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Chaotic hybrid new inflation in supergravity with a running spectral index
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We propose an inflation model in supergravity, in which chaotic and hybrid inflation occurs successively,
followed by new inflation. During hybrid inflation, adiabatic fluctuations with a running spectral index with
ns>1 on a large scale amii<<1 on a smaller scale are generated, as favored by recent results of the first year
Wilkinson Microwave Anisotropy Probe. The initial condition of new inflation is also set dynamically during
hybrid inflation, and its duration and the amplitude of density fluctuations take appropriate values to help early
star formation to realize early reionization.
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I. INTRODUCTION cosmologically observable scales.
This model, however, has two drawbacks. First of all,
The recent results of the Wilkinson Microwave Anisot- hybrid inflation has a severe initial condition problem, that

model, in which the Universe is spatially flat and has primor-€Ven if the field is assumed to be homogenedss Second,

dial adiabatic density fluctuatiori4,2]. The spectrum of the t_he density fluctuations generated at the onset of new infla-
tion tends to be too large due to the uncontrollable smallness

. . %f the initial value of the scalar field responsible for new
of the spectral index is favored from>1 on a large scale jnfiation. In the model discussed [9], if we try to fit the
to ng<1 on a smaller scaleMore concretel%/,ogg is shown  central values of the spectral index and its running observed
that ng=1.13+0.08 anddn,/d Ink=—0.055"3'355 on the by WMAP, the scald, corresponding to the horizon at the
scalek,=0.002 Mpc ! [5]. onset of new inflation is larger than 100 kpc, so that too
Though it is a nontrivial task to consider an inflation many dark-halo-like objects would be produced and cause
model with such a running spectral index, some models haveosmological problems. Hence we had to content ourselves
been proposed mainly after the results of the WMAP havewith reproducing the WMAP data within one-sigma error in
been releasefb—11]. In the hybrid inflation model in super- order to set, smaller than 1 kpc.
gravity proposed by Linde and Riotf6], the running of the In this paper, we propose an improved model of inflation
spectral index is obtained straightforwardly due to the conin supergravity, which resolves the above two problems.
tributions to the potential from both one-loop effects andWith regards to the former problem associated with initial
supergravity effects. However, it is shown that its variation isconditions, the most natural scenario is chaotic inflation
too mild to explain the results of the WMAP]. This is wh|qh occurs W|thout any fme—t_umng provided that _thel po-
mainly because the Yukawa coupling constant must be reld€ntial does not diverge too rapidly beyond the gravitational
tively small for sufficient inflation. To put it another way, a SCaleMg=2.4X 10°° GeV [16]. This requirement, however,
sufficient variation of the running may be obtained if another'S difficult to achieve in supergravity and only a few success-
inflation follows the hybrid inflation of Linde and Riotto. ful models had been proposed in this coneld]. Recently,

. . wever, it was pointed out that such a large value can be
Then, Kawasaki and the present authors considered a hybriel;/ o g by introducing the Nambu-Goldstone-like shift sym-

new inflation model in supergravity, which was originally ; ;
) metry[18,19. We make use of this symmetry and start with
proposed in[12-14, and showed that the results of the chaotic inflation. Furthermore, in our model, the initial con-

WMAP can be reproduced at the one-sigma. ¢! In this o for new inflation, which is set dynamically during hy-
model, during hybrid inflation, primordial density fluctua- g inflation, is well under control and we can set it to
tions with such a running spectral index are generated angstisfy various cosmological requirements with the central
also the initial value of new inflation is set dynamically. If yajues obtained by WMAP, contrary to our previous model.
new inflation proceeds long enough, the scales with the de- The rest of the paper is organized as follows. In the next
sired spectral shape of density fluctuations can be pushed ction, we present our model of hybrid new inflation with a
chaotic initial condition in supergravity. In Sec. Ill, we in-
vestigate the dynamics of hybrid inflation and show that pri-
ISuch a running of the spectral index is not yet confirmed defi-mordial density fluctuations with a running spectral index are
nitely. The analyses which do not give the running feature of thegenerated, as suggested by the results of the WMAP. In Sec.
spectral index are given, for example,[B,4]. However, it is still 1V, we review new inflation in supergravity. In Sec. V, we
important to give a concrete model with such a running spectrainvestigate the dynamics of hybrid new inflation in super-
index because it is very difficult to realize such a feature in thegravity. We show that the initial value of new inflation is set
context of a single-field inflation model. dynamically during hybrid inflation and the amplitude of
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TABLE |. The symmetries and the charges of various superfields.

