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宇宙の膨張と熱史

• ハッブルの法則
v = dLH0 + 𝒪(z2)銀河の後退速度

距離

ハッブル定数：H0 ≃ 67.4(5) km s−1 Mpc−1

• アインシュタイン方程式
H2 =

ρ
3M2

Pl
宇宙の膨張率 全エネルギー密度

銀河

宇宙
2倍

ハッブルパラメタ：H(t) ≡
·a(t)
a(t)

非相対論的物質 (Matter)：p/ρ ≃ 0

相対論的物質 (Radiation)：p/ρ = 1/3

scale factor  
空間の相対的大きさ

a(t)

ρmat ∝ a−3

ρrad ∝ a−4



宇宙の膨張と熱史

• 重力は微弱 → “物質”はほぼ熱平衡
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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- 宇宙マイクロ波背景放射 (CMB) → 光子 

- ビッグバン軽元素合成 (BBN)      → 軽元素

➡宇宙はほぼ一様等方な熱平衡状態

H ∼
ρ

MPl
∼

T2

MPl
Γ ∼ α2T

≪

• 平衡からの逸脱が熱史のプローブ

平衡

≪ 非平衡

ガモフの基準



• ビッグバン宇宙論の問題
- 地平線問題

- 平坦性問題
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- 地平線問題を解決
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インフレーション

• 加速膨張によるビッグバン宇宙論の問題の解決
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• インフラトン場の凝縮による加速膨張
- 地平線・平坦性問題を解決
- インフラトン場の量子揺らぎが  の起源ΔT/T ∼ 10−5
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Figure 5. Left : CosmoMC likelihood results for the Bicep/Keck baseline model. Selected 1D and 2D marginalized posteriors are
shown. The red faint curves are the results from BK15 while the black solid curves are the results of BK18. The dashed blue and
red lines show priors on foreground parameters. The analysis method is the same as in BK15, except the �d prior based on Planck
data from other regions of the sky is removed this time due to the improved sensitivity of BK18. Right : Constraints in the r vs. ns

plane. The purple and orange bands are natural inflation and monomial inflation respectively. The blue contour shows the updated
constraint after adding BK18 and BAO data to the Planck baseline analysis. The r posterior is tightened from r0.05 < 0.11 to
r0.05 < 0.035 at 95% confidence.

another order of magnitude increase in detector number relative to Bicep3. At the end of 2019, we installed a new,
larger BA mount at MAPO and deployed the first BA 30/40 GHz receiver for the constraint of Galactic synchrotron
emission. Since then, it has been observing with three adapted Keck receivers on the same mount. It will be followed
by the deployments of 95 GHz and 150 GHz receivers in 2022, and the 220/270 GHz receiver in 2023. Observations will
continue to at least the end of 2027.

The observation plan and sensitivity forecast for Bicep Array is presented in figure 6. The post-BK18 progress on
�(r) will soon stall as the constraint will become limited by lensing variation. We therefore have been working with the
South Pole Telescope (SPT) collaboration to use the overlapping SPT-3G maps for “delensing”.23 Following this strategy,
even after 2 years of COVID delay, it is projected to give �(r) . 0.003 using data up to 2027. This will either confirm or
rule out other popular classes of inflation models.
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Figure 2: Predictions of spectral index =B and tensor-to-scalar ratio A from the model given in Eq. (3.38). The constraint
contours are directly taken from Fig. 5 in Ref. [8]. The blue contours are observational constraints from Planck [9] at pivot scale
:/00 = 0.002Mpc�1 with 1f and 2f regions respectively. The brown contours are constraints combining with BICEP/Keck [8]
at pivot scale :/00 = 0.05Mpc�1 (and they have assumed the tensor spectral index =C = 0), with 1f and 2f regions respectively.
The Starobinsky model corresponds to # = 54 on the black line. The red trajectory (coincides with U-attractor [26]) is obtained
by fixing Z = �3⇥104 while varying V from �1/25 (corresponding to large A which lies outside the figure) to �5/2 (corresponding
to small A). Note that this trajectory is di�erent from the predictions in Eqs. (3.16), namely curved rather than straight, because
Eqs. (3.16) are only at leading order of large # . V = �4/3 coincides with the predictions from the Starobinsky model when
Z ! �1 (here |Z | = 3 ⇥ 104 is large enough in numerical calculation). The deep blue trajectory is obtained by fixing V = �4/3
while changing Z from �13 (corresponding to large =B which lies outside the figure) to �3 ⇥ 104 (corresponding to small =B).
Since large-|Z | limit leads to the Starobinsky model, the predictions approach the black line as |Z | increases.

