
PHYSICAL REVIEW D 15 DECEMBER 1996VOLUME 54, NUMBER 12
More varieties of hybrid inflation

David H. Lyth
School of Physics and Chemistry, Lancaster University, Lancaster, LA1 4YB, United Kindgom

Ewan D. Stewart
Research Center for the Early Universe, School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

~Received 20 June 1996!

It is pointed out that hybrid inflation can be implemented with the inflaton field rolling away from the origin
instead of towards it. This ‘‘inverted’’ hybrid inflation has a spectral indexn,1, in contrast with ordinary
hybrid inflation which hasn*1, so a measured value ofn substantially different from 1 would distinguish the
two. Other generalizations of hybrid inflation are also considered.@S0556-2821~96!00824-7#

PACS number~s!: 98.80.Cq
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I. INTRODUCTION

The most attractive models of inflation at present are
‘‘hybrid’’ inflation models @1–19#, in which inflation ends
due to the interaction of the inflaton field with other field
As the very first models@20#, but in contrast with those pro
posed in the intervening years, hybrid models have the vi
that the relevant fields can be small on the Planck scale. A
result it has become possible, even in the demanding con
of supergravity @6,8,10,17–19#, to construct reasonable
looking models of inflation which work with potentials sim
lar to those routinely proposed to describe particle phys
beyond the standard model. The purpose of the present p
is to propose some more versions of hybrid inflation satis
ing these criteria, and to evaluate their predictions regard
large scale structure.

Inflation generates an adiabatic density perturbation
gravitational waves. The former is supposed to be the or
of large scale structure and, together with a possible con
bution from the gravitational waves, of the cosmic micr
wave background~CMB! anisotropy. The spectrum of th
density perturbation is conveniently specified by a quan
dH
2 whose scale dependence isdH

2}kn21 where n is the
spectral index. The spectrum of the gravitational waves
conveniently specified by their relative contributionR to the
mean-square low multipoles of the CMB anisotropy seen
a randomly placed observer.

Within the usual paradigm of a single slow-rolling field1

~which includes most versions of hybrid inflation consider
up to now, and we shall also restrict ourselves to this sim
case! the predictions fordH

2 @22,23#, n @24,25#, andR @26#
are

dH
2 ~k!5

1

75p2

V3

V82
, ~1!

n21523SV8

V D 212
V9

V
, ~2!

1A more general slow-roll paradigm@21# leaves the gravitationa
waves unchanged but increasesdH , so that Eq.~1! becomes a lower
bound, Eq.~3! an upper bound, and Eq.~2! is no longer valid.
540556-2821/96/54~12!/7186~5!/$10.00
e

.

e
a
xt

s
per
-
g

d
in
ri-
-

y

is

y

le

R56SV8

V D 2. ~3!

The units are\5c5MPl[(8pG)21/251, and the potential
V and its derivatives are to be evaluated when cosmolog
scales leave the horizonN e folds before the end of inflation
whereN550–25 and is given byN5*(V/V8)df. In models
with a small field variation, including in particular hybri
inflation models,R is unobservably small@27# andn is either
very close to 1 or is given byn2152V9/V.

At present, observation is consistent withR50, and with
this value the Cosmic Background Explorer~COBE! mea-
surement of the low multipoles of the CMB anisotropy giv
@28# dH51.9431025. The present constraint onn is only
@29# 0.7,n,1.4, though eventually one can expect a me
surement with an accuracyDn;0.01 @30#. A future mea-
surement ofn, and detection or nondetection ofR, will dis-
criminate sharply between models of inflation.

In hybrid inflation the other field can either be fixed, as
the original model, or it can move slowly as it adjusts
minimize the potential at a fixed value of the inflaton fiel
We shall call the former case ‘‘ordinary’’ hybrid inflation
and following @10# shall call the latter case ‘‘mutated’’ hy
brid inflation.

