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Superstring Theory

Light Moduli Field Φ mφ ! m3/2

gravitationally suppressed interactions

Long Lifetime

Cosmological Difficulty

BBN
Cosmic Density . . .

Cosmological Moduli Problem



V !

1

2
m2

φφ2 +
1

2
H2(φ − φ0)

2

Hubble induced mass

V V
H < mφ

Moduli starts oscillation with large amplitude 

H ! mφ

φ0 ∼ MG ∼ 10
18

GeV



Cosmic Density

Moduli Decay

Background Radiations(X-rays, γ-rays)

BBN (Destroy Light elements)

CBR (spectral distortion)

Ωφ ! 5 × 10
16

(

mφ

GeV

)

for stable moduli

τφ ∼

Mpl

m2
φ

∼ 10
14

sec

(

mφ

GeV

)

−3

mφ <
∼

0.1 GeV

Constraints
on Density

Coughlan, Fischler, Kolb, Raby, Ross (1983) Banks 
et al (1994), de Carlos et al (1993)
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Asaka,MK (1999) + MK, Kohri, Moroi (2005) for BBN

Ωφ = (ρφ/s)/(ρcr,0/s0)

Cosmological Constraint
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Large Entropy Production

Thermal Inflation

Domain Wall Decay

Others

Heavy Moduli

Large Hubble induced mass

. . . . . . .

dilute moduli

Lyth, Stewart (1995) 

MK, F.Takahashi (2005)

Linde (1996)V ∼ CH2φ2 C " 1

Solution to Moduli Problem



V ! V0 + (T 2 − m2

0)|χ|
2 +

|χ|6

M∗

Flaton (χ)  potential

finite temp

T > m
0

V( )

V
0

m0
<
∼

T <
∼

V
1/4

0
Vacuum energy dominates

Inflation with e-fold ~10

T=0

Thermal Inflation Lyth, Stewart (1995) 　Yamamoto (1986)
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Thermal Inflation 

dilute big bang moduli



Thermal Inflation 

dilute big bang moduli

However, V !

1

2
m2

φφ2 +
1

2
H2(φ − φ0)

2

During TI the minimum of the potential deviates from 0

!

1

2
m2

φ

(

φ +
H2

m2
φ

φ0

)2

+ · · ·

new oscillations of moduli

Moduli Density = Big Bang Moduli+TI Moduli



Hashiba, MK, Yanagida (1997)    Asaka,MK (1999)

Minimum Moduli Density Predicted by TI
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Large entropy production 
with Low T

dilute pre-existing 
baryonsR

Most of conventional baryogenesis mechanisms may not work

Affleck-Dine 
baryogenesis 

work for
mφ <

∼
O(10)MeV

Baryon Number of the Universe?

nb/s ∼ 2 × 10−9Ωφ(mφ/GeV)−1



Large entropy production 
with Low T

dilute pre-existing 
baryonsR

Most of conventional baryogenesis mechanisms may not work

Affleck-Dine 
baryogenesis 

work for
mφ <

∼
O(10)MeV

Q-ball Formation 

Obstacle to AD

However,

Baryon Number of the Universe?

nb/s ∼ 2 × 10−9Ωφ(mφ/GeV)−1



Late-time Affleck-Dine

Leptogenesis by  LH   Flat Directionu

Superpotential MSSM

Flaton neutrino mass

LH  has a large vev after thermal inflationu

Leptogenesis

Stewart, MK, Yanagida (1996)
Joeng et al (2004)

χ

W = yuQHuu + ydQHdd + yeLHde

+
λχ

4M
χ4 +

λν

2M
(LHu)(LHu) +

λµ

M
χ2HuHd

µ term for 〈χ〉 #= 0



Scalar Potential of Flat Directions

• F-term

• D-term

• Soft SUSY breaking terms

V = VF + VD + VSB L =
(

0
l

)
,Hu =

(
hu

0

)
,Hd =

(
hd 0

)

VD =
g2

2
(
|hu|2 − |l|2 − |hd|2

)2

CP phase

VSB = V0 −m2
χ|χ|2 + m2

L|l|2 −m2
Hu

|hu|2 + m2
Hd

|hd|2

+
{

Aχλχ

4M χ4 + Aµλµ

M χ2huhd + Aνλν
2M l2h2

u + c.c.
}

arg(λµλ∗ν) arg(λχλ∗µ)

VF = 1
M2

{
|λχχ3 + 2λµχhuhd|2 + |λν lh2

u|2

+|λµχ2hd + λν l2hu|2 + |λµχ2hu|2
}

L



Dynamics of Flat Directions
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LHu
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Hu
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µ term

m2
LHu

! m2
L −m2

Hu
+ |µ|2 > 0

LH   direction  starts to rotate 

Lepton number generation

u

(1)

(1) At the end of thermal inflation

              

LH   flat direction rolls away 

from the origin

(2) Flaton rolls down 

(2)

〈χ〉 = χ0

χ = 0



Lattice Calculation
We studied the full dynamics by using lattice simulation including 
all relevant scalar fields 

Nakayama, MK (2006)
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Refs. [28] and [29], an ad hoc large damping term was put
by hand under assumption that the flaton field quickly
decays through parametric resonance. In this work, we
have not made any such artificial assumption. The only
non-trivial input for computing the dynamics is initial
condition. As the initial condition, we set the initial val-
ues of all fields at around 1TeV, as is expected for thermal
fluctuations at the end of thermal inflation. In order to
eliminate unphysical effect due to large quantum fluctu-
ations at short distance, we have cut the initial quantum
fluctuations with mode k > m (for more detail about
initial condition for tachyonic potential, see [34] ).

