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Leptogenesis from anÑ-dominated early universe
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We investigate in detail leptogenesis by the decay of a coherent right-handed sneutrinoÑ having dominated
the energy density of the early universe, which was originally proposed by two of the authors~H.M. and T.Y.!.

Once theÑ dominant universe is realized, the amount of generated lepton asymmetry~and hence baryon
asymmetry! is determined only by the properties of the right-handed neutrino, regardless of the history before
it dominates the universe. Moreover, thanks to the entropy production by the decay of the right-handed
sneutrino, thermally produced relics are sufficiently diluted. In particular, the cosmological gravitino problem
can be avoided even when the reheating temperature of inflation is higher than 1010 GeV, in a wide range of
the gravitino massm3/2.10 MeV– 100 TeV. If the gravitino mass is in the rangem3/2.10 MeV–1 GeV as in
some gauge-mediated supersymmetry breaking models, the dark matter in our Universe can be dominantly

composed of the gravitino. The quantum fluctuation ofÑ during inflation causes an isocurvature fluctuation
which may be detectable in the future.
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I. INTRODUCTION

Neutrino oscillations, especially the atmospheric neutr
oscillation observed in the SuperKamiokande experime
@1#, is one of the greatest discoveries in the field of parti
physics after the success of the standard model. The
suggest small but finite masses of neutrinos. Such small
trino masses can be naturally obtained via the seesaw me
nism @2#, implying the existence of lepton number violatio
There has been, therefore, growing interest in leptogen
@3# as a production mechanism of the baryon asymmetry
the present universe. In fact, the ‘‘sphaleron’’ process@4#
converts lepton asymmetry into baryon asymmetry, and n
zero lepton asymmetry can be produced by the decay of
heavy right-handed neutrino@3#.

On the other hand, supersymmetry~SUSY! has been re-
garded as an attractive candidate for physics beyond the
dard model, since it protects the huge hierarchy between
electroweak and unification scales against radiative cor
tions as well as leads to a beautiful unification of the gau
coupling constants. In Ref.@5#, H.M. and T.Y. proposed new
possibilities for leptogenesis in the framework of SUSY. U
der the assumption of SUSY, there appears a very simple
attractive mechanism to produce the lepton asymmetry,1 that

1Another interesting possibility for leptogenesis with SUSY pr
posed in Ref.@5# is the leptogenesis via the flat direction includin
the charged lepton doubletL @5–7#, which is based on the Affleck
Dine mechanism@8#.
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is, the condensation of the scalar component of the rig
handed neutrino and its decay into the leptons and anti
tons.

In this paper, we investigate in detail the leptogenesis
the decay of a coherent right-handed sneutrino. In particu
we discuss the case in which the coherent oscillation of
right-handed sneutrino dominates the energy density of
early universe. It is extremely interesting that the amount
produced baryon asymmetry is determined mainly by
decay rate of the right-handed neutrino, whatever happe
before the coherent oscillation dominates the universe. F
thermore, as a big bonus, thermally produced gravitinos
diluted by the entropy production due to the decay of
coherent right-handed sneutrino, so that the cosmolog
gravitino problem@9–12# can be avoided even when the r
heating temperatureTR of the inflation is higher than
1010 GeV, in a wide range of the gravitino massm3/2
;10 MeV– 100 TeV.

In particular, this dilution of the thermally produced gra
itinos has great advantages in the gauge-media
SUSY breaking~GMSB! models@13#. The GMSB mecha-
nism has been regarded as a very attractive candi
for the SUSY breaking, since it suppresses quite naturally
flavor changing processes, which are inherent proble
in the SUSY standard model. In general, GMSB mod
predict that the gravitino is the lightest SUSY particle2 and

2This is not the case if the SUSY breaking is mediated by a b
gauge field in higher-dimensional space-time@14#.
©2002 The American Physical Society12-1
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stable.3 Usually, the relic abundance of the gravitino is pr
portional to the reheating temperature, and there are se
upper bounds on the reheating temperatureTR depending on
the gravitino massm3/2, in order to avoid that the energ
density of the gravitino overclose the present universe@12#.4

In our scenario, however, this overclosure bound is co
pletely removed because of the aforementioned right-han
sneutrino decay, and a reheating temperature even hi
than 1010 GeV is possible form3/2*10 MeV. Furthermore,
as we will see, the present energy density of the gravitin
determined independently of the reheating temperature,
the gravitino mass can be predicted asm3/2
.10 MeV– 1 GeV from the baryon asymmetry in the pres
universe, if the dominant component of the dark matter is
gravitino.

