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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-di�erence. 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 1⇥.

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 di�erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
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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Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base �CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base �CDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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Planck Collaboration: Cosmological parameters

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

100✓MC . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.45 10.8+3.1

�2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2

109As . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12
�0.14 2.215 2.196+0.051

�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

⌦mh3 . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057

YP . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012

Age/Gyr . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048

z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54

r⇤ . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60

100✓⇤ . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062

zdrag . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58

rdrag . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59

kD . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063

100✓D . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034

zeq . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60

100✓eq . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011

rdrag/DV(0.57) . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

Table 2. Cosmological parameter values for the six-parameter base ⇤CDM model. Columns 2 and 3 give results for the Planck
temperature power spectrum data alone. Columns 4 and 5 combine the Planck temperature data with Planck lensing, and columns
6 and 7 include WMAP polarization at low multipoles. We give best fit parameters as well as 68% confidence limits for constrained
parameters. The first six parameters have flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration
parameters, and foreground parameters (see Sect. 4) are not listed for brevity. Constraints on foreground parameters for Planck+WP
are given later in Table 5.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, ⌦m,
are only tightly constrained in the combination ⌦mh3 discussed
above, but the extent of the degeneracy is limited by the e↵ect
of ⌦mh2 on the relative heights of the acoustic peaks. The pro-
jection of the constraint ellipse shown in Fig. 3 onto the axes
therefore yields useful marginalized constraints on H0 and ⌦m
(or equivalently ⌦⇤) separately. We find the 2% constraint on
H0:

H0 = (67.4 ± 1.4) km s�1 Mpc�1 (68%; Planck). (13)

The corresponding constraint on the dark energy density param-
eter is

⌦⇤ = 0.686 ± 0.020 (68%; Planck), (14)

and for the physical matter density we find

⌦mh2 = 0.1423 ± 0.0029 (68%; Planck). (15)

Note that these indirect constraints are highly model depen-
dent. The data only measure accurately the acoustic scale, and

the relation to underlying expansion parameters (e.g., via the
angular-diameter distance) depends on the assumed cosmology,
including the shape of the primordial fluctuation spectrum. Even
small changes in model assumptions can change H0 noticeably;
for example, if we neglect the 0.06 eV neutrino mass expected
in the minimal hierarchy, and instead take

P
m⌫ = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s�1 Mpc�1 (68%; Planck,
P

m⌫ = 0). (16)

3.3. Matter densities

Planck can measure the matter densities in baryons and dark
matter from the relative heights of the acoustic peaks. However,
as discussed above, there is a partial degeneracy with the spec-
tral index and other parameters that limits the precision of the
determination. With Planck there are now enough well measured
peaks that the extent of the degeneracy is limited, giving ⌦bh2 to
an accuracy of 1.5% without any additional data:

⌦bh2 = 0.02207 ± 0.00033 (68%; Planck). (17)

11

Bestfit ΛCDM parameters

Initial condition of the density perturbation
determined by inflation P�(k) = As

�
k

k0

�ns�1
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Inflation

Solve horizon problem
 and flatness problem

Accelerated expansion of the universe
driven by a scalar field (inflaton)

Quantum fluctuation of 
the inflaton gives seed of 
the density perturbation

A.Guth (1981), K.Sato (1981)
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Perturbations
Metric Perturbation

Scalar perturbation
Tensor perturbation
(Gravitational wave)

Power spectrum :

�2
� =

Vinf

24�2M4
P �

�
k

k0

�ns�1

�2
h =

2Vinf

3�2M4
P

�
k

k0

�nt

ds2 = �N 2dt2 + a2(t)e2�(�x)(�ij + hij(�x))dxidxj

B-modens = 1� 6� + 2�
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10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇤ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(�) = ⇤4 exp
 

�� �
Mpl

!

(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) / t2/�2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(�) = ⇤4
 

�

Mpl

!��
(36)

lead to inflation with a(t) / exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ⇡ �8�(ns � 1)/(� � 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any �.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(�) ⇡ ⇤4
 

1 � �
p

µp + ...

