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We propose a simple realization of hybrid inflation in supergravity. Inflation in this scenario is relatively
short, and inflationary density perturbations fall down on large scales, which corresponds to a blue spectrum
with n.1. Superheavy strings which are formed after inflation in this scenario produce density perturbations
of comparable magnitude. In this mixed perturbation~MP! model one may have microwave anisotropy pro-
duced by strings and galaxy formation due to inflationary perturbations.@S0556-2821~97!50316-X#

PACS number~s!: 98.80.Cq, 04.65.1e

For the last 15 years cosmologists have believed that
something like inflation is necessary in order to construct an
internally consistent cosmological theory. For more than 20
years the best hopes for the theory of all fundamental inter-
actions have been related to supersymmetry. Unfortunately it
is not that simple to combine these two ideas. It is possible to
construct inflationary models based on globally supersym-
metric theories, but things become increasingly complicated
when one investigates supergravity and superstring theory
@1#.

The main problem is that the effective potential for the
inflaton fields in supergravity typically is too curved, grow-
ing as exp(Cs2/M2) at large values of the inflaton fields.
Here M52.431018 GeV is the stringy Planck mass. The
typical value of the parameterC in the theories with the
minimal Kähler potential isO(1), which makes inflation im-
possible because the inflaton mass in this theory becomes of
the order of the Hubble constant. One can avoid this problem
by introducing theories with specific nonminimal Ka¨hler po-
tentials, see, e.g.,@2#, but it is hard to find any independent
motivation for potentials of that type in particle physics. The
situation does not become better in superstring theory. A
typical shape of the scalar field potential in superstring
theory is exp(Cs/M) with C5O(1), which also prevents
inflation for s.M .

As a result, after many years of development of super-
symmetric theories we still do not have a consistent cosmo-
logical theory based on supergravity and superstrings. Of
course, interpretation of string theory changes every year, so
one may simply postpone investigation of this problem and
study only globally supersymmetric models. A more con-
structive approach is to find those versions of superstring
theory and supergravity where a consistent cosmological
theory can be developed.

This is a difficult problem, but not entirely hopeless. Per-
haps the easiest way to find a consistent inflationary model in
supersymmetric theories is based on the hybrid inflation sce-
nario @3#. In particular, recently a very interesting class of
hybrid inflation models have been proposed based on the use
of theD term in the effective potential, which does not con-
tain the exponentially growing factors@4#. However, in
string-inspired versions of these models one typically obtains

too large density perturbations. In our paper we will concen-
trate on the model with the minimal Ka¨hler potential and the
simplest choice of the superpotential which leads to hybrid
inflation @5#

W5S~kf̄f2m2!, ~1!

with k!1. Heref and f̄ denote conjugate pairs of super-
fields transforming as nontrivial representations of some
gauge groupG under which the superfieldS is neutrally
charged. As noted in@6#, the superpotential~1! is of the most
general form consistent with anR symmetry under which
S→eiaS, W→eiaW and f̄f is invariant. The hybrid infla-
tion scenario with this superpotential in a context of a glo-
bally supersymmetric theory was studied by many authors;
see, e.g.,@5–8#. However, the possibility to have inflation in
this model with an account taken of supergravity corrections
was not fully investigated. This will be the purpose of our
paper.

The effective potential in a globally supersymmetric
theory with the superpotential~1! is given by

V5
k2usu2

2
~ ufu21uf̄u2!1ukf̄f2m2u21D term. ~2!

Here s5&S is a canonically normalized scalar field. The
absolute minimum appears ats50, f5f̄5m/Ak. How-
ever, for s.sc5&m/Ak, the fieldsf and f̄ possess a
positive mass squared and stay at the origin. This potential
for f5f̄50 is exactly flat in thes direction. If one simply
adds a mass termm2s2/2 which softly breaks supersymme-
try, one obtains a simple realization of the hybrid inflation
scenario@5#: Initially the scalar fields is large. It slowly rolls
down tos5sc . Then the curvature of the effective potential
in thef direction becomes negative, the fields rapidly roll to
the absolute minimum of the effective potential leading to
the symmetry breaking of the groupG, and inflation ends, as
in the original version of the hybrid inflation scenario@3#.