X s Y v z P 1 s =
0 n+2 n n 2 2 n 3n+4 n+2
R 2n+1)  2(n+1)  n+l  n+tl  2ntD)  2(n+1)  n+1
G | | G G [ | | | [
Z, + - + + + + - - -

density fluctuations on the scale corresponding to the horizo

RereWy induces chaotic and hybrid inflatiow, determines

at the onset of new inflation takes an appropriate value. Secthe initial value of the new inflation, and/y is a part asso-

tion VI is devoted to discussion and conclusion with particu-

ciated with new inflation. In the above superpotentialand

lar emphasis on the fact that this model essentially involvesy 5re 5 conjugate pair of superfields, which transform non-

only one energy scale.

1. MODEL

In this section, we give our model of chaotic hybrid new
inflation in supergravity. In order to avoid blow up of the
scalar potential such as ejéﬂ(/Mé) for the inflation,S re-
sponsible for chaotic and hybrid inflation, we introduce the
Nambu-Goldstone-like shift symmetf{8],

S—S+iCMg, (1)
whereC is a dimensionless real constant. As far as the sym
metry is exact, however, the fielflcannot have any poten-
tial. So we need to break it softly. By introducing a spurion
superfield=, we extend the shift symmetry such that the

f— y

model is invariant under the following transformatif9i:

S—>S+|CMG,
2
S Ll
S¥iCMg "~

—

I

Then, the combinatio®E S is invariant under the shift sym-
metry and the Khaler potential becomes a function &
+S*, i.e., K(5,5)=K(S+S*), which allows the imagi-
nary part of the scalar components®to take a value much
larger thanM . If the spurion field acquires a vacuum ex-
pectation value(E)<Mg, it softly breaks the above shift
symmetry. Below we sel ¢ to unity and use the same no-
tations for scalar fields and corresponding superfields.

We consider the following superpotential comprised of
three parts:

W:WH+W|+WN,

Wy=X\"OW — ' 21%) +g' SV + v/ ZE2S,
)
W|:U’HEZ(I),

’
q)n+1

— 12174 —
WNUH(D n+1

12352

trivially under some gauge group, while the other super-
fields are gauge singlet. In order to obtain such a superpo-
tential, we introduce the U(ZXk) symmetry and theZ,
symmetry, which are also broken softly by introducing the
spurion fieldd1 and3, in addition to the shift symmetry’,

m'y g, v, u', v, andh’' are coupling constants. The
charge assignments for various superfields are shown in
Table I. Note that all softly broken symmetries are restored
when all the spurion fields have vanishing expectation val-
ues,(E)=(I1)=(X)=0. If E acquires a nonvanishing ex-
pectation value, it breaks not only the shift symmetry but
also the U(1) symmetry and th&, symmetry, so that we
may expect that the magnitudes of the breaking of the three
symmetries are mutually related. We will show later that
even if we take a simple view that all the symmetry breaking
scales are identica{Z)=(IT)=(3)=0(10"?), our model

can reproduce various cosmological observations quite well
with all the other model parameters being within a natural
range of 103~1. Then, by inserting the vacuum expectation
values of the spurion fields and neglecting higher order
terms, we have the superpotertial

W:WH+W|+WN,

Wi = XAV — 42)+gSPV + vZ S,

4
W| = UZ(I),

n+1

— 2
Wh=v =
Here \=\"=0(10"1), u=u'(I1)=0(10"3), g=g'(E)
=0(10 ?), v=v'(E)*=0(10"°), u=u'(TI)(3)
=0(107), v=v'(I1)2=0(10"%), andh=h"=0(10"1).
On the other hand, the Ker potential is given by

Terms proportional t&g SIT? and ZX? can appear but here we
have omitted them because they do not have significant effects on
the dynamics, as can be easily shown.