In practically all versions2 of ordinary hybrid inflation
proposed so far, the inflaton field is near a minimum of t
potential. In them the potential is convex andn can be sig-
nificantly bigger than 1 up to and beyond the observation
upper limit, though in most of parameter space it is actua
indistinguishable from 1. The two versions@10,11# of mu-
tated hybrid inflation proposed so far have a mildly conca
potential leading ton in the range 0.93–00.97~depending on
the value ofN). We are going to point out the existence
‘‘inverted’’ ordinary hybrid inflation, which works near a
maximum of the potential so thatn can be substantiallyless

2The exception is the polynomial potential studied in@12#. It is
claimed there that a value ofn substantially below 1 can be ob
tained, but as pointed out later in@13# the possible interruption of
inflation is not studied, and will restrict the allowed parame
space.
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54 7187MORE VARIETIES OF HYBRID INFLATION
than 1 ~though again indistinguishable from it in most
parameter space!. We are also going to write down a who
class of mutated hybrid models, and evaluate their pre
tions for n as well as the normalization ofdH . In all cases,
we are going to indicate how the models can be justified
the demanding context of supergravity, using the sche
proposed in@8#.

The outline of the paper is as follows. In the next sect
we study inverted hybrid inflation, and in the following w
mention some generalizations of it. In Sec. IV we give t
mutated hybrid models, and in Sec. V our conclusions.

II. INVERTED HYBRID INFLATION

In the usual models of hybrid inflationf is rolling to-
wards zero. The potential is typically of the form

V5V01
1

2
m2f21••• ~4!

and is dominated by the termV0. This term arises becaus
some other fieldc is held at the origin by its interaction with
f. Whenf falls below some critical valuefc , the other
field rolls to its vacuum value so thatV0 disappears and
inflation ends. This model gives negligibleR and
n2152m2/V0.

We consider instead the opposite case of ‘‘inverted’’ h
brid inflation, wheref rolls away from the origin and

V5V02
1

2
m2f21••• ~5!

5V0F12
1

2 S f

f D
2

1••• G . ~6!

We again assume thatV0 dominates, and have introduced th
parameter f 25V0 /m

2. This gives n21522m2/V0
522/ f 2. The present observational lower boundn.0.7
@29# requiresf.2.6 and any future tightening will increas
the required value off .

In this model, gravitational waves are negligible and t
normalization is

V05731028~12n!2fc
2exp[2~12n!N] , ~7!

where we have used the results of Sec. IV.
A complete model should specify the mechanism wh

ends inflation. In ordinary hybrid inflation one considers
potential

V5V01
1

2
mf
2f22

1

2
mc
2c21

1

2
lf2c21••• ~8!

with mf
2!V0&mc

2 One possibility for inverted hybrid infla
tion is just to reverse the signs of all the terms

V5V02
1

2
mf
2f21

1

2
mc
2c22

1

2
lf2c21••• . ~9!

Thenc will be constrained to zero for
c-

n
e

n

-

e

h

f,fc5
mc

Al
~10!

and will roll away from zero whenf becomes larger than
fc . This model could be realized in supersymmetry us
the superpotential

W5S L21
lF2C2

L2 DJ. ~11!

The corresponding globally supersymmetric scalar poten
is

V5UL21
lF2C2

L2 U21 4l2

L4 ~ uFu21uCu2!uFu2uCu2uJu2.

~12!

Writing uFu5f/A2 and uCu5c/A2, minimizing with re-
spect to argF2C2, and assumingJ is held at zero, gives

V5S L22
lf2c2

4L2 D 25L42
1

2
lf2c21•••. ~13!

Adding soft supersymmetry-breaking masses3 of the required
sign gives

V5L42
1

2
mf
2f21

1

2
mc
2c22

1

2
lf2c21•••. ~14!

An alternative way of implementing inverted hybrid inflatio
is given by

V5V02
1

2
mf
2f22

1

2
mc
2c22

1

2
mx
2x21

1

2
lf
2f2x2

1
1

2
lc
2c2x21

1

4
lx
2x4 ~15!

with mf
2!V0&mc

2 ,mx
2 . Here,c will be constrained to zero

if x.mc /lc . The minimum ofx ’s potential is at

x5
Amx

22lf
2f2

lx
, ~16!

assumingc50 andf,mx /lf . Therefore, for

f,fc5
Alc

2mx
22lx

2mc
2

lflc
, ~17!

c will be constrained to zero. Clearly, we requi
lcmx.lxmc . Also, to ensure that the terms involvingx in
Eq. ~15! make a negligible contribution to the effective p
tential during inflation, we requirelfmx!lxmf . The con-
tribution of thef dependence ofx to the effective kinetic
terms during inflation can be neglected iflflcmx!lx

2mc .

