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Introduction
Inflation...solves many cosmological problems

                    strongly supported by WMAP results
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However...
There are many models of inflation. 
How do we distinguish them? 
Are we really ready for PLANCK 
and other future detectors?
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Observables
• Power spectrum of density perturbation (Pζ)

• Scalar-tensor ratio (r)     
• Non-Gaussianity (fNL)        
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While the KS profiles are generally in a good agreement
with the X-ray derived profiles, they are more extended
than the X-ray-derived profiles (see Figure 16), which
makes the KS prediction for the projected SZ profiles
bigger. Note, however, that the outer slope of the fitting
formula given by Arnaud et al. (2009) (equation (C3))
has been forced to match that from hydrodynamical sim-
ulations of Nagai et al. (2007) in r ≥ r500. See the bot-
tom panels of Figure 16. The steepness of the profile
at r ! r500 from the simulation may be attributed to a
significant non-thermal pressure support from ρv2, which
makes it possible to balance gravity by less thermal pres-
sure at larger radii. In other words, the total pressure
(i.e., thermal plus ρv2) profile would probably be closer
to the KS prediction, but the thermal pressure would
decline more rapidly than the total pressure would.
If the SZ effect seen in the WMAP data is less than

expected, what would be the implications? One possibil-
ity is that protons and electrons do not share the same
temperature. The electron-proton equilibration time is
longer than the Hubble time at the virial radius, so that
the electron temperature may be lower than the pro-
ton temperature in the outer regions of clusters which
contribute a significant fraction of the predicted SZ flux
(Rudd & Nagai 2009; Wong & Sarazin 2009). The other
sources of non-thermal pressure support in outskirts of
the cluster (turbulence, magnetic field, and cosmic rays)
would reduce the thermal SZ effect relative to the ex-
pectation, if these effects are not taken into account in
modeling the intracluster medium. Heat conduction may
also play some role in suppressing the gas pressure (Loeb
2002, 2007).
In order to explore the impact of gas pressure at

r > r500, we cut the X-ray derived pressure profile at
rout = r500 (instead of 6r500) and repeat the analysis.
We find a = 0.74± 0.09 and 0.44± 0.14 for high and low
LX clusters, respectively. (We found a = 0.67±0.09 and
0.43± 0.12 for rout = 6r500. See Table 12.) These results
are somewhat puzzling - the X-ray observations directly
measure gas out to r500, and thus we would expect to find
a ≈ 1 at least out to r500. This analysis may suggest that
the fiducial scaling relation of Böhringer et al. (2007) is a
source of a < 1. Note that a = 1 is within the systematic
error due to the scatter in the scaling relation. Had we
used the scaling relations of Melin et al. (2010), we would
find a ≈ 1 for rout = r500. While a large uncertainty in
the scaling relation prevents us from convincingly ruling
out a = 1, the relative amplitudes between high and low
LX clusters suggest that a significant amount of pressure
is missing in low mass (M500 " 4 × 1014 h−1 M") clus-
ters, even if we scale all the results such that high-mass
clusters are forced to have a = 1. A similar trend is also
seen in Figure 3 of Melin et al. (2010).
This interpretation is consistent with the SZ power

spectrum being lower than expected. The SPT mea-
sures the SZ power spectrum at l ! 3000. At such high
multipoles, the contributions to the SZ power spectrum
are dominated by relatively low-mass clusters, M500 "
4 × 1014 h−1 M" (see Figure 6 of Komatsu & Seljak
2002). Therefore, a plausible explanation for the lower-
than-expected SZ power spectrum is a missing pressure
in lower mass clusters.
Scaling relations, gas pressure, and entropy of low-

mass clusters and groups have been studied in the lit-

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (φ) ∝ φα (Linde 1983), with α =
4 (solid) and α = 2 (dashed) for single-field models, and α =
2 for multi-axion field models with β = 1/2 (dotted; Easther &
McAllister 2006).