3Terms associated with the breaking of the U{ymmetry can
also appear but here we have omitted them because they do not
have significant effects on the dynamics.
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K=Ky+Ky+:-, I1l. HYBRID INFLATION FOLLOWING CHAQOTIC
INFLATION IN SUPERGRAVITY

In this section, we investigate the dynamics of hybrid in-
flation starting with a chaotic scenario. So, we concentrate
(5) oqu on Wy a}nd Ky i.n the whole_sqper_potentiavv and
Coa e O Kahler potentialK. Th.|s trgatment is justified because the
- T|‘1’| +| |2 T|‘I’| : energy scale of new inflation turns out to be much smaller
than chaotic and hybrid inflation as will be seen later.
First of all, we decompose the scalar fi&dnto real and
imaginary components,

1 Cx Cy
Ki= 5 (8+8%)+|X|?= - [X|*+|Z*= Z=|Z*+[w?

4
1

CN
KN:|®|2+Z|®

wherecy, €z, Cy, andcy are constants of the order of 1

unity. _ _ S=—(p+io). 9)
The potential of scalar components of the superfields V2

supergravity is given by

Due to the Nambu-Goldstone-like shift symmetrydoes not
receive the exponential growth of the potential so that it can
take a value much larger than unity under the chaotic initial
with condition[16]. Thus the potential is dominated by the quartic
term of o, that is,

K &ZK o 2
V=ei| | D WDzW—3[W* +Vo, (6)
177

D,W= 5W+ x 7
W=t oz (7 X
~ _ 2 4
HereVp represents the D-term contribution given by V= 4V 7 (10
e? —
Vo=~ (|¥[?—|¥[?)?, 8 . o
b™ 2 (=19 ® which leads to chaotic inflation. As rolls down along the

_ ) o _ potential, the false vacuum energy becomes dominant and
in which we assume for simplicity that the gauge gr@ifs  the ysual hybrid inflation takes place successively.
U(1) andeis the gauge coupling constant. Then, the D-term  pyring inflation, the mass terms of the other fields are

contribution disappears for the directighr| = |\I_f|. given by

2

v 2
VD(ZU4+M4

v 2
70'44- CX,LL4) |X|2+

v 2 2
sz o+ ,LL4+ 21/20'2) |Z|2+

V —_—
ot G o7 (wlEH )

2
J’_
¢ 2

— — 14
NPV +PrP*)— > TP uP(XZ* +X*Z)

14

2 2 _MZUZ 2
% % Z c 1
=| — o+ u?| o?+| — o +eyut| | X— —7Z| + ZL Z A8 —cyCrutv?ot+oyu®
4 4 e, 4 e, 4 16 4
ZO’ +Cyu ZO’ + Cx
M2 WL 2+ M2 P2, (19
|
where Then, during hybrid inflation, the fields, X, Z, ¥, and ¥
2 rapidly go to zero forcy,c;>0. M? becomes negative for
2_ . 2.V 4. 4 1., - _ 2 414 4 2
M2 =hp?+ - ot+ ut+ S glo?, o=*0, with o.=\2\ulg because v2oaldu*<\u?.
12 Therefore, ar=* o, the phase transition takes place and
) (12) hybrid inflation ends.
V= — (T+P*). During hybrid inflation, the effective potential far is
V2 given by
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V2

V(o)=u*+ 7 otV . (13
HereV;, is the one-loop correction given §20]
4 2 2 2
g g0 +2\u
Vi=1g7| (92074 20u?) 2 In "7+ (g%
920'2_2)\/-L2 2 .2

~ 2022 In == 2g%o* |ngA7‘T (14

where A is the renormalization scale. Wher> o, it is
approximated as

(19

Comparing the derivative of the second term and that o

the last term in the effective potentiél3), we find that the
dynamics of the scalar field is dominated by the quartic ter

for o> adz,u\/)\/(\/gm/) and by the radiative correction
for c<o4. Sincev~g?, o, and oy are comparable. Here
we requires < oy(<1).

The slow-roll parameters, z, and¢ are given by

4 412

V'io]

2y

1
fEE(vm =5m01+ (5] | =o
\V V2 4
= g e
" ! 4 4 4
. ol
=0(d%).