II. LEPTOGENESIS BY COHERENT RIGHT-HANDED
SNEUTRINO

A. The MSSM with right-handed neutrinos

Let us start by introducing three generations of hea
right-handed neutrinosNi with massesMi to the minimal
supersymmetric standard model~MSSM!, which have a su-
perpotential

W5
1

2
MiNiNi1hiaNiLaHu , ~1!

whereLa (a5e,m,t) andHu denote the supermultiplets o
the lepton doublets and the Higgs doublet which couple
up-type quarks, respectively. The small neutrino mass is
tained by integrating out the heavy right-handed neutrin
which is given by@2#

~mn!ab52(
i

hiahib

^Hu&
2

Mi
. ~2!

During inflation, the scalar component of the right-hand
neutrino Ñ can acquire a large amplitude@5,15,16# if the
Hubble expansion rate of the inflationH inf is larger than the
mass of theÑ. Let us assume that there exists~at least! one
right-handed neutrino with a mass lighter thanH inf , and that
it develops a large expectation value during the inflati
Hereafter, we focus on the lightest right-handed sneutrinoÑ1
for simplicity. ~Possible contributions from the heavier righ
handed sneutrinos,Ñ2 andÑ3 will be discussed at the end o
this section.! It is assumed here that the potential for t
right-handed neutrino is given simply by the mass term

V5M1
2uÑ1u2 ~3!

3We assume here that theR parity is exact.
4For a very light gravitinom3/2&1 keV, there is no gravitino

problem@11#.
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andL andHu vanish.5

After the end of the inflation, the Hubble parameterH
decreases with cosmic timet as H}t21, and Ñ1 begins to
oscillate around the origin whenH becomes smaller than th
mass of the right-handed sneutrinoM1 . Then, the coheren
oscillation eventually decays whenH5GN1

(t;GN1

21), where

GN1
5(1/4p)(auh1au2M1 is the decay rate of theÑ1 . Be-

causeÑ1 decays into leptons~and Higgs! as well as their
antiparticles, its decay can produce lepton-number asym
try if CP is not conserved@3#. The generated lepton numbe
density is given by

nL5e1M1uÑ1du2, ~4!

where uÑ1du is the amplitude of the oscillation when it de
cays, ande1 denotes the lepton-asymmetry parameter in
decay ofÑ1 . Assuming a mass hierarchyM1!M2 , M3 in
the right-handed neutrino sector, the explicit form ofe1 is
given by @17#

e1[
G~Ñ1→L1Hu!2G~Ñ1→L̄1Hu!

G~Ñ1→L1Hu!1G~Ñ1→L̄1Hu!

.2
3

8p

1

~hh†!11
(

i 52,3
Im@~hh†!1i

2 #
M1

Mi
. ~5!

Here,L andHu ~L̄ andHu! symbolically denote fermionic or
scalar components of corresponding supermultiplets~and
their antiparticles!. By using the seesaw formula in Eq.~2!,
this e1 parameter can be rewritten in terms of the heavi
neutrino massmn3

and an effectiveCP violating phasedeff

@18#:

e15
3

8p

M1

^Hu&
2

Im@h~mn* !hT#11

~hh†!11

[
3

8p

M1

^Hu&
2 mn3

deff

.2310210S M1

106 GeVD S mn3

0.05 eV
D deff . ~6!

Here, we have used̂Hu&5174 GeV3sinb, where tanb
[^Hu&/^Hd&. ~Hd is the Higgs field which couples to down
type quarks.! Here and hereafter, we take sinb.1 for sim-
plicity. As for the heaviest neutrino mass, we takemn3

.0.05 eV as a typical value, suggested from the atmosph
neutrino oscillation observed in the SuperKamiokande
periments@1#.