erature.35 Leauthaud et al. (2010) obtained a rela-
tion between LX of 206 X-ray-selected galaxy groups
and the mass (M200) derived from the stacking anal-
ysis of weak lensing measurements. Converting their
best-fitting relation to r200–LX relation, we find r200 =
1.26 h−1 Mpc

E0.89(z) [LX/(1044 h−2 erg s−1)]0.22. (Note that
the pivot luminosity of the original scaling relation is
2.6 × 1042 h−2 erg s−1.) As r500 ≈ 0.65r200, their rela-
tion is ≈ 1σ higher than the fiducial scaling relation that
we adopted (equation (89)). Had we used their scaling
relation, we would find even lower normalizations.
The next generation of simulations or analytical cal-

culations of the SZ effect should be focused more on
understanding the gas pressure profiles, both the ampli-
tude and the shape, especially in low-mass clusters. New
measurements of the SZ effect toward many individual
clusters with unprecedented sensitivity are now becom-
ing available (Staniszewski et al. 2009; Hincks et al. 2009;
Plagge et al. 2009). These new measurements would be
important for understanding the gas pressure in low-mass
clusters.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the

35 A systematic study of the thermodynamic properties of low-
mass clusters and groups is given in Finoguenov et al. (2007) (also
see Finoguenov et al. 2005a,b).
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Not yet detected ! 
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Observables
• Power spectrum of density perturbation (Pζ)

• Scalar-tensor ratio (r)      r~0.1(PLANCK) 0.001(LiteBIRD)
• Non-Gaussianity (fNL)        ΔfNL ~ 5 (PLANCK)
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Do we have a scenario that produces
both large non-Gaussianity 
and scalar-tensor ratio? 
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Do we have a scenario that produces
both large non-Gaussianity 
and scalar-tensor ratio? 

6

YES ! 
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Do we have a scenario that produces
both large non-Gaussianity 
and scalar-tensor ratio? 
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YES ! 

Chaotic inflation (H~10   GeV) 
+ modulated reheating can produce 
large scalar-tensor ratio (r~0.1) and
large non-Gaussianity (fNL~10)
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η ∼ 10−10

|SB/ζ| < O(1)−O(0.1)
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So, do we have a consistent cosmic history 
in this regime that pass other observational 
constraints? 
Especially, we pay attention the baryogenesis 
mechanism in supersymmetric theories. 
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Baryon-to-entropy ratio: 
Baryonic isocurvature fluctuation: 

Kawasaki&Sekiguchi(’08), Komatsu et al(’10)
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Modulated reheating
If the decay rate of inflaton       depends on some 
light scalar     other than inflaton,               , it 
affects the number of e-folds after inflation      . 
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Dvali, Gruzinov, Zaldarriaga(04), Kofman (04), Zaldarriaga (04)

Γ = Γ(σ)

-formalism
Starobinsky (85), Sasaki Stewart (96), 
Sasaki Tanaka(98), Lyth Rodriguez (04)
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adiabatic and isocurvature perturbation
Isocurvature perturbation

10

S ≡ δn

n
− δs

s
=

δ(n/s)
n/s

If number-to-entropy ratio depends on the 
reheating temperature 

Relatively large isocurvature perturbation     
is generated in the modulated reheating scenario. 

cf) gravitino DM isocurvature perturbation (Takahashi, Yamaguchi, Yokoyama,Yokoyama (’09))
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baryogenesis (nB= const)

Reheating

time
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Supersymmetry in cosmology
Supersymmetry...
      hierarchy problem 

      gauge coupling unification

      DarkMatter candidate
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Gravitino problem
... constraint on the reheating temperature

Affleck-Dine mechanism ?
Figure 2: BBN constraints for the Case 1 at 95 % C.L. Each solid line shows upper bound
on the reheating temperature from D, 3He, 4He, 6Li, or 7Li. The dotted line is the upper
bound on the reheating temperature from the overclosure of the universe.