It is found that the dynamics is rather sensitive to
the model parameters. However, since there are many
parameters in the model and full parameter search is be-
yond the scope of this paper, we have performed the sim-
ulations fixing the most of parameters as mφ = 180 GeV,
mHu = 700 GeV, mHd = 800 GeV, mL = 640 GeV,
λφ = 4, Aµ = 450 GeV, Aν = 200 GeV, Aφ = 20 GeV,
and arg(λφλ∗

µ) = −π/4. We also take M = MP . All A-
terms are taken to be real by field redefinition and hence
the only remaining parameter associated with CP angle
is arg(λµλ∗

ν). The other parameters are varied in each of
the following analysis.

First, we show the typical motion of the field l in Fig. 1
when only the homogeneous mode is taken into account.
We can see that first l rolls down to the displaced mini-
mum and then pull back to the origin, as explained in the
previous section. In this process, l is kicked to angular
direction, and finally the field rotates around the origin
with constant angular momentum (i.e., conserved lepton
number), in the complex plane.
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l

FIG. 1: Typical motion of the field l in the complex plane.
Here we write only zero mode. The field value is normalized
by 109GeV. We take |λµ| = 35, |λν | = 104, arg(λµλ∗

ν) = π/16.

From Fig. 1 it is obvious that lepton number is really
generated. However, the present universe (or at BBN or
recombination epoch) contains large number of causally

disconnected regions at the era of thermal inflation. This
means that the real baryon number is average over many
regions with different initial values of l field. The initial
values of l is determined by the thermal fluctuations at
the end of thermal inflation. Thus, the initial values of
phase of l is random and |l| also fluctuates around 〈|l|〉 ∼
T . Taking fluctuations of l into account, we perform the
simulations varying the initial phase of l with initial |l|
fixed. As for the initial value of φ, we fix its phase, but
we have confirmed that initial angular dependence of the
φ field does not much affect the subsequent dynamics.
We show in Fig. 2 the relation between the initial angle
arg(l) and the resultant baryon asymmetry. From this
figure it is seen that the average baryon number is really
non-zero. Fig. 3 shows the time evolution of the baryon
number. From this figure we can clearly see the baryon
number is finally conserved.
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FIG. 2: Initial angular dependence of baryon asymmetry
nB/s, when we take TR = 1GeV. The same parameters as
in Fig.1 are taken.

As explained in previous section, whether or not the
net baryon asymmetry is generated depends on CP
phase. The phase of the flaton field takes the value that
minimizes the potential of the angular direction deter-
mined by the term Aφλφφ4/M in the interested time
scale. The relevant potential of angular direction for
LHu comes from the term Aνλν l2h2

u initially, and sub-
sequent dynamics depends on the terms λµλ∗

νφ2hdl∗2h∗
u

and λφλ∗
µφ3φ∗h∗

uh∗
d. Initially, the angular minimum lies

in the direction arg(lhu) = π/2 and 3π/2. The angular
minimum is unchanged when arg(λµλ∗

ν) = π/4 and 5π/4
so the net baryon number expected to become zero. This
is seen in Fig. 4.

Finally, we fix arg(λµλ∗
ν) = π/16 and choose freely the

absolute value of λµ and λν . Each of these parameters is
directly related to mν [eq. (3)]and µ [eq. (5)]. In Fig.5 we
plot generated baryon number (nB/s) × (TR/GeV)−1 in
terms of mν and µ. Since our choice of arg(λµλ∗

ν) = π/16
corresponds to nearly maximum CP phase, the baryon-
to-entropy ratio in Fig.5 is reduced for different choice

TR = 1 GeV

arg(λµλ∗ν) = π/16

Initial angular dependence of baryon asymmetry

net baryon asym

λµ = 35 λν = 104

mχ = 180 GeV, mHu = 700 GeV, mHd = 800 GeV, mL = 640 GeV,

λχ = 4, Aµ = 450 GeV, Aν = 200 GeV, Aχ = 20 GeV, arg(λχλ∗µ) = −π/4
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FIG. 3: Time dependence of baryon number. t is normalized
by (100GeV)−1. Parameters are same as Fig.2, and each line
corresponds to different initial angle. Data points are reduced
in order to make it easy to see.
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FIG. 4: Relation between arg(λµλ∗
ν) and net baryon number.