B. Cosmic lepton asymmetry

The fate of the generated lepton asymmetry depends
whether or not the coherent oscillation ofÑ1 dominates the

5The parameters we prefer~as we will see later! give a large

effective mass toL andHu becauseÑ1;M pl . Therefore, vanishing
L andHu is natural.
2-2



t

e

te
no
.
m
d
th

n

ur

nd
i

to
w

b

th

e

ct
on
n

e of

f
ting

try

ar.

y

ss

rse

st
.
ght-
nal
ext

o be

is

m-

al
ty in
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energy density of the universe before it decays@5#. In this
paper, we mainly discuss the leptogenesis scenario from
universe dominated byÑ1 . ~We will give a brief comment
on the case whereÑ1 does not dominate the universe in th
Appendix.! As we shall show soon, once theÑ1 dominant
universe is realized, the present baryon asymmetry is de
mined only by the properties of the right-handed neutri
whatever happened before theÑ1 dominates the universe
We first derive the amount of the generated lepton asym
try just assuming that theÑ1 dominates the universe, an
after that we will discuss the necessary conditions of
present scenario.

OnceÑ1 dominates the universe before it decays, the u
verse is reheated again atH5GN1

by the decay ofÑ1 . The
energy density of the resulting radiation, with a temperat
TN1

, is given by the following relation:

p2

30
g* TN1

4 5M1
2uÑ1du2

53M pl
2 GN1

2 , ~7!

while the entropy density is given by

s5
2p2

45
g* TN1

3 . ~8!

Here,M pl52.431018 GeV is the reduced Planck scale a
g* is the number of effective degrees of freedom, which
g* .200 for temperaturesT@1 TeV in the SUSY standard
model. From the above equations, the ratio of the lep
number density to the entropy density is given by the follo
ing simple form:

nL

s
5

3

4
e1

TN1

M1

.1.5310210S TN1

106 GeV
D S mn3

0.05 eV
D deff . ~9!

Here, we have required that the decay of theÑ1 occurs in an
out-of-equilibrium way, namely,TN1

,M1 , so that the pro-
duced lepton-number asymmetry not be washed out
lepton-number violating interactions mediated byN1 .

Because the lepton asymmetry is produced before
electroweak phase transition atT;100 GeV, it is partially
converted @3# into the baryon asymmetry through th
‘‘sphaleron’’ effects@4#

nB

s
5a

nL

s
, ~10!

wherea52 8
23 in the SUSY standard model@19#. This ratio

takes a constant value as long as an extra entropy produ
does not take place at a later epoch. Therefore, as menti
in the Introduction, the baryon asymmetry in the present u
04351
he

r-
,

e-

e

i-

e

s

n
-

y

e

ion
ed
i-

verse is indeed determined only by the decay temperatur
the right-handed sneutrinoTN1

~and the effectiveCP violat-

ing phasedeff!, given in Eq.~9!. Thus it is independent o
unknown parameters of the inflation such as the rehea
temperatureTR . Assuming the effectiveCP violating phase
deff (<1) to be not too small, the observed baryon asymme
nB /s.(0.421)310210 @20# is obtained by taking

TN1
.1062107 GeV. ~11!

Now let us recall the conditions we have required so f
We have required the following two conditions.~i! Ñ1 domi-
nates the universe before it decays and~ii ! Ñ1 decays in an
out-of-equilibrium way. By taking theTN1

in Eq. ~11!, the
condition of the out-of-equilibrium decay is given by

M1.TN1
.1062107 GeV. ~12!

Notice that the temperatureTN1
is determined by the deca

rate of theÑ1 @see Eq.~7!#, and hence is related to the ma
and couplings ofÑ1 . The relation is given by

A(
a

uh1au2.531026S TN1

106 GeV
D 1/2S TN1

M1
D 1/2

. ~13!

Thus, we need Yukawa couplingsh1a which are as small as
the electron Yukawa coupling.

C. Conditions for Ñ dominance

In order to discuss whether or notÑ1 dominates the uni-
verse, it is necessary to consider the history of the unive
before it decays. Here, we assume that the potential of theÑ1
is ‘‘flat’’ up to the Planck scale, namely, the potential is ju
given by the mass termM1

2uÑ1u2 up to the Planck scale
~This may not be the case when the masses of the ri
handed neutrinos are induced by a breaking of an additio
gauge symmetry. We will discuss such a case in the n
section.!

Assuming the flatness of theÑ1’s potential up to the
Planck scale~i.e., only the mass term!, the initial amplitude
of the oscillation is naturally given byuÑ1i u.M pl , since
above the Planck scale the scalar potential is expected t
exponentially lifted by the supergravity effects.6 Then, the
energy density ofÑ1 when it starts the coherent oscillation
given byrN1

.M1
2M pl

2 .

