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Production and dilution of gravitinos by modulus decay
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We study the cosmological consequences of generic scalar fields like moduli which decay only through
gravitationally suppressed interactions. We consider a new production mechanism of gravitinos from moduli
decay, which might be more effective than previously known mechanisms, and calculate the final gravitino-
to-entropy ratio to compare with the constraints imposed by successful big bang nucleosynthesis~BBN! etc.,
taking possible hadronic decays of gravitinos into account. We find the modulus mass smaller than;104 TeV
is excluded. On the other hand, inflation models with high reheating temperaturesTR, inf;1016 GeV can be
compatible with BBN thanks to the late-time entropy production from the moduli decay if model parameters
are appropriately chosen.
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I. INTRODUCTION

One of the consequences of local supersymmetry or
pergravity is the existence of gravitinos, the superpartne
gravitons, whose natural mass scale is the weak s
O(0.1210) TeV. If they are not the lightest supersymmet
particle ~LSP!, they decay into LSP and other high ener
particles such as photons, neutrinos, quark-antiquark p
or gluons after/during the big-bang nucleosynthesis~BBN!
epoch. Such decay products may change the light elem
abundances by changing the baryon-to-entropy, neutron
proton ratios, or destroying the produced elements, wh
may result in a significant discrepancy between yields
observations. This is called the ‘‘gravitino problem.’’ A lot o
authors have studied a variety of constraints on the deca
gravitinos from BBN@1–23#.1

In the standard inflationary cosmology, gravitinos are p
duced by the scattering processes of thermal particles a
reheating epoch just after inflation. The yield parametery3/2
of gravitinos, which is the ratio of their number density
entropy density,y3/25n3/2/s, is approximately given as a
function of the reheating temperature after inflation,TR, inf ,
as2 @15,27,28#.

y3/2,inf.1.5310212S TR, inf

1010 GeV
D . ~1!

Hence it is customary to express the constraint on their ab
dance imposed by BBN as that on the reheating tempera
TR, inf . For example, if gravitino mass is equal to 0.1 TeV w
find an upper boundTR, inf;106 GeV, which imposes a con
straint on model building of inflation. For example, hybr
inflation @29# is difficult to reconcile with this low reheating
temperature, in which the inflaton is typically coupled

1Cosmological constraints on stable gravitinos are studied in R
@24–26# and references therein.

2The error of this approximation formula is within;5% for TR

5106–1014 GeV, and;25% for TR5102–1019 GeV @27#.
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gauge fields and decays rapidly. So it is preferable to h
another inflation after hybrid inflation as suggested by rec
observational data@30#.

We would like to point out, however, that these co
straints onTR, inf have all been obtained under the implic
assumption thaty3/2,inf remains constant until their lifetime,

t3/2.43105sec
1

NG
S m3/2

1 TeVD 23

, ~2!

where we assume that the gravitino decays into a mass
gauge boson and a gaugino,NG is the number of the genera
tors of the gauge group, andm3/2 is the gravitino mass. In
this paper we argue that both the denominator and the
merator ofy3/25n3/2/s are subject to change between t
reheating epoch after inflation and their decay time, ap
from the dilution due to cosmic expansion which does n
change the ratioy3/2 itself. We then derive more appropriat
constraints imposed by BBN.

In supergravity or superstring theories there appea
number of long-lived scalar fields which decay only throu
gravitational interactions, such as moduli, dilatons, or Po
nyi field, which are referred to collectively as the modulusf
hereafter. The modulusf starts coherent field oscillation t
dissipate its energy density as the Hubble parameterH be-
comes smaller than its massmf . Because its dissipation rat
is smaller than that of radiation, the universe turns to
matter dominated well before the lifetime off, when it de-
cays producing not only huge amount of entropy, caus
what is called the moduli problem@31–33#, but also unde-
sirable particles for cosmology. So far a number of grou
have studied cosmological constraints on the modulus de
depending on the properties of each decay product, e.g.
LSPs not to close the Universe@34–36#, and for radiations to
complete thermalization@37#.

The effects of decaying moduli on the gravitino proble
are twofold. One is that the entropy produced by their de
dilutes primordial gravitino abundance, which is a go
news to relax constraints on inflation model building. T
other is that these unwanted particles may also be produ
directly by the decay of modulif. Including these two ef-

s.
©2004 The American Physical Society22-1
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fects, it is not apparent for us to find the allowed region
model parameters to avoid both the gravitino problem a
moduli problem. So far no one has considered this type
scenario with decaying moduli. Therefore, we compreh
sively study the effects in this work.

