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Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map

obtained by running SMICA through the half-ring maps and taking the

half-difference. The average noise RMS is 17 µK. SMICA does not

produce CMB values in the blanked pixels. They are replaced by a con-

strained Gaussian realization.

for bandpowers at � < 50, using the cleanest 87 % of the sky. We

supplement this ‘low-�’ temperature likelihood with the pixel-

based polarization likelihood at large-scales (� < 23) from the

WMAP 9-year data release (Bennett et al. 2012). These need to

be corrected for the dust contamination, for which we use the

WMAP procedure. However, we have checked that switching

to a correction based on the 353 GHz Planck polarization data,

the parameters extracted from the likelihood are changed by less

than 1σ.

At smaller scales, 50 < � < 2500, we compute the power

spectra of the multi-frequency Planck temperature maps, and

their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over

the confidence mask, and after removing the beam window function:

spectrum of the CMB map (dark blue), spectrum of the noise in that

map from the half-rings (magenta), their difference (grey) and a binned

version of it (red).

217 GHz channels, and cross-spectra between these channels
11

.

Given the limited frequency range used in this part of the analy-

sis, the Galaxy is more conservatively masked to avoid contam-

ination by Galactic dust, retaining 58 % of the sky at 100 GHz,

and 37 % at 143 and 217 GHz.

11
interband calibration uncertainties have been estimated by compar-

ing directly the cross spectra and found to be within 2.4 and 3.4×10
−3

respectively for 100 and 217 GHz with respect to 143 GHz

25
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? Tj = τj + iaj

What we have shown :

Kahler moduli : 
moduli axion

Moduli decays into very light axion :
τj → 2aj

Too much axionic dark radiation
in light of PLANCK
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Brief review of
moduli problem
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Moduli Problem

At H~m, moduli begins to oscillate around minimum
with typical amplitude ∼MP

[ Coughlan et al. (1983), Ellis et al. (1986),
Banks et al. (1993), de Carlos et al. (1993) ]

Moduli = Light scalar field in compactification of 
extra dimensions in String theory

∼MP

T

V (T )
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Moduli Problem
Moduli abundance

Moduli lifetime

Big bang nucleosynthesis constraint

TR : reheat temperature

τT ∼
�

m3
T

M2
P

�−1

∼ 104sec
�

1TeV
mT

�3

: moduli initial amplitude

ρT

s
=

1
8
TR

�
zi

MP

�2

∼ 105GeV
�

TR

106GeV

� �
zi

MP

�2

zi

ρT

s
� 10−14GeV

[ Kawasaki, Kohri, Moroi (2004) ]
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Heavy moduli ?
• Moduli decay before BBN

Heavy SUSY moduli (e.g., KKLT) mT � m3/2

Heavy non-SUSY moduli mT � m3/2

(mT � O(10)TeV)
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Moduli-induced
axion problem

T.Higaki, KN, F.Takahashi, 1304.7987
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T

T → T + iα

Kahler moduli :
Shift symmetry :

cf) 10d gauge symmetry C4 → C4 + dΛ

Moduli in typeIIB string 

Kahler potential :

axion

K = K(T + T †)

T − �T � ≡ τ + ia√
2KTT

Suppose that moduli stabilization does not 
give axion mass
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General analysis on moduli decay

Γ(τ → 2a) =
1

64π

K2
TTT

K3
TT

m3
τ

Γ(τ → AµAµ) =
Ng

128π

|∂T fvis|2

(Refvis)2
m3

τ

KTT

: gauge kinetic functionfvis(T )

Γ(τ → HH) � 1
8π

g
2
T

KTT ZuZd
m

3
τ

T.Higaki, KN, F.Takahashi, 1304.7987

K ⊃ g(T + T
†)(HuHd + h.c.)

Note : decay into their superpartners can also be sizable

τ
axion

gauge boson

Higgs boson
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K ⊃ g(T + T
†)(HuHd + h.c.)