!

, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns � 1 ⇡ �4M2

pl/µ
2 + 3r/8 and

r ⇡ 32�2⇤M2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p � 3 predict ns � 1 ⇡ �(2/N)(p � 1)/(p � 2)
when r ⇠ 0. The hill-top potential with p = 3 lies outside the

Planck, 1303.5082
ns = 1� 6� + 2� r � �2

h

�2
�

= 16�
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Importance of reheating

• Efficiency of Leptogenesis/Baryogenesis

• Gravitino abundance (Thermal / Nonthermal)

• Abundance of unwanted relics (moduli, axion, 
axino, ...)

• Precise prediction of spectral index 

• etc...

Reheating temperature TR is important since  

it determines :
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Inflaton decay

Inflaton coupling to SM particles, e.g.,

W = k�HuHd

W = y�NN

Higgs

Right-handed neutrino

�(�� NN) � y2

16�
m�Inflaton decay rate :

(m� > mN = y���)

Inflaton must couple to SM sector directly 
or indirectly for successful reheating
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�̈ + (3H + ��)�̇ + V � = 0

�̈ + (3H + ��)�̇ + V � = 0
decay rate

H2 =
1

3M2
P

(�� + �r)
H2 =

1
3M2

P

(�� + �r)

H2 =
1

3M2
P

(�� + �r)

�r + 4H�r = ����

�� � H :

�� � HReheating is completed at

TR �
�

��MPReheating temperature :

Radiation before the completion of reheating

�r � ��
��

H
� T 2

RHMP

T � (T 2
RHMP )1/4

T � a(t)�3/8 for T > TR

T � a(t)�1 for T < TR if �� � a(t)�3{
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a(t)
inflation inflaton

oscillation

� a�3

�r

� a�4

radiation
domination

End of inflation

End of reheating
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FIG. 1: The spectra of the inflationary gravitational wave background for different values of

the reheating temperature (thick black solid curves with TR = 106,7,8 GeV from left to right).

The tensor-to-scalar ratio is taken to be r = 0.1. For reference, the noise spectra for BBO/FP-

DECIGO with 10-year observation (red solid) and for Ultimate-DECIGO with 3-year observation

(blue dotted) are shown. The gray shaded region is not used in the Fisher analysis, since noises

from white dwarf binaries may significantly contribute as systematic errors.

which is the frequency where the change of the frequency dependence due to reheating arises.

We show the spectra for different values of the reheating temperature in Fig. 1. As clearly

seen from the figure, the knee shape around fR can be observed with BBO/FP-DECIGO if

the observational time is sufficiently long. Since there are no observable to probe reheating

so far, the future gravitational wave experiments may provide us an unique opportunity to

reveal the reheating of the Universe.

B. Result

Based on the theoretical prediction presented above, let us estimate the detectability

of the reheating temperature using the Fisher matrix, which is calculated by substituting

Eqs. (8)-(12) into Eq. (5). We take r and TR as free parameters, which correspond to the

amplitude of the spectrum and the frequency of the reheating signature.

In Fig. 2, we present an example of the expected future constraints, in which the fiducial

9

Thermal history imprinted in inflationary GWs !

Kuroyanagi, KN, Saito (2011)

Seto, Yokoyama (2003), Boyle, Steinhardt (2005), KN, Saito, Suwa, Yokoyama (2008)
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Eqs. (8)-(12) into Eq. (5). We take r and TR as free parameters, which correspond to the

amplitude of the spectrum and the frequency of the reheating signature.

In Fig. 2, we present an example of the expected future constraints, in which the fiducial

9

Thermal history imprinted in inflationary GWs !

Kuroyanagi, KN, Saito (2011)

Seto, Yokoyama (2003), Boyle, Steinhardt (2005), KN, Saito, Suwa, Yokoyama (2008)

Radiation era Oscillation era
�GW � f0 �GW � f�2
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Reconsider Reheating

Reheating temperature

TR �
�

��MP

Example: L = ����̄

�� � �2m�

However, ...