Figure 3: BBN constraints for the Case 2.
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Kawasaki et al (08)
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Affleck Dine mechanism
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Affleck & Dine(’85), Dine, Randall & Thomas (’96)

rotation of scalar fields with non-zero baryonic 
charge  in the complex space
                                      =baryon number density

Large field value
Large angular velocity

Resultant baryon-to-entropy ratio: 

→ (HoscM
n)1/(n+1)

→ m3/2
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Affleck Dine mechanism
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Affleck & Dine(’85), Dine, Randall & Thomas (’96)

rotation of scalar fields with non-zero baryonic 
charge  in the complex space
                                      =baryon number density

Large field value
Large angular velocity

Resultant baryon-to-entropy ratio: 

→ (HoscM
n)1/(n+1)

→ m3/2
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It seems that the AD mechanism and the modulated 
reheating scenario are incompatible...
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However, taking into account the dilute plasma 
before reheating                         ,          can 
depend on the reheating temperature. 

の頃にインフラトンと輻射のエネルギー密度がほぼ等しくなる. さらにこの時にはH ! Γφ になっている.

その後はインフラトンの崩壊が宇宙膨張を上回って,輻射のエネルギー密度がインフラトンのエネルギー密

度を充分上回ると考えられる. したがって, 宇宙の再加熱温度 TR はH ! Γφ で評価すれば良く,

TR !

(

90

π2g∗(TR)

)1/4
√

ΓφMp (17)

である.

宇宙の最高温度と再加熱温度との関係は,

Tmax ≈

(

90

π2g∗(TR)

)1/8

TR

(

V 1/4

inf

TR

)1/2

(18)

である.

3.3 その後

宇宙の再加熱が終わったあとは, 輻射優勢のフリードマン宇宙が再現されるので,

T ∝ ργ ∝ t−2 (19)

のように宇宙の温度は変化する.

下図は Hinf = 1014GeV, Γφ = 1GeV とした場合のインフラトンと輻射のエネルギー密度の時間変化で

ある. 輻射の最高エネルギー密度はは 4ΓφV 1/2

inf Mp ≈ 10−6GeV4 であり, ln(1014) ≈ 32で再加熱が終了して

いる.
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baryon asymmetry and reheating temperature
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図 7.17: m3/2 ! 103GeV の Gravity Mediation タイプの時の、M と再加熱温度 TRH に対す
る nB/sの等高線プロット (6次のスーパーポテンシャルで持ち上げられるもの)；左側から順に、
10−12 , 10−11 , 10−10 , 10−9 に対応する。細かい破線は有限温度効果を入れなかった場合であり、
粗い破線は a ∼ 10−2 の Two Loop 効果が存在した場合、実線は f ∼ 10−5 の相互作用が存在し
た場合の、One Loop の有限温度効果である (Two Loop からの効果は含めてない)。横軸、縦軸
共に、10xGeV を単位に表示してある。
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図 7.5: nB/s の等高線プロット；縦軸、横軸共に、10xGeV の単位で書かれている。等高線は左
から順に、10−12 , 10−11 , 10−10 , 10−9 について書かれており、細かい破線は有限温度効果を入
れなかったもの、粗い破線は、One Loop の有限温度効果を入れたもの、実線が One Loop, Two
Loop の有限温度効果を入れたものである。ここでは、m3/2 ∼ mφ ∼ 1TeV , tanβ = 3 について
計算されている。
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M. Fujii (02), master thesis
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Example
modulated reheating with
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predicts

Tensor perturbation: 



S � n

2π

�
Hinf
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�n/(n+1)

Hosc � 1013GeV

Hosc � 109GeV
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Comment on another source of 
baryonic isocurvature perturbation
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Fluctuation of the AD field in the phase direction 
can be another source of the isocurvature 
perturbation. (Kasuya, Kawasaki, Takahashi (08))

n~1, M~10  GeV

n~3, M~10  GeV

22
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Summary
Modulated reheating is one of the promising mechanisms 
that generates a detectable primordial Non-Gaussianity. 
With chaotic inflation, it is possible to generate a 
detectable tensor perturbation. 
However, modulated reheating and Affleck-Dine 
baryogenesis are, in general,  incompatible. 
Taking into account the thermal correction to the 
potential, we find a parameter space that generates a 
proper baryon-to-entropy ratio in this scenario.  
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