The rest of the total energy density of the universe atH
5M1 is dominated by~i! the oscillating inflationc or ~ii ! the
radiation, depending on the decay rate of the inflatonGc . If
Gc,M1 , the reheating process of the inflaton has not co

6Even though it is possible thatÑ1 has a larger initial amplitude

uÑ1i u.M pl ~see, e.g., Ref.@21#!, it depends on the scalar potenti
beyond the Planck scale, so that we do not discuss this possibili
this paper.
2-3
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pleted yet atH5M1 , and the inflatonc is still oscillating
around its minimum, whose energy density is given byrc

.2M1
2M pl

2 . The ratio of the energy density ofÑ1 to that of
the inflaton,rN1

/rc.1/2, takes a constant value until eith
of these oscillations decays. Because the energy densi
the radiationr rad resulting from the inflaton decay is dilute
faster thanrN1

, the oscillatingÑ1 dominates the universe i

its decay rateGN1
is slow enough compared with that of th

inflaton Gc , GN1
!Gc .

On the other hand, ifGc.M1 , the inflaton decay has
already completed beforeH5M1 , and the energy density o
the radiation atH5M1 is given byr rad.2M1

2M pl
2 . In this

case, the oscillatingÑ1 dominates the universe soon after
starts the oscillation and hence before its decay.7 Therefore,
the condition forÑ1 to dominate the universe is just given b
GN1

!Gc . In terms of the reheating temperatureTR , it is

TR@TN1
.1062107 GeV, ~14!

which is easily satisfied in various SUSY inflation mode
@22#. Thus, the present leptogenesis scenario fromÑ1 domi-
nated early universe is almost automatic as long as the ri
handed neutrino has suitable mass and couplings give
Eqs.~12! and ~13!.

D. Gravitino problem ameliorated

Now let us turn to consider the cosmological graviti
problem @9–12#. There are two cases; unstable and sta
gravitino. When the gravitino is not the lightest SUSY pa
ticle, it has a very long lifetime, and its decay during or af
the big-bang nucleosynthesis~BBN! epoch (t;1 – 100 sec)
might spoil the success of the- BBN. Since the abundanc
the thermally produced gravitinos at reheating epoch is p
portional to the reheating temperatureTR , usually there are
upper bounds on theTR depending on the gravitino mas
The bound is given byTR&107– 109 GeV for m3/2
.100 GeV– 1 TeV@9#, and BhTR&107– 109 GeV for m3/2
.(a few2100) TeV@10#, whereBh denotes branching ratio
of the gravitino decay into hadrons. However, in the pres
scenario, the gravitino abundance is diluted by the entr
production due to the right-handed sneutrino decay. The
lution factor is given by

D55
TR

2TN1

~ for TR,TRC
!,

TRC

2TN1

~ for TR.TRC
!,

~15!

where

TRC
[731011S M1

106 GeVD 1/2

GeV. ~16!

7This is the case as long asGN1
!M1 .
04351
of

t-
in

le
-
r

of
-

t
y
i-

Here, TR,TRC
(TR.TRC

) corresponds toGc,M1 (Gc

.M1). Thanks to this entropy production by theÑ1’s decay,
the constraint from the gravitino problem applies not to t
reheating temperatureTR , but to an effective temperatur
given by

TR eff[
1

D
TR

5H 2TN1
,

2TN1S TR

TRC
D ,

.H 23106223107 GeV ~ for TR,TRC
!,

23106223107 GeV3S TR

TRC
D ~ for TR.TRC

!,

~17!

which is much below the original reheating temperatureTR .
Therefore, the cosmological gravitino problem can
avoided in a wide range of the gravitino massm3/2
.100 GeV– 100 TeV, even if the reheating temperatureTR
of the inflation is higher than 1010 GeV. The fact that such
high reheating temperature is allowed makes it very eas
construct realistic SUSY inflation models.

On the other hand, if the gravitino is the lightest SUS
particle, as in the GMSB scenario, it is completely stable
there is no extra entropy production after the inflation, t
relic abundance of the gravitinos which are produced th
mally after the inflation is given by@12#

V3/2h
2uwithout Ñ1 decay.0.8

3S M3

1 TeVD 2S m3/2

10 MeVD 21S TR

106 GeVD .

~18!

Here,M3 is the gluino mass,h is the present Hubble param
eter in units of 100 km sec21 Mpc21 andV3/25r3/2/rc . ~r3/2
andrc are the present energy density of the gravitino and
critical energy density of the present universe, respective!
It is found from Eq.~18! that the overclosure limitV3/2,1
puts a severe upper bound on the reheating temperatureTR ,
depending on the gravitino massm3/2. However, in our sce-
nario, the ‘‘reheating’’ by the coherentÑ1 takes place and the
relic abundance of the gravitino is obtained by dividing t
original abundance in Eq.~18! by the dilution factorD:

V3/2h
2uwith Ñ1 decay.