� obtains time-dependent mass � ��(t)
� obtains thermal mass � gT

�

V (�)

me�
� > m�What if ? Does inflaton decay ?
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Alchemical inflation
KN, F.Takahashi, 1206.3191
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Figure 1: The shape of the inflaton potential. The right panel shows the contours of the
inflaton potential in the left panel. The star and diamond denote the potential maximum
and minimum in the moduli space, respectively. The inflation takes place along the valley
of the potential near the maximum.

then be approximated as

V (ϕ) ! m2
χ

(

µ2

λ

)
2

m

(

1−
2g

mµ2

(

ϕ√
2

)n)

+
1

2
m2

φϕ
2, (8)

≡ V0 − κϕn +
1

2
kV0ϕ

2. (9)

For successful inflation, we require m2
φ < 0 and |m2

φ| % V0, or equivalently, k < 0 and

|k| % 1. If this is satisfied, the inflation takes place at around ϕ = 0 and the inflaton ϕ

turns into χ after inflation and stabilized at χ = 0. The fine-tuning of k is nothing but

the so-called η-problem. We allow such fine-tuning if it is required for successful inflation.

The inflation ends at ϕ = ϕend given by

ϕend =

(

V0(1 + k)

n(n− 1)κ

)
1

n−2

. (10)

The position of the inflaton when the WMAP pivot scale exited the horizon is

ϕn−2
N =

kV0

nκ

[

1 +

(

(n− 1)k

1 + k
− 1

)

e−N(n−2)k

]

−1

, (11)

where N denotes the e-folding number. The scalar spectral index is evaluated as

ns = 1 + 2k



1−
n− 1

1 +
(

(n−1)k
1+k − 1

)

e−N(n−2)k



 . (12)

6

e.g.,

Flat direction:

Lifted by SUSY breaking:

V (�) �
m2

�µ2

�

�
1� g�n

µ2

�
Around � � 0 :

(m = 2)

New inflation

W = S(µ2 � ��m � g�n)

µ2 = ��m + g�n

�2 = HuHd

Vsoft = m2
�|�|2 + m2

�|�|2

�
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Alchemical inflation
KN, F.Takahashi, 1206.3191
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Figure 1: The shape of the inflaton potential. The right panel shows the contours of the
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then be approximated as

V (ϕ) ! m2
χ
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λ

)
2

m

(

1−
2g

mµ2

(

ϕ√
2

)n)

+
1

2
m2

φϕ
2, (8)

≡ V0 − κϕn +
1

2
kV0ϕ

2. (9)

For successful inflation, we require m2
φ < 0 and |m2

φ| % V0, or equivalently, k < 0 and

|k| % 1. If this is satisfied, the inflation takes place at around ϕ = 0 and the inflaton ϕ

turns into χ after inflation and stabilized at χ = 0. The fine-tuning of k is nothing but

the so-called η-problem. We allow such fine-tuning if it is required for successful inflation.

The inflation ends at ϕ = ϕend given by

ϕend =

(

V0(1 + k)

n(n− 1)κ

)
1

n−2

. (10)

The position of the inflaton when the WMAP pivot scale exited the horizon is

ϕn−2
N =

kV0

nκ

[

1 +

(

(n− 1)k

1 + k
− 1

)

e−N(n−2)k

]

−1

, (11)

where N denotes the e-folding number. The scalar spectral index is evaluated as

ns = 1 + 2k



1−
n− 1

1 +
(

(n−1)k
1+k − 1

)

e−N(n−2)k



 . (12)

6

After inflation is minimum.

Coherent oscillation around

Inflaton automatically turns into Higgs !

Reheating proceeds
via dissipation of

Higgs condensate.