The constraint by gravitinos produced directly by the d
cay of moduli was first studied by Hashimotoet al. @38#,
who considered the case that the modulus decays into
gravitinos. In the present paper, however, we point ou
more efficient mechanism of direct gravitino producti
from moduli decay, which is the mode thatf decays into its
superpartner modulino,f̃, and a gravitino,c3/2, namely,f
→f̃1c3/2. We incorporate this decay mode and consid
cosmological constraints on the masses of gravitinos
moduli from BBN and other observations.

The fate of the decaying moduli depends on its massmf .
In Refs.@32,33#, it was presumed that moduli fields acqui
masses through supersymmetry breaking and then
masses are comparable to masses of superparticles. In
case the modulus field is long-lived and the reheating at
modulus decay takes place with the temperature much be
1 MeV, spoiling the success of the BBN.~See, however, Ref
@34#.! Recently it was realized that a mechanism to stabi
the moduli fields is operative in the compactification w
nonzero NS and RR fluxes in certain string theories@39#.
This makes most of the moduli fields very massive, typica
around the string scale. Still there are some moduli which
not stabilized. In particular, the modulus field, which is r
sponsible to determine the size of the compactification, is
stabilized in the flux compactification. With the ignorance
possible mechanisms on mass generation, we take the
of the modulus field as a free parameter in this paper.

II. MODULUS DECAY INTO GRAVITINOS

The relevant terms in the supergravity Lagrangian wh
describe the decay mode of our concern are given by

L5Faczf̃f

1

MG
ZF†FG

uuūū

. ~3!

This is allowed by gauge invariance. Furthermore it has
same structure as a source of soft supersymmetry~SUSY!
breaking terms of squarks and sleptons in gravity media
of SUSY breaking~see, e.g., Ref.@40#!. Here aczf̃f is the

dimensionless coupling constant,Z5z1A2ucz1uuFz1
••• is the chiral superfield which breaks SUSY by acquiri
an F term. Therefore, it includes goldstinocz or the longi-
tudinal mode of gravitino, with a complex scalar fieldz and
an auxiliary field Fz while u and ū are two-com-
ponent Grassmann variable. F5f1A2uf̃1uuFf

1 iA2u]mf̃usmū1••• is the chiral superfield which in
cludes the modulusf, and the modulinof̃ with an auxiliary
field Ff . Then we obtain
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L5aczf̃f

1

MG
FzFf

† f1aczf̃f

1

MG
cz~ ism]mf̃̄ !f1•••

52A3aczf̃fm3/2mf̃ff1aczf̃f

mf̃

MG
czf̃f1•••,

~4!

where we have incorporated the SUSY breaking effe
^Fz&5A3m3/2MG with the reduced Planck massMG
(>2.4431018 GeV) without generating a cosmological co
stant. We also used the field equations of motion, for

modulino ism]mf̃̄2mf̃f̃50 with its massmf̃ , and for the
modulusFf

† 1mf̃f50.
Then, the mass matrix off is given by

M5S mf̃
2 A3aczf̃fm3/2mf̃

A3aczf̃fm3/2mf̃ mf̃
2 D . ~5!

Therefore, we can diagonalize it and get two eigen val
mf6 , which are

mf65Amf̃
26A3aczf̃fm3/2mf̃. ~6!

We find that the decayf→f̃1c3/2 is kinematically allowed
if aczf̃f.(21m3/2/mf̃)/A3. In this paper, we consider th

case mf12mf2!mf̃ or mf̃@A3aczf̃fm3/2, so that the

field oscillation of f1 continues as long as that off2 .
Hereafter for simplicity we assume that onlyf1 is present
and induces a coherent oscillation with mass,

mf.mf̃1
A3

2
aczf̃fm3/2. ~7!

As is seen in~4!, the relevant term of the Lagrangian th
describes the decay reads

Lint5aczf̃f

mf̃

MG
czf̃f[hczf̃f. ~8!

Then the decay rate of the modulusf into the gravitinocz

and the modulinof̃ is given by

G~f→f̃1cz!5
h2

8p
mfF12

~mf̃1m3/2!
2

mf
2 G 3/2

3F12
~mf̃2m3/2!