1

D
V3/2h

2uwithout Ñ1 decay

.0.83S M3

1 TeVD 2S m3/2

10 MeVD 21

3S TR eff

106 GeVD . ~19!
2-4
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Therefore, again, the overclosure problem can be avo
almost independently of the reheating temperatureTR , and a
reheating temperature even higher than 1010 GeV is possible
for m3/2&10 MeV. Moreover, it is found from this equatio
that the present energy density of the gravitino is indep
dent of the reheating temperature, in a very wide range
TN1

,TR,TRC
. Thus, we can predict the gravitino mass

requiring that the gravitino is the dominant component of
dark matter:

m3/2.50 MeV3S M3

1 TeVD 2S Vmatterh
2

0.15 D 21S TR eff

106 GeVD
.100 MeV– 1 GeV3S M3

1 TeVD 2S Vmatterh
2

0.15 D 21

,

~20!

for TN1
,TR,TRC

.8 Here, we take the present matter dens

Vmatter.0.3 and h.0.7 @25#. Notice that this prediction
comes from the fact that the present energy density of
gravitino is determined by the effective temperatureTR eff
52TN1

~for TR,TRC
!, while the decay temperature of th

right-handed neutrinoTN1
is fixed by the baryon asymmetr

in the present universe@see Eq.~11!#.

E. Some discussions

Before closing this section, several comments are in or
The first one is about the neutrino massmn . The contribu-
tion to the neutrino mass matrix (mn)ab from N1 is given by

u~mn!ab
from N1u5uh1ah1bu

^Hu&
2

M1

<(
a

uh1au2
^Hu&

2

M1

.731024 eVS TN1

M1
D 2

. ~21!

Here, we have used the relation in Eq.~13!. Therefore, it is
understood that the mass scale of the neutrinos sugge
from the atmospheric and solar neutrino oscillations,mn

;102121023 eV, should be induced from the heavier righ
handed neutrinosN2 andN3 . The relative hierarchy betwee
the mass and couplings ofN1 and those of theN2 and N3
might be naturally explained by a broken flavor symmetr

For example, a broken discreteZ6 symmetry@26# with a
breaking parameter«. 1

17 and charges Q(Lt ,Lm ,Le)
5(a,a,a11) andQ(N3 ,N2 ,N1)5(b,c,31d) gives rise to
the following superpotential:

8One might wonder if the decay of the next-to-lightest SUS
particle into gravitino during or after the BBN would spoil th
success of the BBN in the GMSB scenario. However, this prob
is avoided form3/2&1 GeV @23,24#.
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W5
1

2 (
~ i , j !Þ~1,1!

gi j M0«Qi1QjNiNj1
1

2
g11M0«2dN1N1

1h̃ia«Qi1QaNiLaHu ,

where gi j and h̃ia are O~1! couplings. The above charg
assignments for lepton doublets naturally lead to the reali
neutrino mass matrix including the maximal mixing for th
atmospheric neutrino oscillation@27#. The overall mass scale
of the right-handed neutrinoM0 is determined bymn3

;«2a^Hm&2/M0 . By taking a1d52, this model givesM1

;«2dM0;73109 GeV, ASauh1au2;«5;731027, and
henceTN1

;13107 GeV.
So far, we have considered the leptogenesis from

lightest right-handed sneutrino,Ñ1 . The heavier right-
handed sneutrinoÑ2(3) can also develop a large amplitud
during the inflation~if M2(3),H inf! and it may produce lep-
ton asymmetry in a similar way to theÑ1 . However, the
decay temperatures of theÑ2 andÑ3 cannot satisfy the out-
of-equilibrium conditionT2(3),M1 , sinceN2 andN3 must
explain the mass scales of the neutrino oscillations@see Eq.
~21!#. Therefore, even if theÑ2(3)’s decay would produce
additional lepton asymmetry, it would be washed out a
hence it can not contribute to the resultant total lepton as
metry.

