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Natural double inflation in supergravity

Masahide Yamaguchi
Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan

~Received 6 March 2001; published 7 August 2001!

We propose a natural double inflation model in supergravity. In this model, chaotic inflation first takes place
by virtue of the Nambu-Goldstone-like shift symmetry, which guarantees the absence of the exponential factor
in the potential for the inflaton field. During chaotic inflation, an initial value of the second inflation~new
inflation! is set. In this model, the initial value of new inflation can be adequately far from the local maximum
of the potential for new inflation due to the small linear term of the inflaton in the Ka¨hler potential. Therefore,
the primordial fluctuations within the present horizon scale may be attributed to both inflations; that is, the first
chaotic inflation produces the primordial fluctuations on the large cosmological scales while the second new
inflation on the smaller scales. The successive decay of the inflaton for new inflation leads to a reheating
temperature low enough to avoid the overproduction of gravitinos in a wide range of the gravitino mass.
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I. INTRODUCTION

The fascinating feature of inflation is a generation of p
mordial density fluctuations in addition to solving the fla
ness and the horizon problems of the standard big bang
mology. A single inflation model generally predicts adiaba
fluctuations with a nearly scale-invariant spectrum. It
however, pointed out that a standard cold dark matter mo
with a nearly scale-invariant spectrum cannot account
several observational results. The predicted primordial fl
tuations have too much power on small scales after they
normalized by the cosmic background explorer~COBE!
data. The power spectrum derived from the APM reds
survey has a break around the scalek;0.05h Mpc21 though
there is large uncertainty@1#. Furthermore, while the recen
observations of anisotropies of the cosmic microwave ba
ground ~CMB! by the BOOMERANG experiment@2# and
the MAXIMA experiment@3# confirmed a flat universe with
an inflationary scenario, they found the peculiar feature,
is, a relatively low second acoustic peak. Thus, the dem
for the primordial fluctuations with a non-trivial shape
increasing.

Such primordial fluctuations are realized in a double
flation model. In fact, double inflation models have be
considered to reconcile the predicted spectra with the ob
vations@4–6#. Many of them were discussed in a simple t
model with two massive scalar fields. Though the model p
dicts an interesting nontrivial spectrum, a more realis
double inflation model should be constructed on the basi
the particle physics theory. Supersymmetry~SUSY! is one of
the most powerful extensions of the standard model of p
ticle physics, which is also indispensable to constructing
flation models. Because SUSY guarantees the flatness o
inflaton and gives a natural solution to the hierarchy probl
between the inflationary scale and the electroweak sc
Therefore, it is very important to construct double inflati
models in the context of SUSY, especially, its local versio
supergravity~SUGRA! @7,8#. Until now, a few double infla-
tion models in SUSY or SUGRA have been proposed@5,6,9#.
First of all, double hybrid inflation models in SUSY@10# or
SUGRA@11# have been proposed in order to solve the init
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condition problem of hybrid inflation@12#. Later, it is shown
that they can produce the primordial fluctuations with t
non-trivial feature as observed@5#. But, generally speaking
the reheating temperature after hybrid inflation is so high t
it causes the overproduction of gravitinos. On the other ha
Izawa et al. @13# proposed preinflation as a solution to th
initial condition problem of new inflation, which straightfor
wardly predicts the low reheating temperature@14#. If hybrid
inflation is taken as preinflation, double inflation is realiz
through the cross term of the superpotential. Later, it
been discussed in the context of large scale structure, C
@6#, and primordial black holes~PBHs! formation @9#.

In all of the earlier double inflation models in SUSY o
SUGRA, hybrid inflation is adopted as the first inflation r
sponsible for the COBE scale. However, such hybrid infl
tion is known to suffer from the severe initial condition pro
lem @12#. Hence, another hybrid inflation is required, whic
takes place near the Planck scale and the produced fluc
tions cannot be observed@10,11#.1 After all, triple inflation is
required. On the other hand, chaotic inflation@15# is free
from any initial condition problems including the flatne
problem because it starts around the Planck scale. None
less, one of the reasons why hybrid inflation has often b
considered as an inflation model in SUGRA lies in difficul
realizing chaotic inflation in SUGRA. The minimal SUGR
potential for scalar fields has an exponential factor of
form exp(ufu2/MG

2 ), which prevents any scalar fieldf from
taking a value much larger than the reduced Planck s
MG.2.431018 GeV. Several chaotic inflation models hav
been proposed so far by use of the functional degrees
freedom in SUGRA@16,17#. Rather specific Ka¨hler poten-
tials were adopted without symmetry reasons so that we n
the fine tuning. Recently, Kawasakiet al. @18# proposed a
natural model of chaotic inflation in SUGRA, where th

1Exactly speaking, even if one considers such pre-hybrid inflat
it suffers from the so-called flatness~longevity! problem, that is,
why the universe lives beyond the Planck time~though it is milder
than the original one! as long as it starts below the Planck scale
©2001 The American Physical Society02-1
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MASAHIDE YAMAGUCHI PHYSICAL REVIEW D 64 063502
Kähler potential is restricted by the Nambu-Goldstone-l
shift symmetry.