Note : decay into their superpartners can also be sizable

τ
axion

gauge boson

Higgs boson

Branching ratio 
into axion       is 
generally O(1)

(Ba)
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Planck constraint on Neff

Neff = 3.36+0.68
−0.64 @95%CL

Planck+WMAP pol+ high l

[Ade et al. 1303.5076]

ρrad =

�
1 +

7
8
Neff

�
4
11

�4/3
�

ργRadiation energy density

CMB constraint:

Constraint on moduli stabilization model

∆Neff =
43
7

�
10.75
g∗(Td)

�1/3 Ba

1−Ba

Axion dark radiation abundance:

Ba � 0.2

2013年8月24日土曜日



Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map

obtained by running SMICA through the half-ring maps and taking the

half-difference. The average noise RMS is 17 µK. SMICA does not

produce CMB values in the blanked pixels. They are replaced by a con-

strained Gaussian realization.

for bandpowers at � < 50, using the cleanest 87 % of the sky. We

supplement this ‘low-�’ temperature likelihood with the pixel-

based polarization likelihood at large-scales (� < 23) from the

WMAP 9-year data release (Bennett et al. 2012). These need to

be corrected for the dust contamination, for which we use the

WMAP procedure. However, we have checked that switching

to a correction based on the 353 GHz Planck polarization data,

the parameters extracted from the likelihood are changed by less

than 1σ.

At smaller scales, 50 < � < 2500, we compute the power

spectra of the multi-frequency Planck temperature maps, and

their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over

the confidence mask, and after removing the beam window function:

spectrum of the CMB map (dark blue), spectrum of the noise in that

map from the half-rings (magenta), their difference (grey) and a binned

version of it (red).

217 GHz channels, and cross-spectra between these channels
11

.

Given the limited frequency range used in this part of the analy-

sis, the Galaxy is more conservatively masked to avoid contam-

ination by Galactic dust, retaining 58 % of the sky at 100 GHz,

and 37 % at 143 and 217 GHz.

11
interband calibration uncertainties have been estimated by compar-

ing directly the cross spectra and found to be within 2.4 and 3.4×10
−3

respectively for 100 and 217 GHz with respect to 143 GHz

25

Let us see some examples.

1. Large Volume Scenario

2. KKLT String axion model
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2-3'45&6,##'5"#$%&'7'89'
2*3':"#&'5"#$%&'7';&,5<',=)"/'

τb

τsD7

Ex 1) Large Volume Scenario

V = V0 − VholeSwiss-Cheeze CY:

The simplest : V0 = (Tb + T †
b )3/2

Vhole = (Ts + T †
s )3/2

K = −2 ln(V + ξ)

W = W0 + Ase
−2πTs

Kahler and Superpotential

[ Balasubramanian et al. (2005), Conlon, Quevedo, Suruliz (2005) ]
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V ∼ τ3/2
b ∼ e2πτs ∼ e

2πξ2/3
gs � 1

Minimization

Large Volume Scenario (LVS)

V =
√

τsb2
s|As|2e−2bsτs

V − bs|AsW0|τse−bsτs

V2
+

ξ|W0|2

g3/2
s V3
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Mass scales

m3/2 ∼ eK/2W0 ∼
1
V

for |W0| ∼ O(1)Gravitino mass

Moduli masses

mτb ∼
1

V3/2

Soft mass (sequestered scenario) msoft ∼
1
V2

mab = 0 : Axion

V ∼ 107

: Lightest modulus

m3/2 ∼ 1011 GeV

mτb ∼ 107 GeV

mτs ∼ mas ∼
1
V

E.g.,

KMSSM =
|Φi|2 + (zHuHd + h.c.)

(Tb + T
†
b )

Moduli-matter coupling :( )
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Moduli decay rate

Two axion :

Two Higgs :

Γa =
1

48π

m3
τb

M2
P

ΓH =
z2

24π

m3
τb

M2
P

τb → 2a

τb → 2H

Ba =
1

1 + 2z2Branching ratio into axion:

Independent of moduli mass

[Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012)
 Angus, Conlon, Haisch, Powell (2013)]
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Moduli decay rate

Two axion :

Two Higgs :

Γa =
1

48π

m3
τb

M2
P

ΓH =
z2

24π

m3
τb

M2
P

τb → 2a

τb → 2H

Ba =
1

1 + 2z2Branching ratio into axion:

Independent of moduli mass

[Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012)
 Angus, Conlon, Haisch, Powell (2013)]

Ba < 0.2
z � 2

Constraint : {
Many Higgs doublets

cf. z=1 if Higgs has shift symmetry [ Hebecker et al. (2012) ]
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Ex 2) QCD axion in KKLT
[ J.Conlon (2006), K.Choi, K.S.Jeong (2006) ]

V = (T0 + T †
0 )3/2 − κ1(T1 + T †

1 )3/2 − κ2(T2 + T †
2 )3/2

K = −2 lnV

String theoretic QCD axion model

τ0

τ1 τ2

D7

W = Ae−αT0 + Be−β(T1+nT2) + W0

[ K.Choi, K.S.Jeong (2006) ]
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Ex 2) QCD axion in KKLT
[ J.Conlon (2006), K.Choi, K.S.Jeong (2006) ]

