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Natural double inflation in supergravity
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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 inflétiew
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 thdd¢aotential. 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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[. INTRODUCTION condition problem of hybrid inflatioh12]. Later, it is shown
that they can produce the primordial fluctuations with the
The fascinating feature of inflation is a generation of pri-non-trivial feature as observd8]. But, generally speaking,
mordial density fluctuations in addition to solving the flat- the reheating temperature after hybrid inflation is so high that
ness and the horizon problems of the standard big bang co&-causes the overproduction of gravitinos. On the other hand,
mology. A single inflation model generally predicts adiabaticlzawa et al. [13] proposed preinflation as a solution to the
fluctuations with a nearly scale-invariant spectrum. It is,initial condition problem of new inflation, which straightfor-
however, pointed out that a standard cold dark matter modedardly predicts the low reheating temperat[itd]. If hybrid
with a nearly scale-invariant spectrum cannot account fofnflation is taken as preinflation, double inflation is realized
Sevel’al Observational I’eSU|tS. The predicted pl’imordial ﬂUCthrough the cross term of the Superpotentia'_ Later’ it has
tuations have too much power on small scales after they afgeen discussed in the context of large scale structure, CMB
normalized by the cosmic bapkground explor&OBE) _[6], and primordial black hole¢PBHS formation[9].
data. The power spectrum derived from the fFM redshift "y, 4)| of the earlier double inflation models in SUSY or
survey has a break around the sdate0.0h Mpc ™ though — gGRA, hybrid inflation is adopted as the first inflation re-

there is I_arge unce_rtalntBZL_]. Furthermore,_whl!e the recent sponsible for the COBE scale. However, such hybrid infla-
observations of anisotropies of the cosmic microwave back:

ground (CMB) by the BOOMERANG experimeni2] and ion is known to suffer from the severe initial condition prob-

the MAXIMA experiment[3] confirmed a flat universe with lem [12]. Hence, another hybrid inflation is required, which

an inflationary scenario, they found the peculiar feature, tha&akes place near the Planck sizale and th_e pr_oduc_ed ﬂuctua-

is, a relatively low second acoustic peak. Thus, the demanHCnS cannot be observéd0,111." After all, triple inflation is

for the primordial fluctuations with a non-trivial shape is f€auired. On the other hand, chaotic inflatift®] is free

increasing. from any initial cc_)ndmon problems including the flatness
Such primordial fluctuations are realized in a double in_problem because it starts around the Planck scale. Nonethe-

flation model. In fact, double inflation models have been!€SS; one of the reasons why hybrid inflation has often been

considered to reconcile the predicted spectra with the obsefonsidered as an inflation model in SUGRA lies in difficulty
vations[4—6]. Many of them were discussed in a simple toy reahzmg chaotic |nﬂa_t|on in SUGRA. The ml_nlmal SUGRA
model with two massive scalar fields. Though the model prePotential for2 sczalar fields has an exponential factor of the
dicts an interesting nontrivial spectrum, a more realisticiorm exp(¢|/Mg), which prevents any scalar field from
double inflation model should be constructed on the basis d@king & value much larger than the reduced Planck scale
the particle physics theory. Supersymme®WSY) is one of Mg=2.4% 10'® GeV. Several chaotic inflation models have
the most powerful extensions of the standard model of parP€en proposed so far by use of the functional degrees of
ticle physics, which is also indispensable to constructing infreedom in SUGRA16,17. Rather specific Kaler poten-
flation models. Because SUSY guarantees the flatness of tils were adopted without symmetry reasons so that we need
inflaton and gives a natural solution to the hierarchy problenthe fine tuning. Recently, Kawasakt al. [18] proposed a
between the inflationary scale and the electroweak scaldatural model of chaotic inflation in SUGRA, where the
Therefore, it is very important to construct double inflation

models in the context of SUSY, especially, its local version,

supergravity SUGRA) [7,8]. Until now, a few double infla-  1gxactly speaking, even if one considers such pre-hybrid inflation,
tion models in SUSY or SUGRA have been propof6,9. it suffers from the so-called flatnegbngevity) problem, that is,
First of all, double hybrid inflation models in SUSYO0] or  why the universe lives beyond the Planck titieough it is milder
SUGRA[11] have been proposed in order to solve the initialthan the original oneas long as it starts below the Planck scale.
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Kahler potential is restricted by the Nambu-Goldstone-like TABLE I. The charges of théJ(1)gXZ, symmetries for the

shift symmetry. various supermultiplets.
In this paper, we propose a natural double inflation modet =
in SUGRA by use of the Nambu-Goldstone-like shift sym- P X = I
metry. In this model, first of all, chaotic inflation takes place.
: JHREST . . Qr 0 2 0
During chaotic inflation, an initial value of the second infla- 7
) - - - _

tion (new inflation is set due to the supergravity effects. A
similar model has already been proposed by Yokoyama and