2

mf
2 G 1/2

. ~9!

Because we are assumingmf@A3aczf̃fm3/2, we obtain the
following approximate formula for Eq.~9!,

G~f→f̃1cz!.
A4

2p

mfm3/2
2

MG
2

, ~10!

where the factorA4 is given by

A4[aczf̃f
2SA3

2
aczf̃f21DA3

2
aczf̃f

221 ~11!
2-2
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.
3A2

4
aczf̃f

4 for aczf̃f@1. ~12!

Note that this decay rate is very sensitive to the coupl
constantaczf̃f . Therefore, for relatively largeraczf̃f , the

decay width of the modef→c3/21f̃ can become large
than that of the modef→2c3/2 which was studied in Ref
@38#.3

On the other hand, the decay width of modulus into
diation is represented by

G~f→radiations!5N
mf

3

MG
2

, ~13!

whereN depends on the number of the final states. For
ample, if all of the particle contents in the minimal supe
symmetric standard model~MSSM! appear in the final states
we approximately obtainN5O(10) @36#. Because we are
interested in the parameter space which satisfiesmf

@A3aczf̃fm3/2, the above decay width into radiation is th
dominant decay mode, which we identify with the tot
width, G tot hereafter. Thus the branching ratio to gravitin
production reads

B3/2[G~f→f̃1cz!/G tot5
A4

2pN S m3/2

mf
D 2

. ~14!

III. GRAVITINO ABUNDANCE AFTER MODULUS DECAY

Now we consider cosmological evolution of the modul
f. By adding an appropriate constant we redefinef so that
it has a global minimum atf50 and assume that the ma
term dominates its potential energy density for simplici
We also assume that its initial amplitude,f i , is of order of
MG or smaller. The modulus remains there until the Hub
parameterH decreases tomf , when it starts coherent osci
lation around the origin. As the field oscillation redshifts le
rapidly than radiation, the Universe will be dominated byf
at the time

teq>
9

2mf
S MG

f i
D 4

. ~15!

After that time, the expansion law of the cosmic scale fac
a(t) is the same as that in matter dominated regime,a(t)
}t2/3, until f decays attd.G tot

21 , when the ratio of energy
density off to that of radiation reads

rf~ td!

rR~ td!
5S td

teq
D 2/3

>F 2

9N S MG

mf
D 2S f i

MG
D 4G2/3

. ~16!

3The decay width of the modef→2c3/2 is proportional to the
square of the relevant coupling constant as opposed to}aczf̃f

4

here. On the other hand, if the coupling constant is smaller t

unity or the decay modef→c3/21f̃ is kinematically forbidden,
the decay modef→2c3/2 is more effective.
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Thus the entropy increase factor,D, reads

D[
safter~ td!

sbefore~ td!
5S rf~ td!

rR~ td! D
3/4

5A 2

9N

MG

mf
S f i

MG
D 2

, ~17!

wheresafter(td) @sbefore(td)# is the entropy density just afte
@before# the modulus decay. In this paper we only consid
the case thatD@1.

Using an approximation that the modulus energy den
is fully converted to radiation whenG tot5H(TR), the reheat-
ing temperature after the modulus decay is found to be

TR5S 90

p2g*
D 1/4

AG totMG5S 90N2

p2g*
D 1/4

mf
3/2MG

21/2

511N1/2S g*
102D 21/4S mf

106TeV
D 3/2

TeV. ~18!

Here g* denotes total effective numbers of relativistic d
grees of freedom. We findg* 510.75 just before the onset o
BBN andg* 5228.75 if all the particle contents of the min
mal supersymmetric standard model are massless and in
mal equilibrium. We note that the reheating temperat
should satisfy

TR.1.2 MeV ~at 95% C.L.!, ~19!

so that the neutrino background can complete thermaliza
to warrant successful BBN@37#.4 This means thatmf should
satisfy5

mf.11N21/3S g*
10.75D

1/6

TeV. ~20!

Now there are three sources of gravitinos after the mo
lus decay. One is the primordial gravitinos which were p
duced just after inflation and diluted by the entropy fro
moduli. Using~1!, its abundance is given by

n

4In Ref. @37#, however,TR is defined byG tot53H(TR). Using
their definition, the lower bound ofTR turns into 0.7 MeV, which
they reported. On the other hand, note that they also discu
constraints for emitted hadrons by decaying modulus not to in
ence on the neutron to proton ratio before/during the BBN epo
Then, the lower bound is pushed to the severer oneTR

.5.2 MeV). In this paper, however, we do not go into such s
cifics. Here we adopt the conservative one (TR.1.2 MeV).