3Note that one would in general expectmf;mc;L2 but as we
haveV5uWJu2 andWF5W5J50 we can use the method of Re
@8# to allowmf!L2.
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Previous authors@31–35# considered the potential~5! in
the context of a single-field model, and assumed that it ho
until f. f , after whichf settles down to the minimum lo
cated at a value somewhat bigger thanf . Since observation
requiresf@1 ~the Planck scale in our units!, this places the
model outside the regime of ordinary particle theory so t
one can hardly justify the form of the potential. It has be
suggested thatf might be identified with one of the supe
string moduli@32,34,35#, but attempts@32,34,36,37# to con-
struct a specific model using this idea have not be
successful.4

We have avoided these difficulties by ending inflation e
lier using the hybrid inflation mechanism. An alternati
would be to keep the single fieldf, but to suppose that its
potential steepens soon after cosmological scales leave
horizon so that inflation again ends at some valuefc! f .
Such a proposal is not unreasonable, though it does post
a lot of structure in the single potentialV(f).

III. GENERALIZATIONS OF INVERTED HYBRID
INFLATION

Instead of assuming that the inflationary potential is q
dratic, one can consider the possibility that it is of high
order. This might be because the quadratic term is absen
it might be because one is not close to the origin though
that case there is no reason to suppose that a single
dominates. If the quadratic term is absent one might hav

V5V02
1

4
lf41•••. ~18!

This form could arise from one of the generalizations
mutated hybrid inflation considered in the next section, a
we use the results derived there. Forfc

2@V0 /(2Nl) the
predictions are independent offc and are the same as tho
for the nonhybrid case; 12n53/N with negligible gravita-
tional waves and the normalization ofdH requiring
l;10212 independently ofV0. In the opposite case, 12n is
reduced by a factorfc

2/@V0 /(2Nl)# and the value ofl is
reduced by this factor cubed.

Including both a quadratic and a quartic term, one co
have

V5V02
1

2
m2f21

1

4
lf4. ~19!

If inflation ~after the observable Universe leaves the horiz!
takes place near the maximum it reduces to the quad
inverted hybrid inflation that we started out with. If it take
place near the minimum it reduces to the usual version
hybrid inflation, and in the intermediate case one gets so
thing different.

Finally, we should point out that a related model of infl
tion was proposed a long time ago@38#. In it, the inflaton is

4Reference@37# claims to have been successful but an analy
calculation shows that their Eq.~7! gives a potential
V(f).24.3–0.01cos(12f) for the canonically normalized field
proportional to ImS after minimizing with respect to ReS.
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rolling away from the origin and it triggers the GUT Higg
transition at or before the end of inflation. The potential f
this model is very complicated and it is not clear whether
Higgs potential is supposed to dominate the energy den
If there is a regime of parameter space in which it does, t
the model would represent the first version of inverted hyb
inflation ~and, in fact, the first version of hybrid inflation o
any kind!.

IV. GENERALIZATIONS OF MUTATED HYBRID
INFLATION

Here, we consider potentials of the form

V5V02
s

p
cp1

l

q
cqf r ~20!

with pÞq. The opposite case ofp5q simply gives an ordi-
nary or inverted hybrid inflation model wherec is held at
zero during inflation. In mutated hybrid inflation@10#, and its
generalizations@11# considered here,c is held close to zero,
but not at zero, during inflation. An effective potential for th
inflaton .f is then generated from the couplings witho
requiring any additional term and, as we shall see, it can t
unusual forms. In the case that this contribution to the eff
tive potential is not the dominant one, it will not determin
the spectrum but may still determine when inflation ends

We assumec.0 andf.0. Then, to get a model which
for fixed f, has a minimum atc5c* with c*.0, we re-
quire sl.0 and (q2p)s.0. See Eqs.~21! and ~23!, re-
spectively below.s.0 corresponds to a generalization
mutated hybrid inflation with the inflatonf rolling towards
zero, whiles,0 corresponds to a general inverted muta
hybrid inflation model withf rolling away from zero.

Now,

Vc52scp211lcq21f r , ~21!

and soVc50 whenc50 ~for p>2 andq>2), or

c5c*[S s

l D 1/~q2p!

f2r /~q2p!. ~22!

Now,

Vccuc5c
*
5~q2p!sc

*
p22 . ~23!

For simplicity, we will assume thatVccuc5c
*
@V0 so that

c is held firmly atc5c* during inflation. Then,

Vuc5c
*
5V02S q2p

pq Dsc
*
p ~24!

and the kinetic terms evaluated alongc5c* are

1

2 F11S r

q2pD
2c

*
2

f2G~]f!2. ~25!