Yamaguchi[19] (see also Reff20]). But, in the model, the \\hereC is a dimensionless real constant avig is the re-

initial value of new inflation is so close to the local maxi- 4,,ced Planck scale. That is. the combinat®®? is invari-
mum of the potential for new inflation, which causes the;nt under the shift symmetry. Then, théHer potential is a
universe to enter a self-regenerating stdg#,22. Hence, function of ® + d*, i.e., K(®,d*)=K(d+d*), which al-
the primordial fluctuations responsible for the observablgg s the imaginar,y pa{rt of ihe scalar compo;wentsrboito

scale ari prohdgced only duringl th,‘? I%St iml‘latf(oew infla- s jake a value much larger than the gravitational scale. Later
tion) so that their spectra are only tilted scale-free ones. Alsqye setv .. to be unity.

you should r_10tice that even i th_e ch_aotic inflation propose Next, let us discuss the form of the superpotential. We
n Re_f. [18] is taken as preinflation n R?[13]' the same sume that the superpotential is also invariant under the
situation occurs, that is, the second inflation becomes etern (1) symmetry, which prohibits a constant term in the su-
Inflatlon bec_aqse the superpotential in REIB] vanishes perpotential. Then, the earlier 'Kr potential is invariant
during chaotic inflation. On the other hand, in our model, the

initial val f inflat be ad telv far h only if the R charge of® is zero, which compels us to
Initial value of new Inflation can be adequately tar Irom e, 4 ,ce another supermultiplét(x, 8) with its R charge
local maximum of the potential due to the small linear term

. . ~ . . equal to two. The general superpotential invariant under the
of the inflaton in the Khler potential. Therefore, the primor- d 9 Perp

dial fluctuations responsible for the observable universe maSQ'/hIft and theU(1)s symmetries is given by

be attributed to both_ mflat_lons, that is, the first chaotic infla- W=0X[1+ ap(ED2)2+- - -]
tion produces the primordial fluctuations on the large cosmo-
logical scales while the second new inflation on the smaller —X[ED?+ az(EP?)3+---], (2

scales. The fact that the last inflation is new inflation is fa-
vorable because it straightforwardly predicts sufficiently lowwherev, «; are complex constants and we have assumed the
reheating temperature to avoid the overproduction of gravitiR charge of£ vanishes. Generally speaking, among all com-
nos. Furthermore, our model is simple in that two inflatonsplex constants, only one constant can become real by use of
belong to the same supermultiplet, namely, one direction of &he phase rotation of th¥ field. Later we sev to be real.
complex scalar field drives chaotic inflation while anotherThe shift symmetry is softly broken by inserting the vacuum
drives new inflation. Also, our model is natural for two rea- value into the spurion field{=)=X\. The parameten is
sons. The form of Kller potential is completely determined fixed at a value whose absolute magnitude is much smaller
by a symmetry, that is, the Nambu-Goldstone-like shift sym-than unity, representing the magnitude of breaking of the
metry. Next, though we need the introduction of small breakshift symmetry[Eq. (1)]. As long as|®|<|x|~*2, higher
ing parameters, the smallness of parameters is justified alssrder terms witha; of the order of unity become irrelevant
by symmetries. That is, the zero limit of small parametersior the dynamics of the chaotic inflation. Thus, we can safely
recovers symmetries, which is natural in the 't Hooft's senseneglect them in the following discussion. As shown later, for
[23]. successful inflation, the constamtmust be at most of the