On the other hand, the amplitude of curvature perturbation in

the comoving gaug® [21] generated on the comoving scale
r=2m/K is given by

1 H2(ty)

27 o (ty)]’

Vla(t]
3M3

R(k)= H2(t) = 17

wheret, is the epoch when mode left the Hubble radius
during inflation[22]. The spectral index and its running are
given by

2

ns—1=—66+277§277%70'

dns

_ 2__ ~_
i = 1667 24e*—2¢=—2¢
(o]

o4 4
1+(—d) }
g g
o and o4 can be expressed hy,—1 anddng/dInk at k

=k, as

4
41/4

=——5o 3+ (189

f
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B ng—1 u?
7" N2@E—q v’

(19
0d=q1/40,

where

[oq|* 3x+2+\24x+1 20

S\ x—1 (20
with

B 1 dng

=T =12 dInk’

Inserting the central values obtained by WMAPext
+2dFGRSHLya on a comoving scalek,=0.002 Mpc 2,
ns—1=0.13 anddng/d Ink=—0.055 into the above equa-

fions, we findo=0.19u%v and 0y=0.21u?/v with oq4/o

=1.1, which gives the relation

2
Ly

v (21)

taking the lower sign in Eq(20). Also, the amplitude of
curvature perturbation in the comoving gaug@e at o is
given by

1 o’

= =56r=4.7x10"° (22
2 3m P(0it o) v (22

R(ko)

corresponding t&A=0.75 of[5], which yields

y=8.4x10"5,

, (23
M 5

N =2.2x10°5.

The e-folds of hybrid inflation after the comoving scale
with the observed spectral shape has crossed the Hubble ra-
dius can be estimated as

4

o V(o’) )73 T o
NH_IUC—V/(O') d0—7f06_0_3+0_4d0'
ut 1 a?
= — —arctan — | =8.6. (24)
Ve 20y gy

Thus another inflation must take place to push the relevant
scale to the scalk,=0.002 Mpc .
Finally, from the constraint imposed on the amplitude of
the tensor perturbations by WMAPex2dFGRSFLx« [5]
we find an upper bound on the energy scale of hybrid infla-
tion as
u<1.4x102 (25)

corresponding tad<1.1xX 10 4,
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IV. NEW INFLATION IN SUPERGRAVITY

1 ¢n—l 2
_ _ e=-|cyop+22 V2nh—-| |
In order to push the scales with the desired spectral shape 2 v

of density fluctuations to cosmologically observable scales,
we invoke new inflation which follows hybrid inflation dis- n—2
cussed above. New inflation is also favorable in that it pre- n=—cy—2@""2n(n—1)h——, (32)
dicts low reheating temperature to avoid overproduction of v

gravitinos, contrary to hybrid inflation. Though new inflation

has a severe initial condition problem in general, in ourin this new inflation regime. Thus inflation is realized with
model, an appropriate initial condition for new inflation is ¢ <1 and ends at
dynamically realized during hybrid inflation. In this section,

we briefly review new inflation induced by the superpotential

W, with the Kéhler potentialk y [12]. ¢:‘/§<(1—CN)02)1/(H_2)E¢ 33
The scalar potential derived frolvy andKy is given by hn(n—1) e’
exp{ D2+ C_N|q)|4) . whgn|77| bﬁcomes as Iarger?s l'mfi:y-h d side of E21)
_ 2, N 24| o4 ince the two terms on the right-hand side o are
VnLP] 1+cy|P|? ||| THIel+ 2 @ )V identical at
(1 |<I>|2+ cnl®@)? n 2 2| Un=2)
n+1 2(n+1) d>=1/i( hn ) =g, (34)
h 2
—3(1+cy 007 v~ n+1 @" } (26)  the number of-folds of new inflation is estimated as
Then, the potential minimum is given by se VN[ b] ¢a dep g 2(N=2)/2;,2
= — - = — d
2\ 1 N Li Vi o] Li cned Jg, hng" ! ¢
L= — n. =
|<I>|mm_( h and Im®]. =0, (27 oy 1-ncy
=—In— (35