However, if one takes into account radiative corrections
and supergravity effects, the behavior of the fields becomes
somewhat different. The one-loop effective potential in this
model is easily calculated from the spectrum of the theory
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composed by two pairs of real and pseudoscalar fields with
mass squaredk2s2/26km2 and a Dirac fermion with mass
ks/&. The one-loop effective potential is given by@6#

V15
k2

128p2 F ~ks222m2!2 ln
ks222m2

L2

1~ks212m2!2ln
ks212m2

L2 22k2s4ln
ks2

L2 G ,
~3!

whereL indicates the renormalization scale.
At the stage of inflation, whens@sc , the total effective

potential is V5m4@11(k2/8p2)ln(s/sc)1 . . . #. The
Hubble constant practically does not change during inflation.
In units M51, which we will use throughout the paper, one
hasH5m2/).

It is convenient to use timet measured in units ofH21. In
these units timet is directly related to the number ofe folds
N. The usual equation 3Hṡ52V8 for the field s in this
system of units looks particularly simple:ṡ52V8/V5
2k2/8p2s. This givess0

22s2(t)5(k2/4p2)t. This means
that the universe expands during the inflationary stage as
follows:

a~ t !5a~0!et5a~0!expS 4p2

k2 @s0
22s2~ t !# D . ~4!

The total number ofe folds of inflation is obtained by taking
s(t)50: N5 ln@a(t)/a(0)#' 4p2s0

2/k2 . The universe expands
eN times when the fields rolls down fromsN5kAN/2p. In
particular, the structure of the observable part of the uni-
verse, corresponding toN;60, is formed ats60;1.2k!1.

Now let us calculate density perturbations@1#:

dr

r
;
)

5p

V3/2

V8
5

8p)

5k2 m2s. ~5!

Using Eq.~4! one can express this result in terms of the ratio
of the wavelengthl of a perturbation to the wavelengthl 0 of
a perturbation which had the wavelengthH21 at the end of
inflation:

dr

r
;

4)m2

5k
ln1/2

l

l 0
. ~6!

The COBE normalization is@9#

V3/2

V8
5

8p2

k2 m2s;5.331024. ~7!

For s;1.2k it givesm;2.531023Ak ~in unitsM51!. This
can be achieved, e.g., fork;0.1, andm;231015 GeV; we
will make a more accurate estimate shortly. Note that after
the symmetry breaking in this scenario one may encounter
cosmic strings production on a very interesting mass scale
f;m/Ak;1016 GeV. This may happen, for instance, dur-
ing the second stage of the symmetry breaking of the super-
symmetric SO~10! grand unified theory ~GUT!
group, SO~10!→SU~3!c^ SU(2)L ^ U(1)R^ U(1)B2L→
SU(3)c ^ SU(2)L ^ U(1)Y^ Z2 . Even though during the first

stage of this symmetry breaking topologically stable mono-
poles can be formed, they are subsequently diluted at the
inflationary stage preceding the phase transition whenf and
f̄ acquire a vacuum expectation value and
SU(3)c^ SU(2)L ^ U(1)R^ U(1)B2L breaks down to
SU(2)L ^ U(1)Y^ Z2 . In such a case thef1f̄ have to be
identified with a16116 or a 1261126 pair of Higgs fields
andS is an SO~10! singlet@7#. As we will see, inflation ends
well before this second phase transition takes place and
therefore the cosmic strings formed whenf andf̄ roll down
to their true values are not diluted.

Radiative corrections change the way inflation ends in the
hybrid inflation model. In the original version of this sce-
nario the structure of the universe appears due to the pertur-
bations generated ats;sc5&m/Ak @3#. For k;0.1, and
m;231015 GeV one hassc;1016 GeV. Meanwhile in our
scenario this happens fors60;1.2k!1. Fork;0.1 one has
s60;331017 GeV;30sc . Therefore when one calculates
density perturbations and evaluates a possible significance of
supergravity~SUGRA! corrections to the effective potential
in our scenario, one should do it not nearsc , but at
s;kM@sc .

The supergravity potential forf5f̄50 ~ignoring the
one-loop corrections calculated above! is given by @5#

VSUGRA5m4es2/2(12s2/21 s4/4)5m4(11 s4/81 •••).
Inflation with this potential is possible because of the cancel-
lation of the quadratic term;m4s253H2s2, but still it may
occur only ats&1. Notice that the cancellation of this qua-
dratic term derives from the general form of the typical su-
perpotential during hybrid inflation,W;m2S. However, this
cancellation is only operative with the choice of minimal
Kähler potentialK5S†S.