In the next section, we present our double inflation modebrder of ||, which is much smaller than unity. Since the
in supergravity. In Sec. lll, the dynamics is investigated anctonstanu is of the order of unity in general, we must invoke
the primordial density fluctuations are estimated. In the finathe mechanism to suppress the constanfor the purpose,
section, we give discussions and a conclusion. we introduce th&, symmetry, under which thé, X, and=
fields are odd:® (See Table I in which charges for superfields
are shown). Then, the smallness of the constanis associ-
ated with the small breaking of th&, symmetry. That is, we

We introduce an inflaton chiral superfieddl(x,#) and a introduce a spurion fieldl with the oddZ, charge and the
spurion superfieldE. We assume that the model is invariant
under the following Nambu-Goldstone-like shift symmetry
[18]:

Il. MODEL

2The fact that th&, charge ofd is odd is essential for this model
because it allows the small linear term &f+ ®* in the Kéhler
d—P+iCMg, potential so that the initial value of new inflation can appropriately
deviate from the local maximum of the potential for new inflation.
3Note that the spurion fiel& in fact breaks both the shift sym-

o 2 metry and theZ, symmetry at once. So, we expect that the magni-
= —) =, ) tudes of the breaking of both tlig, and the shift symmetries are of
®+iCMg the same order, that ifg|=O(1).
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zero R charge, whose vacuum val{id)=uv softly breaks ll. DYNAMICS OF DOUBLE INFLATION AND
the Z, symmetry. You should notice that though the above PRIMORDIAL DENSITY FLUCTUATIONS

superpotential is not invariant under the shift and He Neglecting higher order terms and a constant term in the

symmetries, the model is completely natural in 't Hooft's .. , : i
sensd23] because we have enhanced symmetries in the ”ml_<ahler potential, the Lagrangian density®, X) for the sca

its \—0 andv—0. In the following analysis, we use the lar fields® andX'is given by

superpotential given by L(®,X)=03,PI*D* + 9, X*X* =V(P,X),  (6)
W=pX—AXD?, (3)  where the scalar potenti® of the chiral superfieldX(x, 6)
) and®(x, 6) is given by
=vX(1-g®d?), 4
. V=0%e"[[1-g®?2(1—|X[?+|X|%)
with g=\/v.
The Kéhler potential invariant under the shift and the +X]?]=2g® + (v + P+ D*)(1-gP?)[?]. ()

u(l mmetries is given b . .
(L)r sy 1es 1S giv y Decomposing the scalar fietll and the complex constagt

1 into real and imaginary components
K=02(®+<1>*)+§(<I>+d>*)2+xx*+-... (5)
1
. . . O=—(p+iy), 8
Herev,~v is a real constant representing the breaking effect \/E((P X ®
of the Z, symmetry. The terny s\ @2+ v \% ®*2 may ap-
pear, wherev; and N3 are complex constants representing g=9grtig;, 9

the breaking of th&, and the shift symmetriegu(;| ~v and
[N3|~|N4|~|N\]). But, these terms are extremely small so
that we can safely omit them in the Klar potential[Eq. 1 1
(5)]. A constant term is also omitted because it only changes L@, x,X)=5d,00" 0+ 5d,x"x+d X' X*
the overall factor of the potential, whose effect can be renor- 2 2

the Lagrangian density (¢, x,X) is written as

malized into the constants and 6;. Here and hereafter, we —V(g,x,X), (10)
denote the scalar components of the supermultiplets by the
same symbols as the corresponding supermultiplets. with the potentiaM (¢, x,X) given by

2

v
—=| +Ix?

V2
+|X[22(g3+ 9D (924 X2 — (v2+ V20){V2(gre— 91X)[ 2— Gr( 92— x?) +201¢0X]
—V2(grx+ 919)[01(02— x2) +2grex 1} + (02F V20) 1 - gr( 02— x?) +2g,0x+ 1 (93 +99) (02 + xD)?]D).

o+ (1-gr(@®— XD +2g10x+ 1 (95+ 9D (92 + xD) 21 (L—| X2+ |X|*)

V(QD,X,X):UZG_ ”2/2 ex;{

(11)
|
A. Chaotic inflation 2
AN,
Though the potential is very complicated, the dynamics is Ne=—5~ (13

not so. While ¢,|X|<O(1) due to the factor
+o2+|X|2
gr2ere X (v2<1), x can take a value much larger than pring chaotic inflation, the potential minimum fer, @,
unity without costing exponentially large potential energy. ;g given by
Then, the scalar potential is approximated as

4

X g 4
z+2x2|><|’-‘). (12) Pmin=—v2/\2~ QZTlgz et (14
R I

V=|\|?