+ L
with a negative energy density e (n=2)en(l-cy)
2

K ) n 4 5 for 0<cy<n~!. In the case thaty vanishes, we find
VNLDP min]=—3e N|WN[CDmin]| =-3|—/=|v |q)min| -

n+1

(28 b 2(N—2)12;,2 2(n-2)/2,,2 n—1
o O A i S
Assuming that this negative value is canceled by a positive ; hno n(n—2) n—
contribution due to supersymmetry breakind, sy, we can (36)
relate energy scale of this model with the gravitino nags
as Here ¢; is the initial value of ¢, whose determination
Y mechanism is discussed in the next section.
no v\,
Mg= m F) v-. (29)
V. HYBRID NEW INFLATION IN SUPERGRAVITY
Without loss of generality we may identify the real part of WITH A CHAOTIC INITIAL CONDITION
@ with the inflation ¢=v2 Re®. The dynamics of inflation In this section, we will investigate the whole dynamics of
is governed by the lower-order potential our model by considering the total superpoten@land the

Kahler potential(5), under the condition
Cn 2h h?
Vil ¢l=v = Svi¢?— Zpue+ S5 0™ (30)

vi<ut. (37)
Since the last term is negligible during inflation and the
Hut;ble parameter is dominated by the first teri, Initially, the potential is dominated by the termdo*/4 so
=v*/v3, the slow-roll equation of motion reads that inflation starts with the chaotic scenario. As inflation

_ proceeds and the inflationm falls to sub-Planckian scale, the
3Hp=—V{[op]=—cpv?dp—22 " 2nhy2¢p"~1, (31)  false vacuum energy* becomes dominant so it turns to the
usual hybrid inflation scenario. In this epoch, the mass terms
and the slow-roll parameters are given by of the other fields are given by

123520-5
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2

2
1%
VD(ZOA-I- wht 04) o2+

v
Za"‘-l— cxut ot || X2+

2

V2 g° — v
+ ZUA+,U,4+04+70'2 (|W]2+|¥|?) + Za4+,u4—ch“+u2
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v
CZZ o+ pt+ v4+2v20'2) |z|?

2_ 2 - KAy * _Z 2 *
PP AR (VY + V) = 5 o?u(D+ %)

14 14
+¢ﬁu%X®*+x*¢)+Ealw%z¢*+z*¢)—Eoluaxz*+x*2)

2
14
Za4+,u4+v4) P+ M2 |V, |2+ M2 | P _ |2+

V2
+ ( ZU4+ ,LL4— CNU4+ u?

_K 2 2 * *
50K (XZ*+X*2Z).

Clearly, the amplitudes af, ¥, and¥ rapidly vanish during
hybrid inflation. Whenor becomes equal to., M2 becomes

V2
Za4+ cypt+v?

2
v
CZT0'4+ wi+vt+2v202|Z|?

|2+

2 V5 * 22 * Ly Vo5 P
| D] 50 U(D+D*)+ uv(XD* +X* D)+ = 0°v(ZD* + Z* D)

2

(39

5 Auv?
u<u”, g,u4 <1. (42

negative so that the phase transition occurs and hybrid infla- ) ) ]
tion terminates. On the other hand, due to the presence of thehen, all of the results derived in Sec. IlI still hold true.

term proportional to®+®*, @& deviates from the origin
during inflation. Then, due to the cross terms withX and

Since the effective mass of the figfi=v2 Red is larger
than the Hubble parameter during hybrid inflati¢ty, , the

Z also deviate from the origin. The field values at the potenabove configuration is realized with the dispersion

tial minimum can be estimated as

4upv® 1+c,
V30'6 CZ

min

. 2uv? 1 39
min " 254 cz’ (39

u
D ip= o2’

for V20'4/4>,u4, and

X ure?v? 1
min— 2,LL6 Cx ’
ur?otv? 1+cy
Zin=— 4[u8 cx (40
uvo?
D min= 2t

for v?o*l4< u*. Here we have assumed that?r’< u* in
the mass squared & which yields the constraint

2\ v<gpu. (41)