V = (T0 + T †
0 )3/2 − κ1(T1 + T †

1 )3/2 − κ2(T2 + T †
2 )3/2

K = −2 lnV

String theoretic QCD axion model

τ0

τ1 τ2

D7Stabilized a la
KKLT

W = Ae−αT0 + Be−β(T1+nT2) + W0

[ K.Choi, K.S.Jeong (2006) ]

A ≡ nT1 − T2 is stabilized after uplifting,
while ImA ≡ a remains massless.
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SM D7 brane

SM brane wraps cycle T2

fvis =
T2

4π
SM gauge kinetic function :

A ≡ nT1 − T2 ≡ s + ia

L =
�

d2θfvisWaWa + h.c. ∼ s

τ2
Ga

µνGµνa +
a

τ2
Ga

µνG̃µνa
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SM D7 brane

SM brane wraps cycle T2

fvis =
T2

4π
SM gauge kinetic function :

QCD axion to
solve strong CP problem

A ≡ nT1 − T2 ≡ s + ia

L =
�

d2θfvisWaWa + h.c. ∼ s

τ2
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µνGµνa +
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SM D7 brane

SM brane wraps cycle T2

fvis =
T2

4π
SM gauge kinetic function :

QCD axion to
solve strong CP problem

A ≡ nT1 − T2 ≡ s + ia

Lightest moduli
(saxion)

L =
�

d2θfvisWaWa + h.c. ∼ s

τ2
Ga

µνGµνa +
a

τ2
Ga

µνG̃µνa
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Moduli (Saxion) decay rate

Γa �
(n2κ2

1 − κ2
2)2

768πκ3
2

M3
s

M2
P

Two axion :

Gauge boson : Γg �
κ2

8π

M3
s

M2
P

M3
s ≡

1√
2

��
n3κ2

1 + κ2
2

n3κ2
1

�
V

φ3/2
m3

s

FIG. 2: Contours of the saxion branching fraction into the axion pair Ba on (κ2/κ1, n) plane.

In this plot we have taken z = 0 and Ng = 12. The shaded region is excluded from the axion

overproduction.

this plot we have taken z = 0 and Ng = 12. The shaded region is excluded from the axion

overproduction.

Note that, since msoft ! m3/2, the LSPs are likely overproduced by the saxion decay

into gauginos [37]. To avoid the LSP overproduction, the R-parity should be broken by

a small amount, and the QCD axion discussed in this section will be a candidate of dark

matter, if a mild tuning of the initial misalignment angle is allowed.

For n = 0, T2 is not stabilized at this level, and hence quantum corrections on the

Kähler potential and thus SUSY-breaking will stabilize it [20, 49, 50], giving the mass

only to the saxion Re(T2): mRe(T2) ! m3/2 whereas mIm(T2) = 0. Thus the saxion will

mainly decay into axions and the SM gauge bosons; as for the dark radiation the result

will be similar to the case for n > 0. Whether LSPs can be produced through the decay

or not depends on the quantum corrections. If the saxion is lighter than the SM gauginos

it is not necessary for R-parity to be broken, while dark matter mainly consists of QCD

axion Im(T2) similarly. Otherwise, R-parity should be violated. For n < 0, KAĀ takes

unphysical values.

17

Decay into gluon is
sizable in contrast to
(usual) saxion decay

in SUSY axion model.

[ T.Higaki, KN, F.Takahashi, 
1304.7987 ]

: Not loop suppressed

ms ∼ O(103) TeV
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Detecting/constraining 
axionic dark radiation

The presence of axionic dark radiation seems 
to be ubiquitous in string theory ∆Neff � O(0.1)

Can we probe it?

Axion conversion into X-ray photon in galaxy cluster
[ J.Conlon, M.C.D.Marsh, 1305.3603]

Axion-photon conversion in the early Universe under
[ T.Higaki, KN, F.Takahashi, 1306.6518]primordial magnetic field

Any other idea?
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�B

a γ

L =
a

M
FµνF̃µν
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Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map

obtained by running SMICA through the half-ring maps and taking the

half-difference. The average noise RMS is 17 µK. SMICA does not

produce CMB values in the blanked pixels. They are replaced by a con-

strained Gaussian realization.

for bandpowers at � < 50, using the cleanest 87 % of the sky. We

supplement this ‘low-�’ temperature likelihood with the pixel-

based polarization likelihood at large-scales (� < 23) from the

WMAP 9-year data release (Bennett et al. 2012). These need to

be corrected for the dust contamination, for which we use the

WMAP procedure. However, we have checked that switching

to a correction based on the 353 GHz Planck polarization data,

the parameters extracted from the likelihood are changed by less

than 1σ.