2
with |\|2=(g&+g?)v2. Thus, the term proportional tg* and the mass squared f m,, becomes

becomes dominant, which leads to chaotic inflation starting
around the Planck epoch. Using the slow-roll approxima- . NP, 6H2>9H2 H2 INZ 15
tions, we obtain the-fold numberN,, M= X'~ 4" =X, (19
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whereH is the hubble parameter at that time. Hengegs-
cillates rapidly around the minimum,;, with its amplitude
damping in proportion ta%? (a: the scale factor of the
universg. Thus, at the end of chaotic inflatiory settles
down to the minimump,, -

On the other hand, the mass squarepfn?, is domi-
nated by

PHYSICAL REVIEW D 64 063502

where f=3/5 (2/3) in the matter(radiatio domination.
Later we consider the case where the comoving scale corre-
sponding to the COBE scale exits the hubble horizon during
chaotic inflation. DefiningN¢oge as thee-fold number cor-
responding to the COBE scale, the COBE normalization re-
quires® o(Ncogp) = 3% 10 ° [25], which yields

~ -3, -3
IN|=4.2X10 XNeose' (22
2~2 A 2.2 __ %HZ 16 . . .
my=2|\|“x*= ° ' (16) The spectral indexg is given by
which is much smaller than the hubble parameter squared in n=1 3 (23
S

the early stage of chaotic inflation so théatalso slow-rolls
towards the origin. Later we se& to be real and positive

making use of the freedom of the phase choice. In this re-

gime, the classical equations of motion for tand y fields
are given by

NCOBE

B. New inflation

As x becomes of the order of unity, the dynamics be-
comes a little complicated because the term withgy? or

3HX:—m§<X, (17 the constant terne? may become dominant. Depending on
the parametergg and g,, we have a break or no break
3Hy=— [\ [%3 (18  between chaotic and new inflatién.
' In order to investigate when new inflation starts, we de-
which yield fine the following two fieldsp’ and x':
NCI 19 o' cosf —siné\ | ¢
- o ( ’) :(sina cosf ’ 249
This relation holds actually if and only if quantum fluctua- X X
tions are unimportant for bot_ja and X. However, followin.g whered is a constant characterized by
the same procedure done in Ref48,19, we can easily
show that forX, quantum fluctuations are smaller than the Ir g,
classical value ani is much smaller than unity throughout COS 2= ———, Sin20= —. (25)
chaotic inflation. NCERACT NCERRh
We investigate the density fluctuations produced by this _ _ _ _
chaotic inflation. As shown above, there are the two effecThen, the potential wit,K=0 is rewritten as
tively massless fieldsy and X. Using Eqg.(12) and adequate
approximations, the metric perturbation in the longitudinal ., 2 — 022 , L
gauge® , can be estimated 484] V(e' x' \ X=0)=ve "2“exg | ¢' cosf+ x'sinb
H X? 2 2 2
—_ e Vo ol , lal*
Pa=— 3% 16)?03’ +E) H(1—7<p 2l x? ol e
5 g,
C,= o t5x 2. (26)
X
s ox\ 2 We find that the global minima are given ky?=2/g| and
Ca= oX_ o7 = (200 x'=0. New inflation can take place Io|= cog, that is,
x XX IN|=v cog6. Since the mass squared fot, mi,, is given

. I b
where the dot represents the time derivative, the term pro-y

portional toC; corresponds to the growing adiabatic mode,
and the term proportional t€; the nondecaying isocurva-
ture mode. You should notice that onyycontributes to the
growing adiabatic fluctuations. Then, the amplitude of cur-
vature perturbatiorb , on the comoving horizon scale gt

= xn, is estimated by the standard one-field formula as

1
1+]glx"2+ 711’ "),
(27)

1
m, =gl + 5|9l 2+ cog0

new inflation begins whel’= x/, Which is defined as

“Exactly speaking, the constant term may become dominant
(small hybrid inflation before new inflation starts.

