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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 nucleosy®Bébigtc.,
taking possible hadronic decays of gravitinos into account. We find the modulus mass smallertfafeV
is excluded. On the other hand, inflation models with high reheating temperdigkgs- 10 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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[. INTRODUCTION gauge fields and decays rapidly. So it is preferable to have
another inflation after hybrid inflation as suggested by recent
One of the consequences of local supersymmetry or swbservational datg30].
pergravity is the existence of gravitinos, the superpartner of We would like to point out, however, that these con-
gravitons, whose natural mass scale is the weak scalgraints onTg ;¢ have all been obtained under the implicit
0(0.1-10) TeV. If they are not the lightest supersymmetric assumption thays, i, remains constant until their lifetime,
particle (LSP), they decay into LSP and other high energy
particles such as photons, neutrinos, quark-antiquark pairs, _ ® 1
or gluons after/during the big-bang nucleosynthé&8BN) Ty=4X1 secN—G
epoch. Such decay products may change the light element
abundances by changing the baryon-to-entropy, neutron-tavhere we assume that the gravitino decays into a massless
proton ratios, or destroying the produced elements, whiclyauge boson and a gaugindg is the number of the genera-
may result in a significant discrepancy between yields andors of the gauge group, ands, is the gravitino mass. In
observations. This is called the “gravitino problem.” Alot of this paper we argue that both the denominator and the nu-
authors have studied a variety of constraints on the decayingerator ofy;,=ns,/s are subject to change between the
gravitinos from BBN[1-23].2 reheating epoch after inflation and their decay time, apart
In the standard inflationary cosmology, gravitinos are profrom the dilution due to cosmic expansion which does not
duced by the scattering processes of thermal particles at thghange the ratig, itself. We then derive more appropriate
reheating epoch just after inflation. The yield paramgtgr  constraints imposed by BBN.
of gravitinos, which is the ratio of their number density to  In supergravity or superstring theories there appear a
entropy densityys,»=nsp/s, is approximately given as a number of long-lived scalar fields which decay only through
function of the reheating temperature after inflatidR,ins, gravitational interactions, such as moduli, dilatons, or Polo-
as [15,27,28. nyi field, which are referred to collectively as the modudkis
hereafter. The modulug starts coherent field oscillation to

@

Mz |3
1 Tev)

Tein dissipate its energy density as the Hubble paramidt&e-
Yazin= 1.5 10712 % . (1)  comes smaller than its masg, . Because its dissipation rate
10" Gev is smaller than that of radiation, the universe turns to be

matter dominated well before the lifetime @f when it de-
Hence it is customary to express the constraint on their abursays producing not only huge amount of entropy, causing
dance imposed by BBN as that on the reheating temperatusghat is called the moduli problef81-33, but also unde-
Trint- FOr example, if gravitino mass is equal to 0.1 TeV wesirable particles for cosmology. So far a number of groups
find an upper boundg ;,+~ 10° GeV, which imposes a con- have studied cosmological constraints on the modulus decays
straint on model building of inflation. For example, hybrid depending on the properties of each decay product, e.g., for
inflation [29] is difficult to reconcile with this low reheating LSPs not to close the Univer$gd4—36, and for radiations to
temperature, in which the inflaton is typically coupled to complete thermalizatiof37].

The effects of decaying moduli on the gravitino problem
are twofold. One is that the entropy produced by their decay

Icosmological constraints on stable gravitinos are studied in Refdlilutes primordial gravitino abundance, which is a good

[24—26 and references therein. news to relax constraints on inflation model building. The
2The error of this approximation formula is within5% for Ty~ other is that these unwanted particles may also be produced
=10°-10" GeV, and~25% for Tr=10°—10" GeV [27]. directly by the decay of modulkp. Including these two ef-
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fects, it is not apparent for us to find the allowed region of 1 ; 1 _ —
model parameters to avoid both the gravitino problem and EZ%ZMM_GFZF({,(M' a‘/’z:f"ﬁM_G biockd,p)p+ -
moduli problem. So far no one has considered this type of
scenario with decaying moduli. Therefore, we comprehen- my o~
sively study the effects in this work. = \/§a¢2$¢m3/2m2b¢¢+ Ay apapy VPPt
The constraint by gravitinos produced directly by the de- ¢ (4
cay of moduli was first studied by Hashimogt al. [38],
who considered the case that the modulus decays into twhere we have incorporated the SUSY breaking effect,
gravitinos. In the present paper, however, we point out 4F2)=3Mg,Mg with the reduced Planck mas¥lg
more efficient mechanism of direct gravitino production (=2.44x 10'® GeV) without generating a cosmological con-
from moduli decay, which is the mode thatdecays into its ~ Stant. We also used the field equations of motion, for the

superpartner modulind, and a gravitinogs,, namely,¢  modulinoi o*d, ¢ —myzé=0 with its massny, and for the