In this paper, we propose a natural double inflation mo
in SUGRA by use of the Nambu-Goldstone-like shift sym
metry. In this model, first of all, chaotic inflation takes plac
During chaotic inflation, an initial value of the second infl
tion ~new inflation! is set due to the supergravity effects.
similar model has already been proposed by Yokoyama
Yamaguchi@19# ~see also Ref.@20#!. But, in the model, the
initial value of new inflation is so close to the local max
mum of the potential for new inflation, which causes t
universe to enter a self-regenerating stage@21,22#. Hence,
the primordial fluctuations responsible for the observa
scale are produced only during the last inflation~new infla-
tion! so that their spectra are only tilted scale-free ones. A
you should notice that even if the chaotic inflation propos
in Ref. @18# is taken as preinflation in Ref.@13#, the same
situation occurs, that is, the second inflation becomes ete
inflation because the superpotential in Ref.@18# vanishes
during chaotic inflation. On the other hand, in our model,
initial value of new inflation can be adequately far from t
local maximum of the potential due to the small linear te
of the inflaton in the Ka¨hler potential. Therefore, the primor
dial fluctuations responsible for the observable universe m
be attributed to both inflations, that is, the first chaotic infl
tion produces the primordial fluctuations on the large cosm
logical scales while the second new inflation on the sma
scales. The fact that the last inflation is new inflation is
vorable because it straightforwardly predicts sufficiently lo
reheating temperature to avoid the overproduction of grav
nos. Furthermore, our model is simple in that two inflato
belong to the same supermultiplet, namely, one direction
complex scalar field drives chaotic inflation while anoth
drives new inflation. Also, our model is natural for two re
sons. The form of Ka¨hler potential is completely determine
by a symmetry, that is, the Nambu-Goldstone-like shift sy
metry. Next, though we need the introduction of small bre
ing parameters, the smallness of parameters is justified
by symmetries. That is, the zero limit of small paramet
recovers symmetries, which is natural in the ’t Hooft’s sen
@23#.

In the next section, we present our double inflation mo
in supergravity. In Sec. III, the dynamics is investigated a
the primordial density fluctuations are estimated. In the fi
section, we give discussions and a conclusion.

II. MODEL

We introduce an inflaton chiral superfieldF(x,u) and a
spurion superfieldJ. We assume that the model is invaria
under the following Nambu-Goldstone-like shift symmet
@18#:

F→F1 iCMG ,

J→S F

F1 iCMG
D 2

J, ~1!
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whereC is a dimensionless real constant andMG is the re-
duced Planck scale. That is, the combinationJF2 is invari-
ant under the shift symmetry. Then, the Ka¨hler potential is a
function ofF1F* , i.e., K(F,F* )5K(F1F* ), which al-
lows the imaginary part of the scalar components ofF to
take a value much larger than the gravitational scale. La
we setMG to be unity.

Next, let us discuss the form of the superpotential. W
assume that the superpotential is also invariant under
U(1)R symmetry, which prohibits a constant term in the s
perpotential. Then, the earlier Ka¨hler potential is invariant
only if the R charge ofF is zero, which compels us to
introduce another supermultipletX(x,u) with its R charge
equal to two. The general superpotential invariant under
shift and theU(1)R symmetries is given by

W5vX@11a2~JF2!21•••#

2X@JF21a3~JF2!31•••#, ~2!

wherev, a i are complex constants and we have assumed
R charge ofJ vanishes. Generally speaking, among all co
plex constants, only one constant can become real by us
the phase rotation of theX field. Later we setv to be real.
The shift symmetry is softly broken by inserting the vacuu
value into the spurion field,̂J&5l. The parameterl is
fixed at a value whose absolute magnitude is much sma
than unity, representing the magnitude of breaking of
shift symmetry@Eq. ~1!#. As long asuFu!ulu21/2, higher
order terms witha i of the order of unity become irrelevan
for the dynamics of the chaotic inflation. Thus, we can saf
neglect them in the following discussion. As shown later,
successful inflation, the constantv must be at most of the
order of ulu, which is much smaller than unity. Since th
constantv is of the order of unity in general, we must invok
the mechanism to suppress the constantv. For the purpose,
we introduce theZ2 symmetry, under which theF, X, andJ
fields are odd.2,3 ~See Table I in which charges for superfiel
are shown.! Then, the smallness of the constantv is associ-
ated with the small breaking of theZ2 symmetry. That is, we
introduce a spurion fieldP with the oddZ2 charge and the