Since the Ka¨hler potential is not protected by any non-
renormalization theorem, it is reasonable to expect the pres-
ence of terms likedL5l*d4u(S†S)252lm4s2 in the ef-
fective Lagrangian. This mass term, however, is not
important for our consideration iflm4s,Max$V18 ,VSUGRA8 %
in the ranges0,s,sN . This translates into the bound
bound l&0.03k, which is restrictive but not dangerous if
dL is generated at the one-loop level.

One must admit that the Ka¨hler potential may be non-
minimal from the very beginning. Then the constraint
l&0.03k requires thatl should be fine-tuned with accuracy
about 1022 for our scenario to work. However, it is not such
a big price to pay if one compares it with the value of the
constant l;10213 in a nonsupersymmetric inflationary
modellf4/4 @1#. In any case, our main purpose here was to
remove the standard obstacle preventing inflation in super-
gravity in the models with a minimal Ka¨hler potential, and
we are going to show that this problem is indeed resolved in
our model.

First of all, as we will see now, at smalls the one-loop
SUSY potential is more important, so that at the last stages
of inflation the effective potential is always dominated by the
one-loop effects.

Indeed, fors,1 the effective potential is approximately
given bym4, so it remains to compare its derivative due to
one-loop and SUGRA terms. The conditionV18*VSUGRA8
readss& Ak/3 . Comparing this expression with the expres-
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sion forsN, one concludes that the lastNSUSY;4k21 e folds
of inflation are controlled by the loop effects. In particular, in
order to neglect SUGRA effects during the last 60e folds of
inflation one would need to havek&631022. This condi-
tion is reasonable, but it is not automatically guaranteed, as
expected in@6#.

Now let us study inflation at the stage when SUGRA ef-
fects are dominant. In this case equation of motion is par-
ticularly simple, ṡ52s3/2. It has a solution
s22(t)2s0

225t. Suppose that inflation begins ats051,
t50. Thens22(t)511t. Expressing everything in terms of
the number ofe folds from the beginning of inflation
NSUGRA5t, one has s(t)5 1/A11NSUGRA' 1/ANSUGRA.
As we already noted, the SUGRA term dominates only at
s.Ak/3, which gives the total number ofe folds of expan-
sion at the SUGRA stage:NSUGRA;9k21. Thus inflation
consists of two long stages, one of which is determined by
the one-loop effects; another, which is about two times
longer, is determined by SUGRA corrections. In fact, the
total duration of each of these stages is slightly shorter than
what is indicated by our estimates because at an intermediate
stage of inflation the contributions of radiative corrections
and SUGRA terms are comparable. This increases the speed
of rolling of the fields and makes inflation slightly shorter.
The total duration of inflation can be estimated by
NSUGRA1NSUSY;10k21. Therefore we needk&0.15 in or-
der to obtain 60e folds of inflation in our scenario.

During the SUGRA stage the density perturbations have
spectrumdr/r; 2m2/5p)s3. One can express it in terms
of the ratio of the wavelengthl to the wavelengthl max cor-
responding to the beginning of the first stage of inflation:

dr

r
;

6m2

5p
ln23/2

l max

l
. ~8!

Equations~6! and ~8! match each other at the scalel * at
which SUGRA terms become smaller than the radiative cor-
rections. This scale therefore should correspond to a maxi-
mum of the spectrum (dr/r)( l ).

At l . l * the spectrum decreases towards large scales,
which corresponds to a blue spectrum. In the beginning,
when the logarithm is rather large, the damping of the am-
plitude of density fluctuations is relatively insignificant.
However, whenl approachesl max the spectrum falls down
very sharply.

To evaluate the change ofdr/r during the SUGRA infla-
tion ~for k50.1!, one should note that in the beginning one
has s;1, and in the end of SUGRA inflation one has
s; Ak/3. This implies that at the interval froml * to l max
density perturbations fall down by 27k23/2;103. This
means that in order to make this model consistent with
COBE data one should keepl max somewhat greater than the
size of the observable part of the universe.

To study this question in a more detailed way we solved
equations for the fields numerically, taking into account
simultaneously the contribution of SUGRA terms and radia-
tive corrections, assuming in the first approximations that
these two types of terms are additive. The results of our
investigation are shown in Figs. 1 and 2 fork50.1. The total
duration of inflation in this case is given byN;90. The

spectrum of density perturbation depends on scalel;eN.
However, nearN;60 where the COBE normalization should
be imposed this dependence is rather mild. It can be ex-
pressed in terms of the effective spectral indexn, which in
our case is given by 112V9. At N;60 one hasn21;0.1,
which is a noticeable deviation from the flat Harrison-
Zeldovich spectrum. From COBE normalization in that case
one findsm'1.231023M;331015 GeV, and the symme-
try breaking scalef; m/Ak;1016 GeV.