~ . . . Ty e
—é+ ¢rap. We incorporate this decay mode and considermodulusF,+m3¢$=0. o
cosmological constraints on the masses of gravitinos and Then, the mass matrix ap is given by
moduli from BBN and other observations. 5 Ja, - _

The fate of the decaying moduli depends on its nmags Mo mg By, bpMar2Me
In Refs.[32,33, it was presumed that moduli fields acquire - V32, 54Mgm;, mg?
masses through supersymmetry breaking and then their z
masses are comparable to masses of superparticles. In thiferefore, we can diagonalize it and get two eigen values
case the modulus field is long-lived and the reheating at thqand)+ , Which are
modulus decay takes place with the temperature much below
1 MeV, spoiling.the success of the BBIGee, hpwever, Ref._ My = \/mg,zi \/§a¢,z:,,(/,m3,2mg,. (6)
[34].) Recently it was realized that a mechanism to stabilize
the moduli fields is operative_ in the_compactification with We find that the deca¢—>7;s+ 30 1S kinematically allowed
n(r)]nzerokNS and F\;Rhfluxeg IlnfCT(;tam string theoligs). ' if &, 54> (2+map/my)/+/3. In this paper, we consider the
This makes most of the moduli fields very massive, typically g ~ - -

) ) A - < >

around the string scale. Still there are some moduli which arg2>€ Mg+ —Mg—<My, Or My ﬁa%""f’m‘?’z’ so that the
not stabilized. In particular, the modulus field, which is re-field oscillation of ¢, continues as long as that @ .
sponsible to determine the size of the compactification, is noftereafter for simplicity we assume that onfy, is present
stabilized in the flux compactification. With the ignorance of@nd induces a coherent oscillation with mass,

©)

possible mechanisms on mass generation, we take the mass 3
of the modulus field as a free parameter in this paper. M=+ Tat/le?ﬁ(bmS/Z- (7)
As is seen in4), the relevant term of the Lagrangian that
Il. MODULUS DECAY INTO GRAVITINOS describes the decay reads
The relevant terms in the supergravity Lagrangian which m; _

describe the decay mode of our concern are given by Lint= awsz—G b pdp=hiy;. 8)

Then the decay rate of the modulgsinto the gravitinoys,
1 Do~
= a;bZEquM_ZCDT‘D} . 3) and the modulinap is given by
G 0606 h2 (m$+m3/2)2 3/2
IN¢p—od+i,)= gmqs 1- T

This is allowed by gauge invariance. Furthermore it has the L1112

same structure as a source of soft supersymme@&hsY) <l 11— (Mg —Mzyp) 9

breaking terms of squarks and sleptons in gravity mediation mfb ©)

of SUSY breaking(see, e.g., Refl40]). Here ay 34 Is the

dimensionless coupling constarZ=z+\26y,+ §¢F,+  Because we are assuming,>3a,, 5,M, We obtain the
- is the chiral superfield which breaks SUSY by acquiringfollowing approximate formula for E(9),

an F term. Therefore, it includes goldsting, or the longi-

tudinal mode of gravitino, with a complex scalar fidénd

an auxiliary field F, while ¢ and # are two-com-
ponent  Grassmann  variable. ®=¢+20¢+ 00F ;
+iy200,$00"6+--- is the chiral superfield which in-

cludes the modulug, and the moduling with an auxiliary A—g. -2 \/—Ea — /Ea S22
field F,. Then we obtain 4T Wb | o Tpbd 2 Y00

043522-2

2
4 MypMgz;y

~ A
P(6=Btd=5.— 5 (10
G

where the factoA, is given by



PRODUCTION AND DILUTION OF GRAVITINOS BY ... PHYSICAL REVIEW D70, 043522 (2004

32 Thus the entropy increase factdr, reads
=——a,5" fora,3,>1 (12
Sate Lo :(p¢<td>)3"; . /1%(&)2 a7
Speford td) pr(tq) 9N my Mg/ '
decay width of the modep— i3+ ¢ can become larger

4
than that of the modeb— 245, which was studied in Ref. WhereSqxe(ta) [Sperordta) ] is the entropy density just after

Note that this decay rate is very sensitive to the coupling A
constanta,, 3, . Therefore, for relatively largea, 5., the
bbb bbb