When CP is conserved, the net lepton number becomes zero
as explained in the text.

of arg(λµλ∗
ν). Thus, the apparent large nB/s is not a

problem. For smaller mν (or λν ) than 10−3 eV, TR

must exceed about 10GeV even for maximum CP phase,
which is invalid for the present model. For smaller value
of µ ( or λµ) than about 800 GeV, although the con-
straint (15) can be satisfied, we could not get appropri-
ate dynamics due to smallness of positive mass squared
of LHu direction. On the other hand, the constraint (13)
invalidates µ larger than about 840GeV. As a result, only

constrained parameter region around µ ∼ 800− 840GeV
and 10−3eV! mν ! 10−1eV can survive.

However, we have to mention that our model has quite
large number of parameters and the dynamics is sensi-
tive to them. Thus the stringent constraints should not
be taken too seriously. Complete analysis of parameter
dependence is beyond the scope of the present paper, but
it should be noticed that our results indicate that it is
really possible to generate baryon asymmetry even after
thermal inflation.

IV. CONCLUSIONS

In this paper detailed analysis of the Affleck-Dine
mechanism after thermal inflation has been performed.
The present model includes only one additional gauge
singlet which does not exist in the MSSM. This singlet
field explains naturally both the origin of µ-term and
thermal inflation. This is an appealing feature when con-
sidering the cosmological moduli problem seriously. How-
ever, it is not trivial matter to generate enough baryon
asymmetry consistent with late-time entropy production.
In this paper we have demonstrated that a proper amount
of baryon asymmetry can be generated using the lattice
calculation for the whole dynamics without any artificial
assumption. Although the parameter tuning is necessary
for the present mechanism to work, It is noticed that
since the dynamics is highly sensitive to parameters in
the model there can be another parameter sets appropri-
ate for our purpose which we could not find.

We stress that if the late time entropy production takes
place and dilute the preexisting baryon number density,
the modified Affleck-Dine process considered in this pa-
per is the only known mechanism to re-create the baryon

 0

 0.0001  0.001  0.01  0.1

1

1

8

×10−11

6

4

2

n
B

s

mν (eV)

µ =810GeV
µ=875GeV
µ =940GeV

 0

2

€ 

1

T
R

 

 
 

 

 
 

GeV

FIG. 5: Relation among baryon number (nB/s) ×
(TR/GeV)−1, mν(eV) and µ(GeV). Region below the hori-
zontal line requires TR " 10GeV to obtain desired value of
nB/s.

Resultant baryon asymmetry vs CP violation

no CP violation

arg(λµλ∗ν) = π/4, 5π/4

Net baryon asymmetry can be created due to CP
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by (100GeV)−1. Parameters are same as Fig.2, and each line
corresponds to different initial angle. Data points are reduced
in order to make it easy to see.
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ν) and net baryon number.

When CP is conserved, the net lepton number becomes zero
as explained in the text.

of arg(λµλ∗
ν). Thus, the apparent large nB/s is not a

problem. For smaller mν (or λν ) than 10−3 eV, TR

must exceed about 10GeV even for maximum CP phase,
which is invalid for the present model. For smaller value
of µ ( or λµ) than about 800 GeV, although the con-
straint (15) can be satisfied, we could not get appropri-
ate dynamics due to smallness of positive mass squared
of LHu direction. On the other hand, the constraint (13)
invalidates µ larger than about 840GeV. As a result, only

constrained parameter region around µ ∼ 800− 840GeV
and 10−3eV! mν ! 10−1eV can survive.

However, we have to mention that our model has quite
large number of parameters and the dynamics is sensi-
tive to them. Thus the stringent constraints should not
be taken too seriously. Complete analysis of parameter
dependence is beyond the scope of the present paper, but
it should be noticed that our results indicate that it is
really possible to generate baryon asymmetry even after
thermal inflation.

IV. CONCLUSIONS

In this paper detailed analysis of the Affleck-Dine
mechanism after thermal inflation has been performed.
The present model includes only one additional gauge
singlet which does not exist in the MSSM. This singlet
field explains naturally both the origin of µ-term and
thermal inflation. This is an appealing feature when con-
sidering the cosmological moduli problem seriously. How-
ever, it is not trivial matter to generate enough baryon
asymmetry consistent with late-time entropy production.
In this paper we have demonstrated that a proper amount
of baryon asymmetry can be generated using the lattice
calculation for the whole dynamics without any artificial
assumption. Although the parameter tuning is necessary
for the present mechanism to work, It is noticed that
since the dynamics is highly sensitive to parameters in
the model there can be another parameter sets appropri-
ate for our purpose which we could not find.

We stress that if the late time entropy production takes
place and dilute the preexisting baryon number density,
the modified Affleck-Dine process considered in this pa-
per is the only known mechanism to re-create the baryon
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FIG. 5: Relation among baryon number (nB/s) ×
(TR/GeV)−1, mν(eV) and µ(GeV). Region below the hori-
zontal line requires TR " 10GeV to obtain desired value of
nB/s.

µ ∼ 800− 840 GeV

mν ∼ 10−3 − 10−1 eV
This scenario works

However,   we only investigated restricted 
parameter space

µ = λµ
φ2

0

M

mν = λν
〈hu〉2

M



Conclusion

• Moduli Problem is solved by thermal 
inflation 

• However, baryon number is also diluted by 
thermal inflation

• Baryon number can be  re-generated 
through late-time AD mechanism