5This constraint may be evaded if the Universe underwent la
time inflation such as the thermal inflation to dilute the ener
density of the modulus field@41#. In this case, the reheating tem
perature after the thermal inflation should satisfy this limit.
2-3
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y3/2,inf~ td!5
y3/2,inf~ t i !

D
51.4310221N1/2S mf

106 TeV
D

3S f i

MG
D 22S TR, inf

1010 GeV
D , ~21!

wherey3/2,inf(t i) refers to the primordial value after inflatio
and we have assumed no significant entropy production t
place between reheating after inflation and modulus dec

On the other hand, the yield parameter due to direct p
duction of gravitinos fromf is given by

y3/2,f~ td![B3/2

rf /mf

s
5

3A4

8pN S m3/2

mf
D 2 TR

mf

51.1310216S aczf̃f

3
D 4

N21/2S g*
102D 21/4

3S m3/2

1 TeVD 2S mf

106 TeV
D 23/2

. ~22!

Here we have used the following approximate relationss
5(2p2/45)g* TR

3 and rf.rR5(p2/30)g* TR
4 with the en-

ergy density of radiationrR at the reheating time.
Finally, gravitinos are also produced by the scattering p

cess in the thermal bath at the reheating due to mod
decay, whose contribution to the yield parameter reads

y3/2,th~ td!.1.5310212S TR

1010 GeV
D

51.8310218N1/2S g*
102D 21/4S mf

106 TeV
D 3/2

.

~23!

Comparing these three equations with each other, we
find which production mechanism is dominant for each co
bination of model parameters. We first calculate which of
late time production mechanism is more efficient. From~22!
and~23! we find the direct production from decaying modu
is more efficient than the thermal scattering processes if

mf,43106S aczf̃f

3
D 4/3

N21/3S m3/2

1 TeVD 2/3

TeV[mfcr .

~24!

Then comparingy3/2,th(td) with y3/2,inf(td) for the casemf
.mfcr and y3/2,f(td) with y3/2,inf(td) for the opposite case
mf,mfcr , we find that primordial gravitinos can domina
over the late-time counterparts only if the inequality
04352
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MG
D 22S TR, inf

1010 GeV
D

.33103S aczf̃f

3
D 2/3

N21/6S g*
102D 21/4S m3/2

1 TeVD 1/3

[Jcr

~25!

is satisfied, where the factorJ is determined by the combi
nation of efficiency of primordial production of gravitino
and deficiency of dilution due to entropy production fromf.

First suppose that the inequality~25! is satisfied. Then we
find that the direct production fromf is dominant for

mf,23106S aczf̃f

3
D 8/5

N22/5S g*
102D 21/10

3S m3/2

1 TeVD 4/5S J

104D 22/5

TeV, ~26!

while the primordial one contributes the most for

23106S aczf̃f

3
D 8/5

N22/5S g*
102D 21/10

3S m3/2

1 TeVD 4/5S J

104D 22/5

TeV

,mf,63107S g*
102D 1/2S J

104D 2

TeV. ~27!

For the case

63107S g*
102D 1/2S J

104D 2

TeV,mf , ~28!

the thermal scattering in the plasma produced by modu
decay is the most important.

The situation withJ,Jcr is much simpler. We find tha
y3/2,f(td) is dominant ifmf,mfcr and thaty3/2,th(td) is the
largest formf.mfcr .

IV. COSMOLOGICAL CONSTRAINTS ON DECAYING
GRAVITINOS

Having fully analyzed the yield parameter for all the po
sible cases in our model, we are now in a position to imp
cosmological constraints on our model parameters. First
summarize the constraints we use.