[38]3 [beforg the modulus decay. In this paper we only consider
On the other hand, the decay width of modulus into rathe case thaA>1. _
diation is represented by Using an approximation that the modulus energy density

is fully converted to radiation wheh,,;=H(Tg), the reheat-
mi ing temperature after the modulus decay is found to be
I'( ¢p—radiationg=N M_ (13
G

2

1/4 1/4

90

whereN depends on the number of the final states. For ex- TR=( 5 ) \/FtotMG=( 5 ) m,2 Mg 2
ample, if all of the particle contents in the minimal super- T O« 77

symmetric standard modéVISSM) appear in the final states,

*

we approximately obtailN= (O(10) [36]. Because we are ~1/4 312
interested in the parameter space which satisies —11INY2 9_*) My, TeV. (18)
>\/§a¢zg)¢m3,2, the above decay width into radiation is the 10 10°TeV

dominant decay mode, which we identify with the total
width, Iy, hereafter. Thus the branching ratio to gravitino

oroduction reads Here g, denotes total effective numbers of relativistic de-

grees of freedom. We fing, = 10.75 just before the onset of

As [ Mar 2 BBN andg, =228.75 if all the particle contents of the mini-
Bao=T(¢p—p+ '//z)/FtoF—4 ( _3’2) (14) mal supersymmetric standard model are massless and in ther-
27N\ m, mal equilibrium. We note that the reheating temperature

should satisfy
I1l. GRAVITINO ABUNDANCE AFTER MODULUS DECAY

Now we consider cosmological evolution of the modulus Tg>1.2 MeV (at 95% C.L), (29
¢. By adding an appropriate constant we redeffneo that
it has a global minimum a$=0 and assume that the mass
term dominates its potential energy density for simplicity.
We also assume that its initial amplitudg,, is of order of :
Mg or smaller. The modulus remains there until the Hubblesat'Sf?
parameteH decreases tm,, when it starts coherent oscil-

so that the neutrino background can complete thermalization
to warrant successful BBR87]. This means thatn,, should

lation around the origin. As the field oscillation redshifts less g, |8

rapidly than radiation, the Universe will be dominated gy mgy=> 11N_1/3( 10—75) TeV. (20

at the time '
(o= 9 [Mg N (15 Now there are three sources of gravitinos after the modu-
e 2my | ¢ ) lus decay. One is the primordial gravitinos which were pro-

duced just after inflation and diluted by the entropy from
After that time, the expansion law of the cosmic scale factomoduli. Using(1), its abundance is given by
a(t) is the same as that in matter dominated regiafg)

pota) a3

pr(ty)

«t?3, until ¢ decays aty=T,,;, when the ratio of energy
density of¢ to that of radiation reads 4In Ref. [37], however, Ty is defined byI',=3H(Tg). Using
their definition, the lower bound of turns into 0.7 MeV, which
tg\ 22 [ 2 [Mg\? ¢ \* they reported. On the other hand, note that they also discussed
Q) = ﬁ(m_qﬁ) (M_G) (16) constraints for emitted hadrons by decaying modulus not to influ-
ence on the neutron to proton ratio before/during the BBN epoch.
Then, the lower bound is pushed to the severer ofg (
3 ] ] ) >5.2 MeV). In this paper, however, we do not go into such spe-
The decay width of the modeé— 24y, is proportional to the  cifics. Here we adopt the conservative ofgt 1.2 MeV).
square of the relevant coupling constant as opposedag 7 ,* 5This constraint may be evaded if the Universe underwent late-
here. On the other hand, if the coupling constant is smaller thatime inflation such as the thermal inflation to dilute the energy
unity or the decay mode— i+ ¢ is kinematically forbidden, —density of the modulus fielf41]. In this case, the reheating tem-
the decay modeb— 25, is more effective. perature after the thermal inflation should satisfy this limit.
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Yar,infti) . my
inf(tg) = = —— = 1.4x 10" #NY2| ———
Y32, ta) A 10 Tev
A2 TS
X( ¢| ) R,inf , (21)
Mg 10° GeV

whereys, in(t;) refers to the primordial value after inflation

and we have assumed no significant entropy production too
place between reheating after inflation and modulus decay.
On the other hand, the yield parameter due to direct pro-

duction of gravitinos fromyp is given by

. pglmyg  3A, (Mg ’Tr
y3/2,¢(td)=|33/2T—8TrN ™, m,
3,94 4 g —-1/4
=1 1><1016(—Z ) N~ ==
3 10
m m -3/2
3/2 &
(22)
(1 TeV] \1¢° Tev

Here we have used the following approximate relatias;
= (2m%/45)g, Ty and p4=pg=(7?30)g, T with the en-
ergy density of radiatiopy at the reheating time.