Assumingsc
*
p !V0 so thatV0 dominates the energy densit

andc*!f so that the kinetic terms are approximately c
nonical, we get the effective potential during inflation

c
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54 7189MORE VARIETIES OF HYBRID INFLATION
V~f!5V0~12mf2a!, ~26!

where

m5S q2p

pq Dsq/~q2p!l2p/~q2p!

V0
.0 ~27!

and

a5
pr

q2p
Þ0. ~28!

Now,

V8

V
5amf2a21 ~29!

and

V9

V
52a~a11!mf2a22. ~30!

The number ofe folds to the end of inflation is given by

N5E V

V8
df5

fa12

a~a12!m
, a.0 or a,22, ~31!

5
1

uau~22uau!m ~fc
22uau2f22uau!, 22,a,0,

~32!

52
1

2m
ln

f

fc
, a522. ~33!

The COBE normalization@29# gives

5.3310245
V3/2

V8
5
V0
1/2fa11

am

5uau21/~a12!ua12ua11/~a12!N~a11!/~a12!

3m21/~a12!V0
1/2,

a.0 or a,22, ~34!

5
V0
1/2

uaum @fc
22uau2uau~22uau!mN#2~ uau21!/~22uau!,

22,a,0, ~35!

5
e2mNV0

1/2

2mfc
, a522. ~36!

The spectral index is given by
n.112
V9

V
5122S a11

a12D 1N , a.0 or a,22,

~37!

512
2uau~ uau21!m

fc
22uau2uau~22uau!mN

, 22,a,0,

~38!

5124m, a522. ~39!

Note thatn,1 in all cases except21<a,0. However,
to geta in this range would require eitherr,1 or at least
one ofp, q, or r to be negative. The casea522 is the one
considered already in Sec. II, and for this as well as ot
a in the range22<a,0 we needed to specify that inflatio
ends atf5fc . If inflation ends becauseV0 stops dominat-
ing the energy density, we will havefc;m1/a, but higher-
order terms neglected in Eq.~20! may end inflation before
this which would permit the desirablefc&1.

Potentials of the form~20! can be straightforwardly de
rived from supersymmetry along the lines of Ref.@10# for the
cases.0 ~corresponding toa.0) and as in Sec. II for the
opposite case. In both cases, the superpotentials invo
will be compatible with the method of Ref.@8# for avoiding
fatal supergravity corrections.

In supersymmetry, one would preferq andr to be even if
s.0, andp to be even ifs,0. Particularly natural possi
bilities ares;V0 and p51 or 2, ands;2V0 and p52,
with thep51 andp52 cases corresponding, respectively,
a generic soft supersymmetry, breaking term for a sing
and for a nonsinglet.

The three simplest possibilities compatible with the
ideas are the following.

~1! p51, q52, r52, leading toa52. This is the origi-
nal mutated hybrid inflation model@10#.

~2! p52, q51, r51, leading toa522 which is the
inverted hybrid inflation model of Sec. II.

~3! p52, q51, r52, leading toa524 which is the
quartic inverted hybrid inflation model of Sec. III.

V. CONCLUSION

The most important new model that we have discusse
inverted hybrid inflation. In contrast with all other know
hybrid inflation models it can give a spectral inde
significantlybelow 1. The other models we have discuss
either reproduce already-known possibilities~though with a
different prescription for the field value at which inflatio
ends!, or else add to the list of models which give a spect
indexslightly below 1. A future measurement ofn will be a
powerful discriminator between hybrid inflation models.

ACKNOWLEDGMENTS

D.H.L. acknowledges support from PPARC, and from t
European Commission under the Human Capital and Mo
ity program, Contract No. CHRX-CT94-0423. E.D.S. w
supported by the JSPS at RESCEU, and the work of E.D
was supported by Monbusho JSPS Grant-in-Aid No. 952



D.

la

D

t,

7190 54DAVID H. LYTH AND EWAN D. STEWART
@1# A. D. Linde, Phys. Lett. B249, 18 ~1990!.
@2# F. C. Adams and K. Freese, Phys. Rev. D43, 353 ~1991!.
@3# A. D. Linde, Phys. Lett. B259, 38 ~1991!.
@4# A. R. Liddle and D. H. Lyth, Phys. Rep.231, 1 ~1993!.
@5# A. D. Linde, Phys. Rev. D49, 748 ~1994!.
@6# E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and