If the gravitino further decays into lighter particles su
as photons, neutrinos, gluons, or quark-antiquark pairs, t
induce electromagnetic or hadronic showers which wo
influence on BBN because they may change the light e
ment abundances by destroying them or changing the n
tron to proton ratio. So far a number of authors have stud
a variety of constraints on decaying gravitinos from obser
tions @1–23#. Here we consider the following two typica
2-4
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examples. One is the case that the gravitino decays only
a photon and an LSP neutralinox with NG51. Even in this
case, there also exists a hadronic decay mode into qu
antiquark pairs with the hadronic branching ratioBH

;a/(4p);1023. The other is that the gravitino decays on

into a gluong and a gluinog̃ with NG58. Then, the had-
ronic branching ratio is unityBH51. In both cases, the elec
tromagnetic branching ratio is practically unity becau
is
ny
a

ra
o
it

te

e

e

lin
th
E

no

04352
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almost all energies of their decay products are immedia
turned into high energy radiations that participate in the p
todissociation of light elements. Including more hadronic d
cay modes in addition to the radiative decay mode, it
known that the resultant constraints get more stringent@11–
13,21,23#.

Compared with observational light element abundanc
we get the upper bound ony3/2 as a function of the gravitino
mass. It is approximately expressed by@21,23#
e

y3/2&H 331021624310214 ~531021724310216! for m3/250.121 TeV,

231021421310213 ~531021726310213! for m3/251 TeV210 TeV,

13102132;1029 ~331021326310213! for m3/2510 TeV230 TeV,

~29!

for BH51023 (BH51). Of course, if we do not consider the decaying moduli,~29! is transformed into upper bounds on th
reheating temperature after the primordial inflationTR, inf as follows:

TR, inf&H 23106233108 ~33105213106! for m3/250.121 TeV,

13108273108 ~33105243109! for m3/251 TeV210 TeV,

731082;1013 ~23109243109! for m3/2510 TeV230 TeV,

~30!
n

t in

pro-
ugh
in-

he
le

-

ature
rmal
ig-
-
ive
e it
for BH51023 (BH51). Satisfying these upper bounds
just one solution to avoid the gravitino problem without a
late-time entropy production by decaying particles such
moduli. For more detail, see the results in Refs.@21,23#.6

In the present scenario, an LSP is produced by each g
itino decay. Therefore we should consider the constraints
relic density of LSPs. We can relate their number dens
nLSP with that of gravitinos,

y3/25
nLSP

s
5

VLSP

mLSP

rcr

s
, ~31!

wheremLSP andVLSP are the mass and the density parame
of LSPs, respectively, andrcr is the critical density in the
Universe.7 From observation of CMB anisotropies, th
WMAP ~ Wilkinson Microwave Anisotropy Probe! collabo-
ration reported thatVLSP,0.35 at 95% C.L.@42#. Here,
rcr /s is equal to the present valuercr 0 /s0, where rcr 0
54.2310247 GeV4(h/0.72)2 with h50.7260.05 @42,43#,
and s052.2310238 GeV3(T0/2.725 K)3 with the present

6The radiative decay of gravitinos also influence on the shap
Planck distribution of cosmic microwave background~CMB! radia-
tion through them or y distortion. However, this type of limit is
weaker than that of the photodissociation process@14,18#.

7In our scenario, the modulus decay also produces a modu
followed by the decay into a LSP. Thus the total amount of
LSPs could be up to twice as large as the right-hand side of
~31!. We do not include this effect in our analysis, which does
affect our conclusions.
s

v-
n

y

r

value of the photon temperatureT052.72560.002 K @44#.
Normalizing atmLSP5100 GeV, we get the upper bound o
y3/2 from Eq. ~31!,

y3/2,6.6310212S mLSP

100 GeVD
21

[y3/2
max, ~32!

which is a conservative bound that turns out to be exac
the case thermal relic density is negligibly small.8 Here we
have assumed that the abundance of these neutralinos
duced by such decaying gravitinos does not change tho
possible annihilation process, which can be shown to be
effective as follows. The annihilation cross section of t
neutralinosann is a complicated function of the superpartic
mass spectrum, but is generically bounded as

sann&
a1

mx
2

, ~33!

with the couplinga1;1022. Then, the ratio of the annihila
tion rate Gann5nLSPsann, to the Hubble parameterH
;T2/MG is bounded as

of

o,
e
q.
t

8In fact, as the modulus mass increases, the reheating temper
exceeds the freeze-out temperature above which the the
production/annihilation of the LSPs is effective. In this case a s
nificant contribution toVLSP may come from the thermal produc
tion soon after the moduli decay. This contribution is very sensit
to the SUSY mass spectrum and, for simplicity, we do not includ
in this paper.
2-5
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Gann

H
,sanny3/2

maxs
MG

T2
51024S mx

100 GeVD
23S T

MeVD .

~34!