Finally, gravitinos are also produced by the scattering pro-
cess in the thermal bath at the reheating due to modulus

decay, whose contribution to the yield parameter reads

Yao itq)=1.5x10 12 _Tr
Szl 10° GeV
9 -1/4 m 3/2
=1.8x10 N1 —*) (—"’
107 108 Tev
(23
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Jz(ﬁ)_z TRyinf
Mg 10'° GeV,
-\ 23 —1/4
Ay, _ | 9% Mg, |*°
>3x10° 3 N E 1 Tev =J
(25

'kc, satisfied, where the factdris determined by the combi-
nation of efficiency of primordial production of gravitinos
and deficiency of dilution due to entropy production freim
First suppose that the inequalit®5) is satisfied. Then we
find that the direct production frors is dominant for

a, ~ . \85 ~1/10
l//2¢¢) N~ 2/5 g_*
3 107
—2/5
) TeV,

while the primordial one contributes the most for
~ 8/5
a
284" 3
3 107
~2I5
TeV

my<2x10°

I
10

( Mg/» 26)

4/5
1 TeV)

—1/10
2x10°

J
10t

g* ) 1/2( J
107

10°

My, |45
1 TeV

2

<my<6x10 TeV.

(27)

For the case

2
TeV< Mgy,

10

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

The situation withJ<J., is much simpler. We find that
Yas(ta) is dominant ifm,<m. and thatys, «(ty) is the

(28)

Comparing these three equations with each other, we caargest form 6> Myer.
find which production mechanism is dominant for each com-
bination of model parameters. We first calculate which of the |\, ~55MOLOGICAL CONSTRAINTS ON DECAYING

late time production mechanism is more efficient. Fr@®p)
and(23) we find the direct production from decaying moduli
is more efficient than the thermal scattering processes if

2/3
TeV=m,.

(29)

Ma)2

my<4x10° Y

~ \ 413
alpl(ﬁ(ﬁ N*l/3
3

Then comparingys, i(tg) with ya,indtyq) for the casem,
>Myer @nd Yz 4(tg) With vz, i{ty) for the opposite case
m,<m,., we find that primordial gravitinos can dominate
over the late-time counterparts only if the inequality

GRAVITINOS

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

If the gravitino further decays into lighter particles such
as photons, neutrinos, gluons, or quark-antiquark pairs, they
induce electromagnetic or hadronic showers which would
influence on BBN because they may change the light ele-
ment abundances by destroying them or changing the neu-
tron to proton ratio. So far a number of authors have studied
a variety of constraints on decaying gravitinos from observa-
tions [1-23. Here we consider the following two typical

043522-4
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examples. One is the case that the gravitino decays only intalmost all energies of their decay products are immediately
a photon and an LSP neutralinowith Ng=1. Even in this  turned into high energy radiations that participate in the pho-
case, there also exists a hadronic decay mode into quarkodissociation of light elements. Including more hadronic de-
antiquark pairs with the hadronic branching rat®, Cay modes in addition to the radiative decay mode, it is
~ al(4m)~10"3. The other is that the gravitino decays only I;gozv;nzt:;at the resultant constraints get more strinjgbt

into a gluong and a gluinog with Ng=8. Then, the had- "~ Compared with observational light element abundances,
ronic branching ratio is unit3; = 1. In both cases, the elec- e get the upper bound ony, as a function of the gravitino
tromagnetic branching ratio is practically unity becausemass. It is approximately expressed 31,23

3x10 %-4x10"%* (5x10 17-4%x10 1% for my,=0.1-1 TeV,
yap={ 2X107M=1x10"" (56x107"-6x10"'%) for mg,=1 TeV-10 TeV, (29)
1x108-~10"% (3x10 B-6x10"13)  for my,=10 Tev—30 TeV,

for By=10 2 (By=1). Of course, if we do not consider the decaying mod@9) is transformed into upper bounds on the
reheating temperature after the primordial inflatibg;,; as follows:

2Xx10F—3%x10° (3x10°P—1x10°) for my,=0.1-1 TeV,
Trim={ 1X10°-7x10° (3x10°-4x10°) for mg,=1 TeV-10 TeV, (30)
7x100—~108 (2x10°-4x10°) for mg,=10 TeV—30 TeV,

for B,=10"2 (By=1). Satisfying these upper bounds is value of the photon temperatufig,=2.725+0.002 K [44].