For k,0.05 the total duration of inflation isN;200, and
the last 60e folds are determined by the one-loop effects. In
that case the effective spectral index at the horizon scale is
very close to 1,m is two times smaller than fork,0.1, and
the symmetry breaking scale isf;731015 GeV. Fork ap-
proaching 0.15 the total duration of inflation approaches
N;60. In this case the spectrum of density perturbation
sharply falls down on the horizon scale, which corresponds
to n@1, in contradiction with observations. Finally, for
k.0.15 inflation is too short to incorporate the observable
part of the universe.

This behavior is rather interesting and unusual. Most of
the inflationary models describe the universe with a long
stage of inflation, and with a spectrum slowly growing on
large scale. Hybrid inflation provided a natural way to obtain
a blue spectrum of perturbations, decreasing on large scale.
However, in the simplest versions of this scenario the spec-
trum was nearly flat. Recently a new class of models was
introduced, which was called tilted hybrid inflation@10#. In
such models one may have a rather short stage of inflation
and blue spectrum of perturbations. Both of these features

FIG. 1. The shape of density perturbations as a function of the
number ofe folds for k50.1. The horizon scale corresponds to
N;60. COBE normalization in this figure is shown asdr/r51.
Density perturbations sharply fall down on the scale corresponding
to the beginning and the end of inflation.

FIG. 2. Deviation of the effective spectral index fromn51 at
different scales fork50.1. For k.0.15 the duration of inflation
becomes smaller than 60e folds, and the spectral index rapidly
grows near the horizon.
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may be useful for constructing realistic models of open in-
flationary universe. It was not quite clear, however, whether
the models with such properties could be constructed in the
context of a realistic theory of elementary particles. It is very
interesting~and even somewhat unexpected! that when one
makes an attempt to implement the hybrid inflation scenario
in the context of a supersymmetric model with the simplest
superpotential~1!, one obtains the hybrid inflation scenario
of this new type.

Until now we ignored density perturbations produced by
strings formed after inflation. These perturbations are pro-
portional tof2;m2/k. According to@7#, stringy perturba-
tions in this model are expected to be of the same order as
inflationary ones, though a little smaller. Our results taking
into account supergravity corrections confirm this conclu-
sion: Strings which are generated in this model appear as a
result of spontaneous symmetry breaking with
f;1016 GeV, which is the right scale for stringy density
perturbations. The relative importance of the two types of
perturbations depends on the choice of parameters in our
model. For example, by decreasingk from 0.1 to 0.05 and
decreasingm two times one suppresses stringy perturbations
by a factor of 2 without changing the inflationary ones. Per-
turbations of both types are proportional tom2. Therefore
keeping all other parameters fixed, one can easily adjust the
combined amplitude of fluctuations to the COBE normaliza-
tion without affecting much of our results. Finally, one can
modify the theory in such a way as to avoid topological
defects altogether; see, e.g.,@11#.

We will call the model where inflationary and stringy per-
turbations have comparable magnitudea mixed perturbation

~MP! model. An interesting possibility which appears in the
MP model is related to the different scale dependence of
these perturbations. Stringy perturbations are approximately
scale independent. If we consider a scenario with a blue
spectrum of inflationary perturbations, one may encounter a
situation where the perturbations of metric on the galaxy
scale are dominated by adiabatic inflationary perturbations,
whereas the perturbations on the horizon scale, which show
up in the large angle anisotropy of the microwave back-
ground radiation, are dominated by strings. It seems that the
hybrid inflation scenario may indeed live up to its name.

After this work was finished, we learned about a related
work by C. Panagiotakopoulos, Phys. Rev. D55, R7335
~1997!. The author also studied SUGRA effects in the model
~1!, but he did not consider a combined scenario containing
both SUGRA terms and radiative corrections. Moreover, he
calculated density perturbations nearsc and concluded that
one needs to have extremely small values of the parameterk.
We disagree with his conclusion. As we mentioned in our
paper, density perturbations should be evaluated ats60@sc ,
which allows to have small density perturbations with a rea-
sonably largek.
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