where the conformal factor is defined as ⌦2 ⌘ 1 + 4j/"2
Pl and a function in the kinetic term is

⌧ (⌦2, jV , jW) ⌘ ⌦�2
"
Z + Ũ

2

⇣
⌦2 � 1

⌘
+ V

2
4jV
"2

Pl

+
4jW
"2

Pl

#
. (3.45)

Obviously, the scalaron is identified as a particular linear combination of auxiliary fields and the other two
auxiliary degrees of freedom are non-dynamical. Since the kinetic term depends on non-dynamical degrees
of freedom in Eq. (3.44), we in general end up with an action involving a non-trivial rational function of
the scalaron kinetic term, i.e., : -essence, by solving the constraint equations for non-dynamical fields.

4 Conclusions and discussion

In this paper, we have studied the E–C gravity up to dimension four operators that consist of the Ricci
scalar, the N–Y term and/or the Holst term. Contrary to the E–C 5 (') gravity (Sec. 2.2), it has been
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM

7
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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• インフレーション 

• ビッグバン軽元素合成 (BBN) 

• 宇宙マイクロ波背景放射 (CMB)

熱平衡プラズマ

インフレーション宇宙論

- 地平線・平坦性問題を解く 

- 温度揺らぎを与える 
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• 摂動的過程とカスケード 
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• 観測的にわかっていることは現状ほとんどない．

• 後の宇宙の熱史に大きな影響

1016 GeV ≳ TR ≳ 1 MeV原始重力波が観測されてない ビッグバン軽元素合成

- (観測的にチャレンジングだが) 高周波重力波 (~ GHz) が直接のプローブ

- バリオン非対称性生成 → e.g., 熱的レプトン生成: 右巻きニュートリノ質量 

- 暗黒物質生成 → e.g., 熱的freeze-outによる暗黒物質生成: 暗黒物質質量 

- 宇宙の相転移 → 宇宙の最高温度 > 転移温度

TR >

TR >
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非摂動的粒子生成と乱流熱化



非摂動的粒子生成

• 莫大なインフラトン粒子数による非摂動性

…

- 多くの模型でインフレーション終了時の粒子数は莫大

finf ∼
ρinf /mϕ

m3
ϕ

∼
ϕ̄2

m2
ϕ

≫ 1 e.g.) Starobinsky inflation: mϕ ∼ 1013 GeV, ϕ̄ ∼ 1018 GeV

e.g.) λmϕ ϕ χ χ

λ2finf ∼
λ2ϕ̄2

m2
ϕ for  λ ≫

m2
ϕ

ϕ̄2≪
Γϕ ∼ λ2mϕ

λmϕ

λmϕ

ϕ

χ

χ

ϕ
χ

χ



非摂動的粒子生成

• 断熱性の破れと非摂動的粒子生成
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• 断熱性の破れと非摂動的粒子生成
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• 断熱性の破れと非摂動的粒子生成

<latexit sha1_base64="cU/GGlX4m6ApHc2YlCkQsf0t/b0="></latexit>

¡

<latexit sha1_base64="Xik936Vk10+qxI6p4++wjgP7Tus="></latexit>

V (¡) インフラトンの運動が  にとって非断熱的：χ ϵ ≡
·ωχ

ω2
χ

> 1

w/   
ω2

χ

m2
ϕ

= Ak − 2q cos 2mϕt1 <
2q sin 2mϕt

(Ak − 2q cos 2mϕt)3/2

0  なら，  かつ Ak > 2q Ak − 2q ≲ q1/2 ϕ ≃ 0

 なら，Ak < 2q ϕ ≃ − ϕ̄

e.g., λ2ϕ2 χ2

e.g., λ mϕ ϕ χ2

k ≲ kNP ≡ (λmϕϕ̄)1/2

かつ λϕ̄ ≫ mϕ

[Kofman, Linde, Starobinsky]



非摂動的粒子生成

• ボソンの”誘導放射”と指数的増大
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非摂動的粒子生成

• ボソンの”誘導放射”と指数的増大
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非摂動的粒子生成と非線形性

• 非線形性による反作用 (backreaction)・散乱 (“rescattering”)
インフラトンへの反作用・散乱

e.g., λ2ϕ2 χ2 ⟶ λ2⟨χ2⟩ϕ2 ∼
λ2nχ

kNP
ϕ2, Γϕχ→δϕχ ∼

λ4nχ

mϕkNP
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• 非線形性によるダイナミクスの鈍化

非摂動的粒子生成と非線形性

- 鈍化後は  との相互作用とインフラトンポテンシャルに強く依存．χ

e.g.) V ∝ m2
ϕ ϕ2

 結合が小さいと非摂動的粒子生成は
ほぼ起きない
ϕχ
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Figure 3. Floquet charts for the Mathieu equation (3.18) showing the flow lines for selected comoving
momenta for the Starobinsky potential (2.2) (left), together with the corresponding evolution of the energy
densities of the inflaton and DM during reheating (right), in the absence of backreaction (top) and in the
presence of backreaction and fragmentation (bottom).