just one solution to avoid the gravitino problem without any Normalizing atm, sp= 100 GeV, we get the upper bound on
late-time entropy production by decaying particles such ag,, from Eq. (31),

moduli. For more detail, see the results in R¢&,23.°

In the present scenario, an LSP is produced by each grav- _ LsP |
y : : Y3p<6.6x1071 —— | =yTax (32)
itino decay. Therefore we should consider the constraints on 312 100 Ge 312
relic density of LSPs. We can relate their number density
n_sp With that of gravitinos, which is a conservative bound that turns out to be exact in
the case thermal relic density is negligibly snfatere we
Nisp Qisp Por have assumed that the abundance of these neutralinos pro-
3/?»/2:_S = _mLSP?: 31 duced by such decaying gravitinos does not change though

possible annihilation process, which can be shown to be in-

wherem,sp and() p are the mass and the density parameteFﬁeCtiV_e as fqllows. Thg annihilatiqn cross section of.the

of LSPs, respectively, ang,, is the critical density in the neutralinoo ,,,is a co_mpllcate_d function of the superparticle

Universe! From observation of CMB anisotropies, the MaSS spectrum, but is generically bounded as

WMAP ( Wilkinson Microwave Anisotropy Probecollabo-

ration reported thaf) p<<0.35 at 95% C.L.[42]. Here, O o= ﬂ, (33

po/S is equal to the present valug, o/Sy, Where pg g mf(

=4.2x10" % GeV*(h/0.72¢ with h=0.72+0.05 [42,43,

and s,=2.2x10" %8 GeV®(Ty/2.725 K)* with the present Wwith the couplinga;~10"2. Then, the ratio of the annihila-
tion rate I' ;=N spoanny 10 the Hubble parameteH
~T2?/Mg is bounded as

5The radiative decay of gravitinos also influence on the shape of
Planck distribution of cosmic microwave backgrou@MB) radia-
tion through thew or y distortion. However, this type of limit is 8n fact, as the modulus mass increases, the reheating temperature
weaker than that of the photodissociation prodd<s18§. exceeds the freeze-out temperature above which the thermal
“In our scenario, the modulus decay also produces a modulingroduction/annihilation of the LSPs is effective. In this case a sig-
followed by the decay into a LSP. Thus the total amount of thenificant contribution to(), sp may come from the thermal produc-
LSPs could be up to twice as large as the right-hand side of Ection soon after the moduli decay. This contribution is very sensitive
(31). We do not include this effect in our analysis, which does notto the SUSY mass spectrum and, for simplicity, we do not include it
affect our conclusions. in this paper.
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FIG. 2. Same as Fig. 1, but for various reheating temperatures
itino massmg, in case that the hadronic branching ratioB: after inflation, Tr,ny=10%, 10" and 16° GeV, which are noted
812 9 B Close to the corresponding lines. The extent of oblique lines coin-

_ ,3 . . . . .
_hlo?o dlisl—gga?iool:\dalrllr(;er?ag?c?;ts(?sotsizuill)nr:Itesff:::kt“sccr:ncliorl:felf;cr)nn;ntthsebddes exactly with those excluded from the constraints by BBN and
P g YsP in Fig. 1, which correspond to the limiting cases thaty is

the decaying gravitinBBN). The dotted lines represent constralnt_s sufficiently low, Tg ;= 0— 1012 GeV. The shadowed region corre-

O?atht'ensgetrgysgt?:fiiy f(i cl)‘igi'ol\”vr:'Ch_alr(e)opg)g\ec?ri?é;:;:g'n%ponds to the excluded area for the highest possible reheating tem-
gravitinos, IS 2Lsp=D. LSP™ ' perature, Tg iy= 10" GeV. The shadowed region corresponds to

line denotes t_he lower bound an, arising from the lower bouf‘d the excluded area for the highest possible reheating temperature,
on the reheating temperature after modulus decay to thermalize thle

. in/=10"® GeV. H h that=M t oth
neutrino background for successful BBN{>1.2 MeV). Here we R 0 GeV. Here we have assumed thit=Mg but other

Y B cases can be easily read off from the fact that each line in the figure
adopteda,; j,=3 andN=1. We also assumed that the abundance," .. ..o 4 by the value df

of the gravitinos produced through the reheating process after the
primordial inflation are negligible. This corresponds to the case that
the reheating temperature after primordial inflation is sufficiently
low, Th'=0-102 GeV, ord<J.