Wands, Phys. Rev. D49, 6410~1994!.
@7# S. Molerach, S. Matarrese, and F. Lucchin, Phys. Rev. D50,

4835 ~1994!.
@8# E. D. Stewart, Phys. Rev. D51, 6847~1995!.
@9# G. Dvali, Q. Shafi, and R. Schaefer, Phys. Rev. Lett.73, 1886

~1994!.
@10# E. D. Stewart, Phys. Lett. B345, 414 ~1995!.
@11# G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D52, 559

~1995!; G. Lazarides, C. Panagiotakopoulos, and N. D. V
chos,ibid. 54, 1369~1996!.

@12# Y. Wang, Phys. Rev. D50, 6135~1994!.
@13# A. R. Liddle, D. H. Lyth, and D. Roberts, Phys. Rev. D51,

4122 ~1995!.
@14# L. Randall, M. Soljacic, and A. H. Guth, Nucl. Phys.B472,

377 ~1996!; Report No. hep-ph/9601296~unpublished!.
@15# J. Garcia-Bellido, A. D. Linde, and D. Wands, Phys. Rev.

54, 6040~1996!.
@16# G. Dvali, Report No. hep-ph/9605445~unpublished!.
@17# E. D. Stewart, Report No. hep-ph/9606241~unpublished!.
@18# P. Binetruy and G. Dvali, Report No. hep-ph/9606342~unpub-

lished!.
@19# E. Halyo, Report No. hep-ph/9606423~unpublished!.
@20# A. D. Linde, Phys. Lett.108B, 389~1982!; A. Albrecht and P.

J. Steinhardt, Phys. Rev. Lett.48, 1220~1982!; Q. Shafi and A.
Vilenkin, ibid. 52, 691 ~1984!.

@21# M. Sasaki and E. D. Stewart, Prog. Theor. Phys.95, 71 ~1996!;
-

T. T. Nakamura and E. D. Stewart, Phys. Lett. B381, 413
~1996!.

@22# A. A. Starobinsky, Phys. Lett.117B, 175~1982!; S. W. Hawk-
ing, ibid. 115B, 295 ~1982!; A. H. Guth and S.-Y. Pi, Phys.
Rev. Lett.49, 1110 ~1982!; J. M. Bardeen, P. S. Steinhard
and M. S. Turner, Phys. Rev. D28, 679 ~1983!.

@23# D. H. Lyth, Phys. Lett.147B, 403 ~1984!; 150B, 465 ~1985!;
Phys. Rev. D31, 1792~1985!.

@24# A. R. Liddle and D. H. Lyth, Phys. Lett. B291, 391 ~1992!.
@25# D. S. Salopek, Phys. Rev. Lett.69, 3602~1992!.
@26# A. A. Starobinsky, Sov. Astron. Lett.11, 133 ~1985!.
@27# D. H. Lyth, Lancaster Report No. hep-ph/9606387~unpub-

lished!.
@28# E. F. Bunn, D. Scott, and W. White, Astrophys. J.441, L9

~1995!.
@29# A. R. Liddle et al., Report No. astro-ph/9511057~unpub-

lished!; M. White et al., Report No. astro-ph/9605057~unpub-
lished!.

@30# D. H. Lyth, Report No. hep-ph/9609431~unpublished!.
@31# A. D. Linde, Phys. Lett.132B, 317 ~1983!.
@32# P. Binetruy and M. K. Gaillard, Phys. Rev. D34, 3069~1986!.
@33# K. Freese, J. Frieman, and A. V. Olinto, Phys. Rev. Lett.65,

3233 ~1990!.
@34# F. C. Adamset al., Phys. Rev. D47, 426 ~1993!.
@35# T. Bankset al., Phys. Rev. D52, 3548~1995!.
@36# A. De la Macorra and S. Lola, Phys. Lett. B373, 299 ~1996!.
@37# M. C. Bento and O. Bertolami, Report No. gr-qc/9605070~un-

published!.
@38# K. Enqvist and D. V. Nanopoulos, Phys. Lett.142B, 349

~1984!; Nucl. Phys.B252, 508 ~1985!; C. Kounnas and M.
Quiros, Phys. Lett.151B, 189 ~1985!.