Finally, we comment on the effects of the thermal plas
@15,28,29#, which might cause an early oscillation of th
right-handed sneutrinoÑ1 beforeH5M1 . @Notice that there
is a dilute plasma with a temperatureT.(TR

2M plH)1/4 even
before the reheating process of the inflation completes@20#.#
There are basically two possible thermal effects. First, wh
the temperatureT is higher than the effective mass forL and
Hu , T.meff5ASauh1au2uÑ1u, the Ñ1 receives an additiona
thermal massdM th

2 5(1/4)Sauh1au2T2 from the Yukawa cou-

pling to L and Hu @28#. Thus, theÑ1 field would start an
early oscillation if the additional thermal mass becom
larger than the Hubble expansion rate beforeH5M1 . How-
ever, even ifÑ1 receives the thermal mass, the ratio of t
thermal mass to the Hubble expansion rate is given by

dM th
2

H2 .5 0.073S 10TN1

M1
D 2S M1

H D 3/2S TR

TRC
D for TR,TRC

,

0.033S 10TN1

M1
D 2S M1

H D for TR.TRC
,

~22!

where we have used the relation given in Eq.~13!. Therefore,
we can safely neglect the above thermal effect, as long asM1
is a bit larger thanTN1

. Next, there is another thermal effe
which has been pointed out in Ref.@29#. If the temperature is
lower than the effective mass forL and Hu , T,meff

5ASauh1au2uÑ1u, the evolution of the running gauge and/
Yukawa coupling constantsf (m) which couple to them are
modified below the scalem5meff . Thus, these running cou
2-5
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pling constants depend onuÑ1u, and there appears an add
tional thermal potential forÑ1 :

dV~Ñ1!5aT4 logS uÑ1u2

T2 D , ~23!

where a is a constant of orderO( f 4). However, again, it
turns out that the effective thermal mass forÑ1 is less than
the Hubble expansion rate

dM th8
2

H2
5

aT4

H2uÑ1u2

.5 0.23aS M pl

uÑ1u
D 2S M1

H
D S TR

TRC

D 2

for TR,TRC
,

0.053aS M pl

uÑ1u
D 2

for TR.TRC
,

~24!

and hence this thermal effect is also irrelevant to the pre
scenario.

III. INITIAL AMPLITUDE

In the previous section, we have assumed that the in
amplitude of theÑ1’s oscillation isuÑ1i u.M pl . This can be
realized when the right-handed neutrino has only the m
term up to the Planck scale. In this section, we discuss
other possibility, where the masses of the right-handed n
trinos are dynamically induced by a spontaneously bro
gauge symmetry. The simplest candidate isU(1)B2L , where
B andL are baryon and lepton number, respectively. Let
denote the chiral superfields whose vacuum expectation
ues break theU(1)B2L by F and F̄. @We need two fields
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with opposite charges in order to cancelU(1)B2L gauge
anomalies.# Because of theD term andF terms coming from
the superpotential which gives the right-handed neutr
masses, the scalar potential of the right-handed sneutrinoÑ1
is lifted above theU(1)B2L breaking scalêF& @5#. There-
fore, the initial amplitude of theÑ1’s oscillation atH.M1 is
given by uÑ1i u;^F&.

The breaking scale of theU(1)B2L gauge symmetry is
model dependent. If it is broken at the Planck scale^F&
.M pl , the discussion in the previous section does
change at all.9 On the other hand, if̂F& is below the Planck
scale, the initial amplitude of theÑ1’s oscillation is reduced,
and some parts of the discussion in the previous section
modified; those are the condition of theÑ1 dominant uni-
verse@Eq. ~14!# and the effective temperature of the cosm
logical gravitino problem@Eq. ~17!#.10 @Notice that the
amount of the generated lepton asymmetry given in Eq.~9!

does not depend on the initial amplitudeuÑ1i u as long as the
Ñ1 dominant universe is realized.# Let us takeuÑ1i u;^F&
;1017 GeV, for example. Due to the reduced initial amp
tude ofÑ1 , which means a smaller initial energy density, t
condition forÑ1 to dominate the universe is now given by

TR@TN1S)M pl

uÑ1i u
D 2

.231092231010 GeV3S uÑ1i u
1017 GeV

D 22

.

~25!

This condition is still easily satisfied by considering an infl
tion with relatively high scale. On the other hand, the effe
tive temperature for the gravitino problem now becomes
erpotential
wa
TR eff55 TN1S)M pl

uÑ1i u
D 2

,

TN1S)M pl

uÑ1i u
D 2S TR

TRC

D ,

55 231092231010 GeV3S uÑ1i u
1017 GeV

D 22

~ for TR,TRC
!,

231092231010 GeV3S uÑ1i u
1017 GeV

D 22S TR

TRC
D ~ for TR.TRC

!.