FIG. 1. Constraints on modulus mass, as a function of grav-

paper, we assume that this is the case, and we do not con-
sider the direct production of the LSPs by the modulus de-
cay. From the above discussions about LSP, one can see that
our treatment gives conservative limits.
T ) We now depict our constraints ang, andm,,. First in
MeV/" order to clarify the influences on cosmology from the grav-
(34 itino produced only by the modulus decay, i.e., from
Yang(ta) andyspfty), for the moment we assume that
We findT";,,/H<1 at the temperature of gravitino decay. vy, is negligibly small. This condition is represented by
The LSPs may also be produced by the direct modulug<J,,. If the reheating temperature after inflatiai iy is
decay into the superparticles in the MSSM. This issue wagot so high, i.e.<10" GeV, this situation is realized with

investigated in Ref.36]. It turned out that the result depends 4.~ M. Thenys,,nis entirely diluted by the late-time en-
on the couplings of the modulus field to the MSSM fields.

I‘ann m Mg 4 m, 3
T Ceas s =107 155 Ge

Consider, for instance, the case where the modulus field 0.1 1 10 102
couples to gauge multiplets through gauge kinetic function. 1ot R 1on
Then the modulus decay into a pair of gauginos receives 10 %/// 10t
chirality suppression, and the branching ratio is suppressed 10° / ay0=3 § 10°
by (mg/mg)?, with my being the gaugino masks6]. A 10° E -
rough estimate of the number density of the LSPs produced = 186 £ 186
by this decay gives £ 5L BB P 105
£ 10t A o
2 12 10° it A 10°
ENBR(¢HEE)E~(E) (ﬂ) ' (35) 102 102
S my, \my/ \Mg W0 g 7 74 10
which is negligibly small for the range of the mass param- 0.1 B AT o g
eters of our concern. Inclusion of the moduli coupling to 0-1 ! 10 i
quark/lepton chiral multiplets in Kder potential does not My, (TeV)
change the result, because the latter decay is further sup-
pressed by the fourth power of squark/slepton masses. In this FIG. 3. Same as Fig. 1, but f@,=1.

043522-6



PRODUCTION AND DILUTION OF GRAVITINOS BY ... PHYSICAL REVIEW D70, 043522 (2004

10“0.1 1 10 1021011 parameter regions are additionally excluded. The shadowed
o ///_/;f////'y ////// o region corresponds to the excluded region fok i

1010 ;

100 b Y- =10 GeV with ¢;=Mg or for J=10°. In a similar fash-
101

108 108 ion, the constraints for the caBy =1 are depicted in Fig. 3
107 107 and Fig. 4 forJ<J. andJ=J,,, respectively. From these
% 108 108 figures, we see that larger regions are excluded
£ o J 10° for By=1.
g 100 10t It is important to note that although the excluded region
107 gl 10° becomes broader for higher reheating temperature, we still
102 < = 102 have a fairly largeallowed region in our parameter space
10 fEsesesess 10 even for the highest possible reheating temperafiisg;
" 1 5 - é 1 =10 GeV thanks to the dilution of primordial gravitinos
0.1 102 by the entropy production associated with modulus decay.

Thus the previous upper bound g i, in (30) can easily be
relaxed if we consider the decaying moduli. In Tabl&able
I1) we show the allowed values af, for variousmg, and
Tr.inf fOr the caseBy =103 (By=1).

tropy production caused by the moduli decay. Using the ob-
servational upper bounds i29) and (32), we can get con-
straints on modulus mass,, as a function of gravitino mass
mg,. From the expressions ofy(tg) in Eq. (22) and Eq.

(23), we can get the lower and upper boundsnoy, respec- ) ) .
tively. We have studied the effects of decaying modulus oscilla-

In Fig. 1, we plot the resultant constraints am, as a tion on the cosmological gravitino problem. We have consid-
function of mg, for the caseys, ;=0 and the hadronic ered a new direct production mechanism of gravitinos from

branching ratioB,=10"°. Here we have takem,j,=3  modulus decay, namely, a decay mode of modulus into a
andN=1 in Eq.(13). We find that the reheating requirement 9ravitino and a modulino. The width of this decay mode can
(19) gives a milder lower bound om,, . From Fig. 1, we see be larger t_han_ the other mode into two gravmnos_whlch has
that the modulus mass of the weak scale is excluded fopeen studied in Ref38], if the coupling constant is of the
gravitino mass ofng;,=0.1-100 TeV. In addition, it is in- Same order of magnitude with, 5,=1.
teresting that we can obtain the upper boundmpby this Comparing our yield of gravitinos with the constraints
type of cosmological arguments. Finally we comment on thédmposed by BBN and the relic LSPs, which are decay prod-
dependence of our constraints in Fig. 1 NnSinceN ap-  ucts of gravitinos, we have obtained a constraint on the
pears only in the fornN'“m,>?in all of the relevant expres- masses of gravitinos and modulus. As a result we have found
sions in Eqs(18), (22) and(23), the constraints foN other  that due to the above-mentioned direct production of graviti-
thanN=1 can easily be read off by replacing, in the  nos from decaying modulus, the modulus mass wit)
vertical axis byN*3m, in Fig. 1. <10* TeV is excluded, even when the branching ratio into
Next we discuss the more general situation wheyes  hadrons is minimal.
can also be important with=J.,. We plot the constraints on On the other hand, we have also found that wide range of
m, as a function ofng, in Fig. 2 in the cas®y,= 1073, The mg, andm,, are still allowed even if the reheating tempera-
extent of oblique lines coincides exactly with those excludedure after inflation is as high a§g ;= 10" GeV and the
from the constraints by BBN and LSP in Fig. 1, which cor- effects on the hadronic decay of the gravitinos are taken into
respond to the limiting cases tha@ik ;¢ is sufficiently low  account, thanks to the dilution of primordial gravitinos due
such asTh'=0-102 GeV, namely,J<J,. For higher to the entropy production associated with modulus decay.
reheating temperatures, e.Jg in= 10'-10'° GeV, larger Thus in order to study cosmological consequences of