� = 0

� = 0

�i � 1015GeV
m� � 106GeV �
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Figure 3: The contours of log10[mχ/GeV] (left) and log10[Hinf/GeV] (right) where we set
g = 1, m = 2, n = 4 and N = 50.

ranges from 107GeV to 109GeV for µ = 1012GeV. If we take a large g, say, g = (4π)2, the

soft mass can be below 106GeV. For n = 6, the lower bound on the soft mass increases

to 1011GeV as one can see from Fig. 5. It is interesting that the range of the soft SUSY

breaking mass agrees with those for which 125GeV Higgs mass suggested by the recent

ATLAS and CMS experiments [19, 20] can be realized [21].

Note that Hinf < mχ(∼ m3/2) always holds in our model as long as χ0 < MP . There-

fore, for successful inflation, we need a tuning such that |mφ| " Hinf < mχ. As we can

see from Figs. 3-5, the required amount of tuning is mild around the lower left region, and

mφ must be suppressed by about two orders of magnitude compared to its natural value.

So far we have not assumed the nature of χ. An interesting possibility is that it

consists of the D-flat direction of the SSM fields. As the simplest case, we can identify it

with χ2 = HuHd. Then the inflaton transmutes into Higgs after inflation! This indicates

that the efficient energy transfer to the visible sector takes place even if the φ is a gauge

singlet and has no sizable interactions with SSM fields. The process of reheating will

be discussed in the next section. It is also straightforward to identify χm with other

flat directions such as (ūd̄d̄)2 and (LLē)2. In this case, the AD baryogenesis takes place

naturally.

8

Inflation scale

m�
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Reheating proceeds via 
dissipation of Higgs condensate.

Alchemical inflation
KN, F.Takahashi, 1206.3191

Standard perturbative calculation does not work.

The same is true for most Higgs inflation models.

How to deal with reheating ?

�i � 1015GeV
m� � 106GeV

L � yt�Qt̄ + · · ·

V (�) m2
�|�|2

�
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Two main effects :
1. Preheating 

2. Thermal dissipation

� Thermal
bath�

� g

L = ����̄Simple (but realistic) model :
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Preheating

Example: L = ����̄

Kofman, Linde, Starobinsky (1997)

�

V (�)

�̃

�Vacuum for    is non-adiabatic

me�
� = ��(t)

if

��̃ > max
�
m�,

g2T 2

m�

�
Thermal mass

|�̇�/�2
�| > 1

�� =
�

k2 + �2�(t)2 + g2T 2

k < k� =
�

�m��̃
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Preheating

Produced � particles decay
via gauge/yukawa interaction

Effective dissipation rate of

Kofman, Linde, Starobinsky (1997)

� �� �
�2m�

4�4g:

K.Mukaida, KN (2012)

Felder, Kofman, Linde (1999)

Number density of �
after production

n� � k3
� � (�m��̃)3/2

Instant preheating
�

V (�)

�̃
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Thermal effects
For high-temperature gT > m�

Thermal blocking �� ��̄

Instead, thermal dissipation comes in.

��� T

��� T

�

� �

Aµ

� thermal bath

�� � �2�T

� decouples.
� Aµ

Aµ Aµ

�� �
�2T 3

�2

J.Yokoyama (2005), Drewes (2008,2013), 
Bastelo-Gil, Berera, Ramos (2010)

Bodecker (2006), Laine (2008)
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Schematic picture

Decay

Scatter

� �
�

�

“Quasi-particle”

�� �
Im�(�)

�

����
�=m�

Dissipation
rate :
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Numerical results

Figure 1: The evolution of various quantities as a function of Hubble scale H: the effective
dissipation rate except for non-perturbative particle production Γ (red thin solid), one for non-
perturbative particle production Γnp (green thin dotted), the energy density of radiation ρrad (ma-

genta thick solid) and inflaton ρφ (black thick dashed) normalized by an initial energy density ρini.
Top: (mφ,λ,φi) = (1TeV, 10−3, 1018 GeV), Middle: (mφ,λ,φi) = (1TeV, 10−5, 1018 GeV),
Bottom: (mφ,λ,φi) = (1TeV, 10−7, 1018 GeV).