2The fact that theZ2 charge ofF is odd is essential for this mode
because it allows the small linear term ofF1F* in the Kähler
potential so that the initial value of new inflation can appropriat
deviate from the local maximum of the potential for new inflatio

3Note that the spurion fieldJ in fact breaks both the shift sym
metry and theZ2 symmetry at once. So, we expect that the mag
tudes of the breaking of both theZ2 and the shift symmetries are o
the same order, that is,ugu5O(1).

TABLE I. The charges of theU(1)R3Z2 symmetries for the
various supermultiplets.

F X J P

QR 0 2 0 0
Z2 – – – –
2-2



v

t’s
lim
e

e

ec

ng

so

ge
o

e
t

the

NATURAL DOUBLE INFLATION IN SUPERGRAVITY PHYSICAL REVIEW D 64 063502
zero R charge, whose vacuum value^P&5v softly breaks
the Z2 symmetry. You should notice that though the abo
superpotential is not invariant under the shift and theZ2
symmetries, the model is completely natural in ’t Hoof
sense@23# because we have enhanced symmetries in the
its l→0 and v→0. In the following analysis, we use th
superpotential given by

W.vX2lXF2, ~3!

5vX~12gF2!, ~4!

with g[l/v.
The Kähler potential invariant under the shift and th

U(1)R symmetries is given by

K5v2~F1F* !1
1

2
~F1F* !21XX* 1•••. ~5!

Herev2;v is a real constant representing the breaking eff
of the Z2 symmetry. The termv3l3F21v3* l3* F* 2 may ap-
pear, wherev3 and l3 are complex constants representi
the breaking of theZ2 and the shift symmetries (uv3u;v and
ul3u;ul4u;ulu). But, these terms are extremely small
that we can safely omit them in the Ka¨hler potential@Eq.
~5!#. A constant term is also omitted because it only chan
the overall factor of the potential, whose effect can be ren
malized into the constantsl andd1. Here and hereafter, w
denote the scalar components of the supermultiplets by
same symbols as the corresponding supermultiplets.
i

n
y
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a
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III. DYNAMICS OF DOUBLE INFLATION AND
PRIMORDIAL DENSITY FLUCTUATIONS

Neglecting higher order terms and a constant term in
Kähler potential, the Lagrangian densityL(F,X) for the sca-
lar fieldsF andX is given by

L~F,X!5]mF]mF* 1]mX]mX* 2V~F,X!, ~6!

where the scalar potentialV of the chiral superfieldsX(x,u)
andF(x,u) is given by

V5v2eK@ u12gF2u2~12uXu21uXu4!

1uXu2u22gF1~v21F1F* !~12gF2!u2#. ~7!

Decomposing the scalar fieldF and the complex constantg
into real and imaginary components

F5
1

A2
~w1 ix!, ~8!

g5gR1 ig I , ~9!

the Lagrangian densityL(w,x,X) is written as

L~w,x,X!5
1

2
]mw]mw1

1

2
]mx]mx1]mX]mX*

2V~w,x,X!, ~10!

with the potentialV(w,x,X) given by
V~w,x,X!5v2e2 v2
2/2 expF S w1

v2

A2
D 2

1uXu2G „@12gR~w22x2!12gIwx1 1
4 ~gR

21gI
2!~w21x2!2#~12uXu21uXu4!

1uXu2$2~gR
21gI

2!~w21x2!2~v21A2w!$A2~gRw2gIx!@22gR~w22x2!12gIwx#

2A2~gRx1gIw!@gI~w22x2!12gRwx#%1~v21A2w!2@12gR~w22x2!12gIwx1 1
4 ~gR

21gI
2!~w21x2!2#%….

~11!
A. Chaotic inflation

Though the potential is very complicated, the dynamics
not so. While w,uXu&O(1) due to the factor
ev2w1w21uXu2 (v2!1), x can take a value much larger tha
unity without costing exponentially large potential energ
Then, the scalar potential is approximated as

V.ulu2S x4

4
12x2uXu2D , ~12!

with ulu25(gR
21gI

2)v2. Thus, the term proportional tox4

becomes dominant, which leads to chaotic inflation start
around the Planck epoch. Using the slow-roll approxim
tions, we obtain thee-fold numberNc ,
s

.

g
-

Nc.
xNc

2

8
. ~13!