FIG. 4. Same as Fig. 2, but f@,=1.

V. CONCLUSION

TABLE I. Allowed values of moduli masm,, for variousmg, and Tg i for B,=103.

Mgy, Tr.ini=0-10? GeV Troini= 10" Tr.ini= 10" GeV
0.1 TeV 2x10*—-3x 10" TeV 2Xx10°—1x 10" TeV 2x10°—2x 10 TeV
0.3 TeV 7X10*—3x 10" TeV 7x10°—1x 10" TeV excluded

1 TeV 1X10*—9x 10° TeV 1X 10"~ 7x10° TeV 1x10*—3x 10" TeV
3 TeV 1x10°—-5x 10 TeV1l 3X10°—4x 10° TeV 1X10°—1x 10" TeV
10 TeV 2x10°-2x10° TeV 2x10°—1x10° TeV 2X10°P—7x 10" TeV
30 TeV 5X 100 —2x 10'° TeV 5X 10*—2x 10'° TeV 5x 10*—4x 10° TeV
100 TeV 2X10°—2x 10%° TeVv 2X10P— 2% 10'° TeV 2X10°P—4x10° TeV
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TABLE Il. Same as Table I, but foB,=1.

Mg/ Trini=0-10? GeV Triini= 10" Tr.ini= 106 GeV
0.1 TeV 2xX 100 —4x 10" TeV 2x10*—1x 10" TeV 2x10*—=3%x10° TeV
0.3 TeV X 10°—2x 10° TeV excluded &10*-3%x10° TeV
1 TeV excluded excluded excluded
3 TeV excluded excluded excluded
10 TeV 5x10*— 5% 10° TeV 5x 10°—4x10° TeV 5x10°—4x 1% TeV
30 TeVv 4x10°P—3%x10° TeV 4x10°P—3%x10° TeV 4Xx10°—2x10° TeV
100 TeV 2X10°—2x 10" TeVv 2X 10P—2x 10'° TeV 2X10°—4x10° TeV

gravitinos, it is important to analyze not only their abun- ACKNOWLEDGMENT

dance right after inflation but also their subsequent dilution

due to late-time entropy production, as well as late-time pro- This work was partially supported by the JSPS Grant in
duction from scalar condensates with only gravitationallyAid for Scientific Research No. 15-03608.K.), Nos.

suppressed interactions including a dilaton and a Polonyi 3640285 and 16340076.Y,), and No. 12047201M.Y.).
field.

[1] S. Weinberg, Phys. Rev. Le#8, 1303(1982.

[2] L.M. Krauss, Nucl. PhysB227, 556 (1983.

[3] D. Lindley, Astrophys. J294, 1 (1985.

[4] M.Y. Khlopov and A.D. Linde, Phys. Lettl38B, 265 (1984);
F. Balestra, G. Piragino, D.B. Pontecorvo, M.G. Sapozhnikov,
I.V. Falomkin, and M.Yu. Khlopov, Yad. Fiz39, 990 (1984
[Sov. J. Nucl. Phys39, 626 (1984)]; M.Yu. Khlopov, Yu.L.
Levitan, E.V. Sedelnikov, and I.M. Sobol, Phys. At. NUusT,
1393 (1994); M. Y. Khlopov, Cosmoparticle PhysicéWorld
Scientific, Singapore, 1999

[5] J.R. Ellis, J.E. Kim, and D.V. Nanopoulos, Phys. Lé#5B,

[20] M. Kawasaki, K. Kohri, and T. Moroi, Phys. Rev. B3,
103502(2001).

[21] K. Kohri, Phys. Rev. D64, 043515(2001).