We find Gann/H,1 at the temperature of gravitino decay.
The LSPs may also be produced by the direct modu

decay into the superparticles in the MSSM. This issue w
investigated in Ref.@36#. It turned out that the result depend
on the couplings of the modulus field to the MSSM field
Consider, for instance, the case where the modulus fi
couples to gauge multiplets through gauge kinetic functi
Then the modulus decay into a pair of gauginos recei
chirality suppression, and the branching ratio is suppres
by (mg̃ /mf)2, with mg̃ being the gaugino mass@36#. A
rough estimate of the number density of the LSPs produ
by this decay gives

nLSP

s
;BR~f→g̃g̃!

TR

mf
;S mg̃

mf
D 2S mf

MG
D 1/2

, ~35!

which is negligibly small for the range of the mass para
eters of our concern. Inclusion of the moduli coupling
quark/lepton chiral multiplets in Ka¨hler potential does no
change the result, because the latter decay is further
pressed by the fourth power of squark/slepton masses. In

FIG. 1. Constraints on modulus massmf as a function of grav-
itino massm3/2 in case that the hadronic branching ratio isBH

51023. The solid lines denote the limits which come from th
photodissociation and hadrodissociation effects on light element
the decaying gravitino~BBN!. The dotted lines represent constrain
on the energy density for LSPs, which are produced by deca
gravitinos, to satisfyVLSP,0.35 for mLSP5100 GeV. The dashed
line denotes the lower bound onmf arising from the lower bound
on the reheating temperature after modulus decay to thermalize
neutrino background for successful BBN (TR.1.2 MeV). Here we
adoptedaczf̃f53 andN51. We also assumed that the abundan
of the gravitinos produced through the reheating process after
primordial inflation are negligible. This corresponds to the case
the reheating temperature after primordial inflation is sufficien
low, TR

inf50 –1012 GeV, orJ,Jcr .
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paper, we assume that this is the case, and we do not
sider the direct production of the LSPs by the modulus
cay. From the above discussions about LSP, one can see
our treatment gives conservative limits.

We now depict our constraints onm3/2 and mf . First in
order to clarify the influences on cosmology from the gra
itino produced only by the modulus decay, i.e., fro
y3/2,f(td) and y3/2,th(td), for the moment we assume tha
y3/2,inf is negligibly small. This condition is represented b
J,Jcr . If the reheating temperature after inflationTR, inf is
not so high, i.e.,&1012 GeV, this situation is realized with
f i;MG. Theny3/2,inf is entirely diluted by the late-time en

by

g

he

e
he
at

FIG. 2. Same as Fig. 1, but for various reheating temperatu
after inflation, TR, inf51012, 1014 and 1016 GeV, which are noted
close to the corresponding lines. The extent of oblique lines co
cides exactly with those excluded from the constraints by BBN a
LSP in Fig. 1, which correspond to the limiting cases thatTR, inf is
sufficiently low,TR, inf5021012 GeV. The shadowed region corre
sponds to the excluded area for the highest possible reheating
perature,TR, inf51016 GeV. The shadowed region corresponds
the excluded area for the highest possible reheating tempera
TR, inf51016 GeV. Here we have assumed thatf i5MG but other
cases can be easily read off from the fact that each line in the fig
is determined by the value ofJ.

FIG. 3. Same as Fig. 1, but forBH51.
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tropy production caused by the moduli decay. Using the
servational upper bounds in~29! and ~32!, we can get con-
straints on modulus massmf as a function of gravitino mas
m3/2. From the expressions ofy3/2(td) in Eq. ~22! and Eq.
~23!, we can get the lower and upper bounds onmf , respec-
tively.

In Fig. 1, we plot the resultant constraints onmf as a
function of m3/2 for the casey3/2,inf50 and the hadronic
branching ratioBH51023. Here we have takenaczf̃f53

andN51 in Eq.~13!. We find that the reheating requireme
~19! gives a milder lower bound onmf . From Fig. 1, we see
that the modulus mass of the weak scale is excluded
gravitino mass ofm3/250.1–100 TeV. In addition, it is in-
teresting that we can obtain the upper bound onmf by this
type of cosmological arguments. Finally we comment on
dependence of our constraints in Fig. 1 onN. SinceN ap-
pears only in the formN1/2mf

3/2 in all of the relevant expres
sions in Eqs.~18!, ~22! and ~23!, the constraints forN other
than N51 can easily be read off by replacingmf in the
vertical axis byN1/3mf in Fig. 1.