It can be easily shown that the correction to the dynamics
of hybrid inflation due to the presence of the deviations from bi=
the origins can be negligible if the following conditions are

satisfied:

Y WA H_"}': p
<(¢ d’mln)) <X> W/Jf‘ 242 (43

due to quantum fluctuation&3]. The ratio of quantum fluc-
tuation to the expectation value should be less than unity,

V<(¢_ ¢min)2> 1 92/-L4
|¢min| B 4v3 7 UrA <L (44

where we have used

UVO'(Z: V2UVA

= : 45
vt G “

min
corresponding to the value at the end of hybrid inflation,
=0,. Inserting the valuesy=8.1x10"% and u?/A=2.2
X 10"° yields the constraint

Ah<6.3x10%, (46)

which is trivially satisfied. Thus the initial value of the infla-
tion for new inflation is located off the origin with an appro-
priate magnitude.

After hybrid inflation endsg oscillates and its amplitude
decreases with an extra factefu by the time vacuum en-
ergy densityv* dominates the total energy densft}3], so
new inflation starts with

V2UvAv
e

and continues untifp= ¢, with the potential(30).

, (47)
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TABLE II. List of model parameters. The expectation values of the spurion fields are taken to be mutually id€Btiea(1l)= (%)
=10 2B.

Order of
Parameter Origin magnitude Role
M w'(IT) 1073 energy scale of hybrid inflation
v v'(I1)2 10°° energy scale of new inflation
u u'(IT) (%) 1077 interaction between hybrid inflaton and new inflaton
v v'(3)2 106 square root of the self-coupling of chaotic inflaton
\ N 0.1 tachyonic mass parameter at the end of hybrid inflation
g g'(E) 1072 mass of hybrid inflaton
h h’ 0.1 self-coupling of new inflaton
Contrary to the hybrid inflation regime, we do not have 04
significant observational constraints on the new inflation re- R= —:98\/ﬁv:10‘4. (52
gime. As stated in the Introduction, generally speaking, the 4‘/§7Th¢i3

density fluctuations generated during new inflation can be-
come large because of the smallness of the field value of theere we have require®=~10"*.
inflation. However, since hybrid inflation does not last so Now we have listed all the constraints on the model pa-
long, the comoving scale which leaves the horizon at théameters(23), (25), (37), (41), (42), (46), (49), and(51). As
beginning of new inflation is larger than 100 kpc so that thelisted in Table II, our model has seven parameters after the
density fluctuations on the corresponding scales should takgpurion fields have acquired expectation values. Among
an appropriate value for structure formation, which is easy téhem, v is fixed by the normalization of fluctuation ampli-
realize in this model, contrary to our previous mof&il tude. We have three more equaliti€33), (49), and(51), for

For definiteness, we consider the case with4 andcy  the other six undetermined parametexsg, h u, v, andu.
=0. Then, from Eq(36), the number ok-folds of new in- Hence we can express all these parameters in terms of three

flation reads independent variables. That is, if we fix the expectation val-
ues of the spurion fields, we can describe all the parameters
v2 1 3 of the theory as functions @f’, ', andv’. To do this let us
NN:E praby (48)  take a simple view that the expectation values of the spurions
b are all equal and normalize them by F0 that is,
This should be around 40 to push the comoving scale with (E)=(I1)=(2)=10 2B, (52)
appropriate spectral shape to the appropriate physical length
scale? which yields the relation whereB is a parameter of order of unity. Then by definition
we find
u__69x10" (49) g=10%g'B 10 24'B, andv=10*'B
= . = , M= MmB, v= v'B.
¢’ h (53)
Then the spectral index at the onset of new inflatign, From Egs.(23), (49), and(51), other parameters in E¢4)
=, reads read
6 # A=4.41"2B? h=1.0x10 %' 2B~ %,
Ne—1=—6e+2n=—12h?——12h—=25=—0.07.
v v (50 u=10 %u’'B?=1.4x10 °g'?u'v'B®, (54)