[22] R.H. Cyburt, J.R. Ellis, B.D. Fields, and K.A. Olive, Phys.
Rev. D67, 103521(2003.

[23] M. Kawasaki, K. Kohri, and T. Moroi, astro-ph/0402490.

[24] H. Pagels and J.R. Primack, Phys. Rev. LetB 223
(1982.

[25] V.S. Berezinsky, Phys. Lett. B61, 71 (1991).

[26] T. Moroi, H. Murayama, and M. Yamaguchi, Phys. Lett. B
303 289(1993.

181(1984. _ _ [27] T. Moroi, hep-ph/9503210.
(6] i-gél;)sZk'eW'CZr J. Silk, and A. Stebbins, Phys. LBSSB 463 |56] \1 Bolz, A. Brandenburg, and W. Buchmuller, Nucl. Phys.
[7]1J.R E.IIis D.V. Nanopoulos, and S. Sarkar, Nucl. PH259 5008 518(200])'

1l75.(1985. Ve : ' ’ ' ‘ [29] A.D. Linde, Phys. Lett. B259, 38 (1991); Phys. Rev. D49,

748 (1994).

[30] M. Kawasaki, M. Yamaguchi, and J. Yokoyama, Phys. Rev. D
68, 023508(2003; M. Yamaguchi and J. Yokoyam#id. 68,
123520 (2003; M. Yamaguchi and J. Yokoyamabid. 70,
023513(2004.

[11] R. Dominguez-Tenreiro, Astrophys. 313, 523 (1987. [31] G.D. Coughlan, W. Fischler, E.W. Kolb, S. Raby, and G.G.
[12] M.H. Reno and D. Seckel, Phys. Rev.33, 3441(1988. Ross, Phys. Lettl31B, 59 (1983.
[13] S. Dimopoulos, R. Esmailzadeh, L.J. Hall, and G.D. Starkman[32] T. Banks, D.B. Kaplan, and A.E. Nelson, Phys. Red®779
Astrophys. J330, 545 (1988; Phys. Rev. Lett60, 7 (1988; (1994.
Nucl. Phys.B311, 699(1989. [33] B. de Carlos, J.A. Casas, F. Quevedo, and E. Roulet, Phys.
[14] J.R. Ellis, G.B. Gelmini, J.L. Lopez, D.V. Nanopoulos, and S. Lett. B 318 447 (1993.
Sarkar, Nucl. PhysB373 399(1992. [34] T. Moroi, M. Yamaguchi, and T. Yanagida, Phys. Lett3B2

[8] J. Audouze, D. Lindley, and J. Silk, Astrophys. J. L&83
L53 (1985; D. Lindley, Phys. Lett. BL71, 235(1986.

[9] M. Kawasaki and K. Sato, Phys. Lett. B89, 23 (1987.

[10] R.J. Scherrer and M.S. Turner, Astrophys. 331, 19
(1988.

[15] M. Kawasaki and T. Moroi, Prog. Theor. Phgs8, 879(1995; 105(1995.
Astrophys. J452, 506 (1995. [35] M. Kawasaki, T. Moroi, and T. Yanagida, Phys. Lett3B0, 52
[16] M. Kawasaki and T. Moroi, Phys. Lett. B46, 27 (1995. (1996.

[17] R.J. Protheroe, T. Stanev, and V.S. Berezinsky, Phys. Rev. [D36] T. Moroi and L. Randall, Nucl. Phy®8570, 455 (2000.

51, 4134(1995. [37] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. L&,
[18] E. Holtmann, M. Kawasaki, K. Kohri, and T. Moroi, Phys. 4168(1999; Phys. Rev. D62, 023506(2000.

Rev. D60, 023506(1999. [38] M. Hashimoto, K.I. Izawa, M. Yamaguchi, and T. Yanagida,
[19] K. Jedamzik, Phys. Rev. Let®4, 3248(2000. Prog. Theor. Physl00, 395(1998.

043522-8



PRODUCTION AND DILUTION OF GRAVITINOS BY ... PHYSICAL REVIEW D70, 043522 (2004

[39] S.B. Giddings, S. Kachru, and J. Polchinski, Phys. Re@6D  [41] D.H. Lyth and E.D. Stewart, Phys. Rev. %3, 1784(1996.

106006(2002. [42] D.N. Spergelet al., Astrophys. J., Suppll48 175 (2003.
[40] V.S. Kaplunovsky and J. Louis, Phys. Lett. B06 269  [43] W. Freedmaret al, Astrophys. J553 47 (2001J).
(1993. [44] J.C. Matheret al,, Astrophys. J512 511(1999.

043522-9