9

(m�,�,�i) = (1TeV, 10�5, 1018GeV)

Preheating Thermal
dissipation

K.Mukaida, KN, 1212.4985
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Figure 2: The reheating temperature TR as a function of λ is shown. Left: mφ = 1TeV and
Right: mφ = 103 TeV.

panel case in the both middle and bottom panels. First, the thermal plasma is produced
via instant preheating, and the condition for non-perturbative production soon saturates.
Then, the plateau region follows H ∼ 5 × 10−1 – 10−4GeV [H ∼ 5 × 10−1 – 10−3GeV].
After that, since φ̃ decreases due to the cosmic expansion, the dominant dissipation rate
becomes Γeff

φ ∼ λ2αT . In the middle panel, the reheating takes place via Γeff
φ ∼ λ2αT

at H ∼ 10−8GeV, and the reheating temperature is TR ∼ 105GeV. On the other hand,
in the bottom panel, the reheating occurs via Γeff

φ ∼ λ2mφ at H ∼ 10−13GeV, and its
temperature is given by TR ∼ 3× 102GeV.#8

Analytically, the reheating temperature can be roughly estimated as follows in the

#8 Usually, the reheating temperature TR is defined as the temperature at which the radiation dominated
Universe begins and it roughly corresponds to the epoch H ∼ Γφ as (1.1). In the present situation with
thermal dissipation effect, this definition is ambiguous because of the peculiar behavior of Γeffφ . As seen in

the middle panel of Fig. 1, Γeffφ can once become equal to H but the relation ρrad ∼ ρφ may hold thereafter
without exponential decay of the inflaton for a while. Therefore, the reheating temperature TR here is
defined as the temperature at which the inflaton energy density begins to decrease exponentially. One
should note that, although the parameter TR is a convenient quantity which describes a global picture
of the early Universe, actual thermal history before the reheating would be significantly different from a
conventional one.

10

Reheating temperature

m� = 1TeV m� = 103 TeV

Reheating temperature can be much higher 
than the inflaton mass.

K.Mukaida, KN, 1212.4985
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Reheating temperature

Figure 3: Contour plot of reheating temperature TR as a function of λ and mφ; Top: φi =
1018 GeV and Bottom: φi = 1015 GeV. Inside the shaded region, the condition λαφ̃ > mφ is
violated, and this region depends on the initial amplitude φi. At the upper left corner of bottom
panel, one can see the region where the non-perturbative production is completely absent because
λφi < mφ.
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Perturbative
decay

Reheating temperature

Figure 3: Contour plot of reheating temperature TR as a function of λ and mφ; Top: φi =
1018 GeV and Bottom: φi = 1015 GeV. Inside the shaded region, the condition λαφ̃ > mφ is
violated, and this region depends on the initial amplitude φi. At the upper left corner of bottom
panel, one can see the region where the non-perturbative production is completely absent because
λφi < mφ.
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Perturbative
decay

Thermal
dissipation

Reheating temperature

Figure 3: Contour plot of reheating temperature TR as a function of λ and mφ; Top: φi =
1018 GeV and Bottom: φi = 1015 GeV. Inside the shaded region, the condition λαφ̃ > mφ is
violated, and this region depends on the initial amplitude φi. At the upper left corner of bottom
panel, one can see the region where the non-perturbative production is completely absent because
λφi < mφ.
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Summary

• The reheating process may be significantly 
altered by thermal effects.

• Most significant for low-mass inflaton and 
large coupling constants.                      
(e.g., Higgs inflation and its variants)

• Thermal effects are important also for : 
Saxion, Curvaton, Affleck-Dine, ....

K.Mukaida, KN, M.Takimoto, 1308.4394
T.Moroi, K.Mukaida, KN, M.Takimoto, 1304.6597See also :
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