During chaotic inflation, the potential minimum forw, wmin ,
is given by

wmin.2v2 /A22
gI

gR
21gI

2

4

x3
, ~14!

and the mass squared ofw, mw
2 , becomes

mw
2.

ulu2

2
x4.6H2@

9

4
H2, H2.

ulu2

12
x4, ~15!
2-3
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MASAHIDE YAMAGUCHI PHYSICAL REVIEW D 64 063502
whereH is the hubble parameter at that time. Hence,w os-
cillates rapidly around the minimumwmin with its amplitude
damping in proportion toa23/2 (a: the scale factor of the
universe!. Thus, at the end of chaotic inflation,w settles
down to the minimumwmin .

On the other hand, the mass squared ofX, mX
2 , is domi-

nated by

mX
2.2ulu2x2.

24

x2
H2, ~16!

which is much smaller than the hubble parameter square
the early stage of chaotic inflation so thatX also slow-rolls
towards the origin. Later we setX to be real and positive
making use of the freedom of the phase choice. In this
gime, the classical equations of motion for theX andx fields
are given by

3HẊ.2mX
2X, ~17!

3Hẋ.2ulu2x3, ~18!

which yield

X}x2. ~19!

This relation holds actually if and only if quantum fluctu
tions are unimportant for bothx andX. However, following
the same procedure done in Refs.@18,19#, we can easily
show that forX, quantum fluctuations are smaller than t
classical value andX is much smaller than unity throughou
chaotic inflation.

We investigate the density fluctuations produced by t
chaotic inflation. As shown above, there are the two eff
tively massless fields,x andX. Using Eq.~12! and adequate
approximations, the metric perturbation in the longitudin
gaugeFA can be estimated as@24#

FA52
Ḣ

H2
C1216

X2

x2
C3 ,

C15H
dx

ẋ
,

C35HS dx

ẋ
2

dX

Ẋ
D 2

x2
, ~20!

where the dot represents the time derivative, the term p
portional toC1 corresponds to the growing adiabatic mod
and the term proportional toC3 the nondecaying isocurva
ture mode. You should notice that onlyx contributes to the
growing adiabatic fluctuations. Then, the amplitude of c
vature perturbationFA on the comoving horizon scale atx
5xNc

is estimated by the standard one-field formula as

FA~Nc!.
f

2A3p

V3/2

V8
.

f

2A3p

uluxNc

3

8
, ~21!
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where f 53/5 (2/3) in the matter~radiation! domination.
Later we consider the case where the comoving scale co
sponding to the COBE scale exits the hubble horizon dur
chaotic inflation. DefiningNCOBE as thee-fold number cor-
responding to the COBE scale, the COBE normalization
quiresFA(NCOBE).331025 @25#, which yields

ulu.4.231023xNCOBE

23 . ~22!

The spectral indexns is given by

ns.12
3

NCOBE
. ~23!

B. New inflation

As x becomes of the order of unity, the dynamics b
comes a little complicated because the term withv2gRx2 or
the constant termv2 may become dominant. Depending o
the parametersgR and gI , we have a break or no brea
between chaotic and new inflation.4

In order to investigate when new inflation starts, we d
fine the following two fieldsw8 andx8:

S w8

x8
D 5S cosu 2sinu

sinu cosu D S w

x
D , ~24!

whereu is a constant characterized by

cos 2u5
gR

AgR
21gI

2
, sin 2u5

gI

AgR
21gI

2
. ~25!

Then, the potential withX.0 is rewritten as

V~w8,x8,X.0!.v2e2 v2
2/2 expF S w8 cosu1x8sinu

1
v2

A2
D 2G F S 12

ugu
2

w82D 2

1x82S ugu1
ugu2

2
w82

1
ugu2

2
x82D G . ~26!

We find that the global minima are given byw8252/ugu and
x850. New inflation can take place ifugu* cos2u, that is,
ulu*v cos2u. Since the mass squared forw8, mw8

2 , is given
by

mw8
2 .2ugu1

1

2
ugu2x821cos2uS 11ugux821

1

4
ugu2x84D ,

~27!

new inflation begins whenx8.xcrit8 , which is defined as

4Exactly speaking, the constant term may become domin
~small hybrid inflation! before new inflation starts.
2-4
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NATURAL DOUBLE INFLATION IN SUPERGRAVITY PHYSICAL REVIEW D 64 063502
xcrit8 [
2

uguA ugu2cos2u

ugu12 cos2u
. ~28!