At smaller scales, 50 < � < 2500, we compute the power

spectra of the multi-frequency Planck temperature maps, and

their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over

the confidence mask, and after removing the beam window function:

spectrum of the CMB map (dark blue), spectrum of the noise in that

map from the half-rings (magenta), their difference (grey) and a binned

version of it (red).

217 GHz channels, and cross-spectra between these channels
11

.

Given the limited frequency range used in this part of the analy-

sis, the Galaxy is more conservatively masked to avoid contam-

ination by Galactic dust, retaining 58 % of the sky at 100 GHz,

and 37 % at 143 and 217 GHz.

11
interband calibration uncertainties have been estimated by compar-

ing directly the cross spectra and found to be within 2.4 and 3.4×10
−3

respectively for 100 and 217 GHz with respect to 143 GHz

25

Cosmological test of
compactification 

model

Summary

Moduli branch into axion is generically O(1)

Planck constraint : Ba � 0.2

Light axions often appear after moduli stabilization

The branch does not depend on moduli mass

“Moduli-induced axion problem”

The problem exists even for heavy moduli
(mT � O(10)TeV)
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to a correction based on the 353 GHz Planck polarization data,

the parameters extracted from the likelihood are changed by less

than 1σ.

At smaller scales, 50 < � < 2500, we compute the power

spectra of the multi-frequency Planck temperature maps, and

their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over

the confidence mask, and after removing the beam window function:

spectrum of the CMB map (dark blue), spectrum of the noise in that

map from the half-rings (magenta), their difference (grey) and a binned

version of it (red).

217 GHz channels, and cross-spectra between these channels
11

.

Given the limited frequency range used in this part of the analy-

sis, the Galaxy is more conservatively masked to avoid contam-

ination by Galactic dust, retaining 58 % of the sky at 100 GHz,

and 37 % at 143 and 217 GHz.

11
interband calibration uncertainties have been estimated by compar-

ing directly the cross spectra and found to be within 2.4 and 3.4×10
−3

respectively for 100 and 217 GHz with respect to 143 GHz
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Possible Solutions to 
moduli problem

• 1. Thermal inflation for diluting moduli

• 2. Adiabatic suppression mechanism

Dilution of baryon asymmetry
Domain wall problem

[ A.Linde (1996) ]

[ Lyth, Stewart (1996) ]

V ∼ c
2
H

2
T

2 + m
2
T (T − T0)2 c� 1

High inflation scale & low reheat temp. is needed.
[ KN, F.Takahashi, T.Yanagida (2011) ]

Suppression is not exponential but power in c

2013年8月24日土曜日



Moduli abundance

Hinf � mT

Hinf � mT

ρT

s
∼ 1

8
TR

�
z0

MP

�2

V (T ) = cH
2
T

2 + m
2
T (T − z0)2

∆Ti ∼
H

2
inf

m
2
T

z0

∆Ti ∼ z0

(c ∼ O(1))

:

:

T

V (T )

z0

∆Ti

ρT

s
∼ 1

8
TR

�
z0

MP

�2 �
Hinf

mT

�2

(minf � mT )
ρT

s
∼ 0 (minf � mT )

[ For            , see KN, Takahashi, Yanagida, 1109.2073 ]c� 1

[ cf. Kallosh-Linde bound ]
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General analysis on moduli decay

K = K(T + T †)TModuli

Canonically normalized moduli & axion T − �T � ≡ τ + ia√
2KTT

L =
KTTT√
2K3/2

TT

τ(∂a)2 Γ(τ → 2a) =
1

64π

K2
TTT

K3
TT

m3
τ

Moduli decay into axion pair

Moduli decay into axino pair

Γ(τ → 2ã) =
1
8π

K2
TTT

K3
TT

m2
ãmτ

L =
1√
2

KTTT

K3/2
TT

τ
�
−iã†σ̄µ∂µã + i(∂µã†)σ̄µã

�
(if kinematically allowed)

T.Higaki, KN, F.Takahashi, 1304.7987
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Γ(τ → AµAµ) =
Ng

128π

|∂T fvis|2

(Refvis)2
m3

τ

KTT

Γ(τ → λλ) � Ng

128π

|(∂T fvis)(FT
T + FT

T̄
)|2

(Refvis)2
mτ

KTT

Coupling to MSSM sector

Gauge kinetic function fvis(T )

L = − 1
4
√

2KTT (Refvis)

