o) = v4(0) = 0 is only satisfied if

G4(0) = 0. But then V(0) < 0 making a transition to a state with V=0

impossible,

One can however, remedy this situation by considering non-minimal
supergravity theories, i.e. those in which GJ £ 6. One can show, for
example that the inflationary constraints along with the thermal
constraint can be satisfied by a more general cholce of the Kidhler

potential’e)

G = 8¢(¢+¢*) + s$(¢¢*> * By ($2+0%2) + g$¢(¢¢*)(¢+¢*) o

+ 1n|F|2 (23)



10

where 84, g$ etc. are coupling constants. The inclusion of the

superpctential iIs simply for the convenience of ensuring unbroken
supersymmetry and a vanishing cosmological constant at the global

minimum. For example
F = m2(1 - ¢5)2 (2%)

with m ~ 1074 ensures that F(1)=F¢,(1)=O and gives the correct scale for

6p/p without altering the structure of the potential ¥V near ¢ = 0,
In order to satisfy the necessary constraints, one finds a

relationship between the couplings.'2) For example for g$=1 and g$¢ =0

8y = a> Y3 (25a)
Byp = 1 - a’/2 (25b)
8499 = (ab + 2a3 = 5a = a%e/3)/6 (25¢)
8940 = b/6 (25d)
84 = (1 - ac)/u (25€)
g8y = cr12 (25¢)
32 <6 + ade (25g)

ensures a flat potential and a high temperature minimum at $=0. It is



p—
—

straightforward to check that the choice a=-2, b=4, eo=-3 produces a
satisfactory potential, When one takes into account the effects of n
¢hiral supermultiplets eq. {25a)-(25g) are slightly altered by letting
c+c-n/a except in eq. (25f).

Another possibility for finding a model for inflation within the
context of non-minimal supergravity theories is  8U(m,1)
supergravity.21122111) At the tree 1level, these theories produce
perfectly flat potentials.21) Minima are determined therefore by
radiative corrections which fix the scale of supersymmetry breaking as
well as the scale for weak interactions. Hence, these theories are
called no-scale theories azs only the Planck scale is put in by hand.
The form for the Kihler potential in SU{n,1) supergravity (with n chiral

supermultiplets) is
G = -3 ln(£(z,2%) - ¢]41/3) + 1n |F|? (26)

where z is the singlet responsible for supersymmetry breaking. Regall
that In our discussion of minimal supergravity, we required that the
inflaton preserve supersymmetry. That rule is left to a second field =z
which 1is not directly coupled to other matter fields and is commonly
referred to as the hidden sector. In a minimal theory, we could have

chosen23)
G(z,2%) = zz* ~ In|F, (5)|? (27a)

F1 - uz(zﬂ:.) (278)
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where p ~ 108 and & adjusts the cosmological constant. In eq. (26),
the z field serves essentially the same role as in minimal theories
although the scale u is no longer put in by hand.

We will assume that in eq. (26), the second, third, and fourth
derivatives of f(z,z") vanish at the minimum 2=2 and that IfZ|=const.

The scalar potential then takes the very simple form21)
V= 626/3|Fi,2 (28)

where G = G-1n|F|2. It is interesting to note that the potential (28)
resembles very closely the scalar potential in global supersymmetry.
The value of G is determined by radiative corrections. For simplicity
we can take22) eG=1,

Concentrating again, only on the inflaton, we can find11) a

superpotential similar to the simple form of eq. (18)

F=m2(¢ - ¢4/4) (29)
leading to the very simple potential

V=]t - ¢3)2 | (30)

where again m~10~% from the constraint coming from density
perturbations. Although more difficult to check, one can show that the
above model also satisfies the thermal constraint, namely V1(¢,¢*) has a
minimum at <¢> = 0. Thus we see that previous problems13) associated
with inflation and minimal supergravity are not general and can be

alleviated in non-minimal models.,
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Finally, I would like to point out another c¢lass of inflationary
models which avoid the thermal problems, they are Linde's chaotic
inflationary scenarics.24) In chaotice inflation, a potential as simple
as V = Ap4 can be made to inflate and produce density perturbations with
(8p/p)~10~4, The idea is that at very early times there is a reasonable
probability that ¢ will be very far from the origin say ¢ > Mp. For
x~10712 (as is required by (Sp/p)) V ¢ Mg even for ¢;103Mp. As ¢ rolls
back to ¢ = 0, the Universe can go through an inflaticnary epoch. Thus
it is irrelevant whether or not V1(¢) has a minimum at ¢ = 0. The
drawback on this type of model is that one must assume that ¢ is uniform
on scales much larger than the horizon (AL~103H™1) in order to ensure
that the kinetic terms do not dominate the Lagrangian. This is perhaps
an unreasonable assumption, but again, cnce made, the model works,

It is interesting however, that chaotic models also become25) very
simple in SU(n,1) supergravity theories. In minimal supergravity the
superpotential was necessarily very complicated,26) whereas in SU(n,1)
models F = A1/243 will produce25) the desired scalar potential.

Finally, what remains is a physical explanation (rather than a
cosmological one) for the inflaton. Cur general philosophy has been
that N=1 supergravity is only an effective theory which is a remnant of
some extended theory, e.g. N=8 supergravity. We hope that perhaps a
more natural explanation for inflation would occur there. Indeed, the
SU(n,1) theories2!) do represent left over symmetries for extended
(N > 4) supergravity indiecating that perhaps we are searching in the

right. direction.
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