Next we discuss the more general situation wherey3/2,inf
can also be important withJ*Jcr . We plot the constraints on
mf as a function ofm3/2 in Fig. 2 in the caseBH51023. The
extent of oblique lines coincides exactly with those exclud
from the constraints by BBN and LSP in Fig. 1, which co
respond to the limiting cases thatTR, inf is sufficiently low
such as TR

inf50 –1012 GeV, namely, J,Jcr . For higher
reheating temperatures, e.g.,TR, inf51014–1016 GeV, larger

FIG. 4. Same as Fig. 2, but forBH51.
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parameter regions are additionally excluded. The shado
region corresponds to the excluded region forTR, inf

51016 GeV with f i5MG or for J5106. In a similar fash-
ion, the constraints for the caseBH51 are depicted in Fig. 3
and Fig. 4 forJ,Jcr and J*Jcr , respectively. From these
figures, we see that larger regions are exclud
for BH51.

It is important to note that although the excluded regi
becomes broader for higher reheating temperature, we
have a fairly largeallowed region in our parameter spac
even for the highest possible reheating temperatureTR, inf

51016 GeV thanks to the dilution of primordial gravitino
by the entropy production associated with modulus dec
Thus the previous upper bound onTR, inf in ~30! can easily be
relaxed if we consider the decaying moduli. In Table I~Table
II ! we show the allowed values ofmf for variousm3/2 and
TR, inf for the caseBH51023 (BH51).

V. CONCLUSION

We have studied the effects of decaying modulus osci
tion on the cosmological gravitino problem. We have cons
ered a new direct production mechanism of gravitinos fr
modulus decay, namely, a decay mode of modulus int
gravitino and a modulino. The width of this decay mode c
be larger than the other mode into two gravitinos which h
been studied in Ref.@38#, if the coupling constant is of the
same order of magnitude withaczf̃f*1.

Comparing our yield of gravitinos with the constrain
imposed by BBN and the relic LSPs, which are decay pr
ucts of gravitinos, we have obtained a constraint on
masses of gravitinos and modulus. As a result we have fo
that due to the above-mentioned direct production of grav
nos from decaying modulus, the modulus mass withmf
,104 TeV is excluded, even when the branching ratio in
hadrons is minimal.

On the other hand, we have also found that wide range
m3/2 andmf are still allowed even if the reheating temper
ture after inflation is as high asTR, inf51016 GeV and the
effects on the hadronic decay of the gravitinos are taken
account, thanks to the dilution of primordial gravitinos d
to the entropy production associated with modulus decay

Thus in order to study cosmological consequences
TABLE I. Allowed values of moduli massmf for variousm3/2 andTR, inf for BH51023.

m3/2 TR, inf50 –1012 GeV TR, inf51014 TR, inf51016 GeV

0.1 TeV 23104233107 TeV 23104213107 TeV 23104223105 TeV
0.3 TeV 73104233107 TeV 73104213107 TeV excluded
1 TeV 13104293108 TeV 13104273108 TeV 13104233107 TeV
3 TeV 13105253108 TeV1 33105243108 TeV 13105213107 TeV
10 TeV 23105223109 TeV 23105213109 TeV 23105273107 TeV
30 TeV 531042231010 TeV 531042231010 TeV 53104243109 TeV
100 TeV 231052231010 TeV 231052231010 TeV 23105243109 TeV
2-7
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TABLE II. Same as Table I, but forBH51.

m3/2 TR, inf50 –1012 GeV TR, inf51014 TR, inf51016 GeV

0.1 TeV 23104243107 TeV 23104213107 TeV 23104233105 TeV
0.3 TeV 13106223106 TeV excluded 83104233105 TeV
1 TeV excluded excluded excluded
3 TeV excluded excluded excluded
10 TeV 53104253109 TeV 53104243109 TeV 53104243108 TeV
30 TeV 43105233109 TeV 43105233109 TeV 43105223108 TeV
100 TeV 231052231010 TeV 231052231010 TeV 23105243109 TeV
n-
io
ro
lly
n

in
gravitinos, it is important to analyze not only their abu
dance right after inflation but also their subsequent dilut
due to late-time entropy production, as well as late-time p
duction from scalar condensates with only gravitationa
suppressed interactions including a dilaton and a Polo
field.
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