=10"%»'B?=8.4x10"°.
On the other hand, the amplitude of curvature perturbation at g g

the same scale Is given by Parameters in the original superpotential are given by

r_ 12p2 r_ —4 1—2p—4
4strictly speaking, extra-folds In(u/v) should be added in mak- N=44uB% h'=1.0<10"% "B
ing a correspondence between comoving horizon scales during hy- , 2, o3 , P (55)
brid inflation and proper scales. This is because comoving scales u'=0.149"u'v'B® 1»'=84x10°B "~
that left the Hubble radius in the late stage of hybrid inflation reen-
ter the horizon before the beginning of the new inflation. However, From Eqgs(25), (37), (41), (42), and(46), we find thatg’,
for simplicity, we setNy=40. p', andv’ must satisfy
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w' <1487 u' lw'<10’B7!, g'>0.3871 on this scale with too many dark-halo-like objects. On the
other hand, if we extrapolate the best-fit spectrum obtained
g'%u "l'<7.B73, g'u l'3<1.6x10°B”°, by the first-year WMAP data with a running spectral index to

(56) smaller scales, galactic and smaller scale fluctuations tend to
be too small to realize timely galaxy formation. In our model

p'v’' T1<1.2}X10°B. the amplitude of fluctuations generated during new inflation
. . - . . . can easily take appropriately larger values than that obtained
If these inequalities are safisfied, which are in fact easily, gjimpy extrapolating the large-scale power spectrum. This
Sat'Sf'eq W'_th natural magnitudes of model param(,aters, Ol'\’hay be helpful for early star formation which is required for
model is viable. As an example, let us take=1, 9'=1,  garly rejonization[1] and from the age estimate of high-
n'=0.3, andv’=0.02, which yields redshift quasars using the cosmological chemical c[@e.

A=0.40, h=0.25, g=10"2, ;=3.0x10"3 Finally we comment on the naturalness of our model.

' ' ' ' Since our model realizes three different inflationary sce-

v=2%10"% u=8.6x10"8, (5 narios in succession, its Lagrangian is inevitably more com-
plicated than that of a simple single field model. In particu-

with lar, since the final form of the superpotential contains seven

parameters, whose order of magnitude ranges from’ 16

\'=0.40, h'=0.25, u'=8.6x10"*, and »'=8.4x10"%. 1 and the energy scales of the latter two inflation are strik-

(58) ingly different from each other, one may wonder if it is too
omplicated andd hoc If we return to a more fundamental
ével of the theory with spurion fields, however, we find that
all the coupling parameters take values within a natural range
of 10 3~1, and that it contains only a single energy scale,
namely, the expectation values of the spurion fields can be

In this paper, we proposed an inflation model in Supermutua”y identified WIth(’)(lsz), atypical unification scale.
gravity, in which hybrid inflation starts with a chaotic initial At the present level of our understanding of the fundamental
condition and new inflation follows hybrid inflation. In order theory, we may only say that this scale is determined by
to realize chaotic inflation in supergravity, we introduced thecosmological observation, namely, the amplitude of density
Nambu-Goldstone-like shift symmetry, which ensures thdluctuations, as with simpler models of single-field inflation,
flatness beyond the gravitational scallg;. During hybrid ~ Whose energy scale is usually determined by the same obser-
inflation, adiabatic fluctuations with a running spectral indexvation. Thus our model essentially has only one energy scale
with ng>1 on a large scale anti<1 on a smaller scale are and the huge difference of the energy scale between hybrid
generated, as inferred by the first-year data of WMAP. Thénfla'qon and subsequen; new inflation is naturally realized
initial condition of new inflation is also set dynamically dur- by virtue of the symmetries of the theory.
ing hybrid inflation and we can acquire a sufficiently large
number ofe-folds with the amplitude of fluctuation at its
onset well under control.

The latter feature is especially important, because, if the This work was partially supported by the JSPS Grant-in-
amplitude of fluctuation at the onset of new inflation, corre-Aid for Scientific Research No. 13640283.Y.), and the
sponding to~100 kpc today, turned out to be too large as inJSPS(M.Y.). M.Y. is partially supported by the Department
our previous mode|9], the Universe would be too clumpy of Energy under Grant No. DEFG0291ER40688.

In this case the gravitino mass takes an acceptable valu
m3/2: 15 TeV.

VI. DISCUSSION AND CONCLUSION
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