~26!

9In this case, we need small couplings in order to explain the intermediate right-handed neutrino mass scale. For example, a sup
W5(1/2)yiFNiNi with ^F&.M pl andy3;1024 gives the massM3;1014 GeV to the heaviest right-handed neutrino. Such a small Yuka
coupling could well be a consequence of broken flavor symmetries.

10For the reduced initial amplitude, the thermal effect from theaT4 log(uÑ1u2) potential becomes larger than the case ofuÑ1i u.M pl .

However, it is still irrelevant fora;O( f 4)&1022, as long asuÑ1i u*1017 GeV. @See Eq.~24!.#
2-6
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Thus, in this case, when the gravitino is unstable, its m
should be in a range ofm3/2*1 TeV to avoid the cosmologi
cal gravitino problem. This difficulty might be avoided whe
the gravitino is stable with massm3/2;10– 100 GeV@24#.

IV. DISCUSSION AND CONCLUSIONS

We have investigated in this paper leptogenesis from
universe dominated by the right-handed sneutrino. We h
found that this scenario is very successful in explaining
present baryon asymmetry. It is interesting that the amoun
the generated lepton asymmetry is determined mainly by
decay temperature of the right-handed neutrino, indep
dently of the reheating temperatureTR of the inflation. The
desirable amount of the baryon asymmetry in the pres
universe is obtained when the decay temperature of the ri
handed neutrino isTN1

.106– 107 GeV.

An attractive feature of this scenario is the entropy p
duction by the decay of the coherent right-handed sneutr
which itself produces the lepton asymmetry. The abunda
of the thermally produced gravitinos is diluted by this e
tropy production, and the cosmological gravitino proble
can be avoided in a wide range of the gravitino massm3/2
.10 MeV– 100 TeV. Actually, we have shown that the e
fective temperatureTR eff , to which the constraint from the
gravitino problem is applied, can be as low asTR eff.2
3106223107 GeV, even with such high reheating tem
peratures asTR@1010 GeV. The fact that such a high rehea
ing temperature is allowed is very welcome from the vie
point of building SUSY inflation models.

In particular, if the gravitino is stable, as in the gaug
mediated SUSY breaking models, the present energy den
of the gravitino is determined by the decay temperature
the right-handed neutrinoTN1

.106– 107 GeV ~if we assume
the initial amplitude of the coherent right-handed sneutrino
uÑ1i u.M pl!. Thus, the gravitino mass can be predicted fro
the observed energy density of the dark matter asm3/2
.10 MeV21 GeV, for a wide range of the reheating tem
perature 106 GeV,TR,731011(M1/106 GeV)1/2 GeV, as-
suming that the dark matter in our universe is dominan
composed of the gravitino.

Finally, we comment on the isocurvature density pert
bation coming from the fluctuation of the initial amplitude
the right-handed sneutrino,uÑ1i u.

11 The baryonic isocurva-
ture perturbation fromÑ1 is given by

11The authors thank M. Kawasaki for useful discussion.
C
o

04351
ss

e
ve
e
of
e

n-

nt
t-

-
o,
ce
-

-

-
ity
f

s

y

-

d iso5
dnB

iso

nB

VB

V t

.
H inf

puÑ1i u

VB

V t

.131027S M pl

uÑ1i u
D S H inf

1013 GeV
D S VB

0.13V t
D ,

~27!

whereVB and V t is the density parameters of baryons a
total matter, respectively. This isocurvature fluctuation mig
be detected in future experiments.
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APPENDIX

In the body of this paper, we have discussed the lepto
nesis scenario from the universe dominated byÑ1 . Here, we
briefly comment on the case where theÑ1 does not dominate
the universe. In this case, the resultant lepton asymm
depends on the reheating temperatureTR and the initial am-
plitude of the oscillationuÑ1i u, and it is given in the follow-
ing form @5#:

nL

s
5

1

4
e1S TR

M1
D S uÑ1i u

)M pl
D 2

>0.8310210S TR

107GeVD S uÑ1i u
M pl

D 2S mn3

0.05 eV
D deff .

~A1!

Thus, it is possible to produce the desired amount of bar
asymmetry, avoiding the cosmological gravitino problem,
though it depends crucially on the reheating temperature
on
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