�
Re(∂T fvis)τF a

µνFµνa − Im(∂T fvis)τF a
µνF̃µνa

�
Moduli decay into gauge boson pair

Moduli decay into gaugino pair

L = −
�

1
4
√

2KTT (Refvis)
�
(∂T fvis)(FT

T + FT
T̄ ) + (∂2

T fvis)FT
�

τλaλa + h.c.
�

Other terms are 
suppressed 

by gaugino mass

General analysis on moduli decay
T.Higaki, KN, F.Takahashi, 1304.7987
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Γ(τ → HH) � 1
8π

g
2
T

KTT ZuZd
m

3
τ

Γ(τ → H̃H̃) =
1
8π

|cτ h̃h̃|2

KTT ZuZd
mτ

Coupling to MSSM sector

K ⊃ Zu|Hu|2 + Zd|Hd|2 + g(T + T
†) (HuHd + h.c.)

L � gT√
2KTT ZuZd

(∂2
τ)(HuHd + h.c.)

Moduli decay into Higgs boson pair

Moduli decay into higgsino pair
L = − 1√

2KTT ZuZd

�
(2gT + gKT )m3/2 + gT (FT∗

T + F
T∗
T̄ ) + 2gTT F

T∗�
τH̃uH̃d + h.c.

Other terms are 
suppressed 

by Higgs masses

Other terms are 
suppressed 

by higgsino mass

General analysis on moduli decay
T.Higaki, KN, F.Takahashi, 1304.7987
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Moduli-MSSM matter coupling

SM on singularity

KMSSM =
|Φi|2 + (zHuHd + h.c.)

(Tb + T
†
b )a

Kahler potential :

Physical Yukawa should not depend on V

yphys =
eK/2

�
ZiZjZk

y =
τ−3/2
b

τ−3a/2
b

y

a = 1

[ Conlon, Cremades, Quevedo (2006) ]

!"#$%&'%"($#)'*+,-)#).,+)"/')/'0!1'

2-3'45&6,##'5"#$%&'7'89'
2*3':"#&'5"#$%&'7';&,5<',=)"/'

No-scale form

SM
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Soft mass in the no-scale model

T dominantly breaks SUSY

m2
φ = eG

�
∇φGk∇φ̄Gk −Rφφ̄T T̄ GT GT̄ + Kφφ̄

�

= m2
3/2

�
Kφφ̄ − 3KT T̄ (Kφφ̄T T̄ −Kφφ̄KTφφ̄KT̄φφ̄)

�
= 0

∇φGφ = ∇φGT = 0

GT GT = 3

mu-term in the no-scale model

µ = eG/2∇uGd

K = −3 ln
�
T + T

† − 1
3
{|Φ|2 + z(HuHd + h.c.)}

�

� −3 ln(T + T
†) +

|Φ|2 + z(HuHd + h.c.)
T + T †

K ⊃ g(T + T
†)(HuHd + h.c.)

= m3/2[g − gT KT T̄ KT ] = 0 g =
z

T + T †
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Kahler potential : K =
(T2 + T

†
2 )λ{|Qi|2 + z(HuHd + h.c.)}

V2/3

SM D7 wrapping on 4-cycle T2

yphys =
eK/2

�
ZiZjZk

y ∼ τ−3λ/2
2 y

SM D7 brane

τ2

Yukawa dependence on T2

=1 = y_phys

SDBI ⊃
�

Σ×4d
λ̄Γi(∂i + Ai)λ

yphys →
yphys√

β
for τ2 → βτ2

ψ6 →
ψ6√
β

for τ2 → βτ2

��

Σ
= τ2

�

λ =
1
3

S4d ∼
��

Σ
ψ†

6ψ6

� �
d4xψ̄4γ

µ∂µψ4 +
��

Σ
ψ†

6φ6ψ6

� �
d4xφ4ψ̄4ψ4
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Moduli-MSSM Gauge coupling
DBI action

SCS = µp

�

p+1
Cq ∧ e2πα�F−B2

Chern-Simons action

µp =
α�−(p+1)/2

(2π)p

⊃ µp

�

p+1
Cp+1 + 2πα�

�

p+1
Cp−1 ∧ trF + 2π2α�2

�

p+1
Cp−3 ∧ trF 2

axion

SDBI = −µp

�

p+1
dp+1xe−φ

�
−det (G + B − 2πα�F )

gauge field on Dp brane

Dp brane worldvolume

: Dp-brane      R-R fields

⊃ α�−(p−3)/2

4gs(2π)p−2

�
dp+1x

√
−g trFµνFµν

Dp brane tension

1
g2
YM

=
α�(3−p)/2

gs(2π)p−2
Vp−34d gauge coupling : Kahler moduli
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