237 V' 2y3r 8 @)
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2 lg| - co2d at the beginning of new inflatiof=v/(27/3)]. Further-
Xei= =\ ————— (28)  more, the fluctuations produced during chaotic inflation are
gl || +2 cos6 more suppressed for smaller wavelength. Thus, we assume
that the fluctuations o induced during chaotic inflation can

Hereafter, we seg),=0(cosf=1,sing=0) for simplicity.  be neglected when we estimate the amplitude of the density
In this case, fory=0 and X<1, the potential is approxi- fluctuations during new inflation.

mated as After new inflation, ¢ oscillates around the minimura
= » so that the universe is dominated by a coherent oscilla-
V(e ,x=0X<1) tion of the scalar fieldr= ¢ — 7. Expanding the exponential

~ ~ factor e’2¢* ¢ in X
~v’[1-(gr—1)@*+2(gr— 1)%@?|X|?+ - - -],

(29) er29 ¢ = e (14 20+ - 1), (34)

With 0= ¢ — @maxand ema=v2/[V2(gr—1)]. If gg=1° ¢  We find thato has gravitationally suppressed linear interac-
slow-rolls down toward the vacuum expectation valye tions with all scalar and spinor fields including minimal su-
=/2/gr and new inflation takes place. persymmetric standard mod¢éMSSM) particles. For ex-

In our model,¢ stays aten, until new inflation starts. ampéei_';ft_ lﬁsg('\)ﬂnS'dher che SIYUkaV(\j/a JUEQYDTGDHT‘M
Thus, the initial value of, @;, for new inflation is given by ~_ YiZif=i N » WNErED; , 5 are doubletsingled su-

b @ 9 y perfields,H represents Higgs superfields, andare Yukawa

coupling constants. Then, the interaction Lagrangian is given
~ V2 Or by

@i:—EgR_l- (30

L~y noDISI+ ..., (35)

The e-fold numberN,, is estimated as
which leads to the decay width given by

1 V2 gr— 1‘
= n— . 31 [~3.ytp?md. 36
2(gR_ 1) vy Or | ( ) Iyl Y o ( )

Nn

Herem,=2./gre"?%ry is the mass ofy at the vacuum ex-
ectation valuep=/2/gg. Then, the reheating temperature
r Is given by

In the new inflation regime, botlh andX acquire large quan-
tum fluctuations because they are effectively massless field
However, following the same procedure as done in the cha-
otic inflation regime, it is shown that only contributes to
the adiabatic fluctuations. The amplitude of curvature pertur-

bation®, on the comoving horizon scale @t=¢y,_is given
by

Tr~0.1y ym? (37)

¢

with Y= \/Eiy? . Taking?~1, the reheating temperatulig
is given by

_ v _ 1 (32) TR~ 03/25 | Y | 3/2__ 10~ 4X§3(/32BE- (38)
237 2(gr—Den,

D A(Nn)

For Ncoge= O(10), Tk is low enough to avoid the overpro-

wheref =3/5 (2/3) in the mattefradiation domination. The duction of gravitinos in a wide range of the gravitino mass
spectral indexhg of the density fluctuations is given by [26].

ne=1—4(gg—1). (33 IV. DISCUSSION AND CONCLUSIONS

. . In this paper, we propose a natural double inflation model
Now, let us comment on the amplitude of the density fluc-j, SyGRA. By use of the shift symmetry, first of all, chaotic
tuations in the case with a break. Density fluctuations Withyqation can take place, which has no initial condition prob-
comoving wave number corresponding to the horizon scalgyy, | ater, new inflation takes place, which straightfor-
around the beginning of new inflatioif any, hybrid infla- \yarqly leads to the low reheating temperature enough to

tion) are induced during both chaotic and new inflation. 5yiq" the overproduction of gravitinos. In our model, the
However, following the procedure as done in R¢€s7], we jnitial value of new inflation is set during chaotic inflation

can _shovy that the <_jensity fluctuations produced during. chazng is appropriately far from the local maximum of the po-
otic inflation are a little less than newly induced fluctuationsienia| for new inflation so that both inflations are responsible
for the primordial fluctuations on the observable scale. In the

forthcoming paper, we will investigate the density fluctua-

SIn fact, forgg=1, we can show that there is no local minimum tions produced during both inflations in detail and compare
between the local maximum,,, and the global minima. them with recent observations. Moreover, we will discuss the
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