Hereafter, we setgI50(cosu51,sinu50) for simplicity.
In this case, forx.0 and X!1, the potential is approxi-
mated as

V~w,x.0,X!1!

;v2@12~gR21!w̃212~gR21!2w̃2uXu21•••#,

~29!

with w̃5w2wmax andwmax[v2 /@A2(gR21)#. If gR*1,5 w
slow-rolls down toward the vacuum expectation valueh
5A2/gR and new inflation takes place.

In our model,w stays atwmin until new inflation starts.
Thus, the initial value ofw̃, w̃ i , for new inflation is given by

w̃ i52
v2

A2

gR

gR21
. ~30!

The e-fold numberNn is estimated as

Nn.
1

2~gR21!
lnUA2

v2

gR21

gR
U. ~31!

In the new inflation regime, bothw andX acquire large quan
tum fluctuations because they are effectively massless fie
However, following the same procedure as done in the c
otic inflation regime, it is shown that onlyw contributes to
the adiabatic fluctuations. The amplitude of curvature per
bationFA on the comoving horizon scale atw̃5w̃Nn

is given
by

FA~Nn!.
f

2A3p

v

2~gR21!w̃Nn

, ~32!

wheref 53/5 (2/3) in the matter~radiation! domination. The
spectral indexns of the density fluctuations is given by

ns.124~gR21!. ~33!

Now, let us comment on the amplitude of the density flu
tuations in the case with a break. Density fluctuations w
comoving wave number corresponding to the horizon sc
around the beginning of new inflation~if any, hybrid infla-
tion! are induced during both chaotic and new inflatio
However, following the procedure as done in Refs.@6,7#, we
can show that the density fluctuations produced during c
otic inflation are a little less than newly induced fluctuatio

5In fact, for gR*1, we can show that there is no local minimu
between the local maximumwmax and the global minima.
06350
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at the beginning of new inflation@.v/(2pA3)#. Further-
more, the fluctuations produced during chaotic inflation
more suppressed for smaller wavelength. Thus, we ass
that the fluctuations ofw induced during chaotic inflation ca
be neglected when we estimate the amplitude of the den
fluctuations during new inflation.

After new inflation,w oscillates around the minimumw
5h so that the universe is dominated by a coherent osc
tion of the scalar fields[w2h. Expanding the exponentia
factor ev2w1w2

in eK

ev2w1w2
5eh2

~112hs1••• !, ~34!

we find thats has gravitationally suppressed linear intera
tions with all scalar and spinor fields including minimal s
persymmetric standard model~MSSM! particles. For ex-
ample, let us consider the Yukawa superpotentialW
5yiDiHSi in MSSM, whereDi ,Si are doublet~singlet! su-
perfields,H represents Higgs superfields, andyi are Yukawa
coupling constants. Then, the interaction Lagrangian is gi
by

Lint;yi
2hsDi

2Si
21 . . . , ~35!

which leads to the decay widthG given by

G;S i yi
4h2ms

3 . ~36!

Herems.2AgReA2/gRv is the mass ofw at the vacuum ex-
pectation valueh5A2/gR. Then, the reheating temperatu
TR is given by

TR;0.1ȳhmw
3/2, ~37!

with ȳ5AS i yi
4. Taking ȳ;1, the reheating temperatureTR

is given by

TR;v3/2&ulu3/2;1024xNCOBE

29/2 . ~38!

For NCOBE5O(10), TR is low enough to avoid the overpro
duction of gravitinos in a wide range of the gravitino ma
@26#.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we propose a natural double inflation mo
in SUGRA. By use of the shift symmetry, first of all, chaot
inflation can take place, which has no initial condition pro
lem. Later, new inflation takes place, which straightfo
wardly leads to the low reheating temperature enough
avoid the overproduction of gravitinos. In our model, t
initial value of new inflation is set during chaotic inflatio
and is appropriately far from the local maximum of the p
tential for new inflation so that both inflations are responsi
for the primordial fluctuations on the observable scale. In
forthcoming paper, we will investigate the density fluctu
tions produced during both inflations in detail and comp
them with recent observations. Moreover, we will discuss
2-5



on
o

a
al
s

r
lly

Sci-

MASAHIDE YAMAGUCHI PHYSICAL REVIEW D 64 063502
PBHs formation. Since the second inflation is new inflati
in our model, the produced density fluctuations become
the order of unity due to the peculiar property of new infl
tion. PBHs may be identified with the massive compact h
objects~MACHOs! or be responsible for antiproton fluxe
observed by the BESS experiments.
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