3.2 Backreaction and fragmentation

As demonstrated above in Fig. 3, for large e!ective couplings ω/ε → 1, the resonant growth of
the ϑ mode functions can take them into the backreaction regime. The energy density of ϑ becomes
comparable to the energy density of the inflaton, and the DM can no longer be treated as an spectator
field. More importantly, the explosive production of DM can disrupt the homogeneous inflaton
condensate by means of the rescattering of ϑ particles into ϖ, i.e. the production of inflaton particles.
Moreover, the free DM particles can also scatter inflaton fluctuations away from the condensate. At
the level of fields, these dynamics are manifested as the growth of spatial gradients of the inflaton
field, eventually leading to the “fragmentation” of the homogeneous condensate [11, 20–23].

In terms of the field mode functions, these e!ects manifest as mode-mode couplings, since now
the inflaton field in (3.1) is to be replaced by ϖ(t) ↑ ϖ(t) + ϱϖ(t,x), where the fluctuation ϱϖ is
also quantized. This of course leads to a set of non-linear Heisenberg equations of motion for the
ϖ, ϑ quantum fields, which is challenging to solve. For this reason, spectral methods are not the tool
of choice in the backreaction regime. Instead, we resort to the solution of the classical equations of
motion for the coupled fields. At large couplings the occupation numbers for the resonantly excited
momentum modes are fω,ε → 1, justifying this classical approach. The system of non-linear partial

– 10 –
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[Garcia, Pereyra-Flores, 2403.04848]



• 非線形性によるダイナミクスの鈍化

非摂動的粒子生成と非線形性
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Figure 5. Top, left: Evolution of the total inflaton energy density (blue), the energy density of the inhomo-
geneous inflaton component (red), the energy density of the homogeneous inflaton component (green), and
the DM energy density (yellow), for ω/ε = 104. Right: Comoving number densities for the inflaton quanta
(blue) and the DM quanta (yellow). Bottom, left: the oscillation-averaged total equation-of-state parameter.
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Figure 6. Same as Fig. 5, for ω/ε = 105.

whose value is consistent at early times with the spectral definition of Eq. (3.8), replacing ϑ by
ϖ [25]. In terms of these “components” of ϱω it is easy to see the onset of backreaction in the
oscillating condensate. Non-zero modes are e!ciently populated by rescatterings, draining energy
density from ϖ̄ until ϱεω > ϱ

ω̄
. At this point, the inflaton can be considered as fragmented in favor

of free quanta. As the bottom panels of Figs. 5 and 6 also show, the rapid population of relativistic
ϖ and ϑ modes drives the oscillation-averaged equation-of-state parameter →w↑ close to its radiation-
domination value. Importantly, the depletion of ϱ

ω̄
is rapid and complete. After fragmentation the

inflaton is fully replaced by free particles, which eventually are redshifted by expansion and, in the
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Figure 3: Top: Pre- and post-fragmentation evolution of the total inflaton energy density (blue), the energy
density of the inhomogeneous component of ω (orange) and the energy density of the homogeneous component
(green). For εωε, the linear approximation (2.30) is depicted up to a/aend → 102. At later times the lattice
result εωε = εε ↑ εε is shown. Bottom: Oscillation-averaged inflaton equation of state parameter.

band predicted by the Floquet analysis. For the earliest times, the lattice PSD coincides with

the linear prediction. Nevertheless, for a/aend ↭ 102, the e!ect of rescattering becomes evident.

The growth of the resonant mode is traded for the population of the PSD for lower momentum

modes, and larger momentum adjacent modes. As time passes, the redistribution of energy becomes

more e”cient, and a UV tail in the distribution appears. At first this tail is populated more

e”ciently at some discrete values of k. Notably, these wavenumbers can be estimated by means of

the Boltzmann approximation, as we show in Section 2.4. In any case, these features are quickly

erased, and a smooth limiting distribution emerges, shown in red. The right panel of Fig. 2 conveys

this asymptotic behavior of the PSD, in terms of the comoving number density of ω. At first nωε

grows rapidly, driven by the parametric resonance. Notice that for a/aend > 180, the resonance peak

in the occupation number progressively shifts towards lower scales. The subsistence of the inflaton

condensate after fragmentation implies the subsistence of a resonance. However, as the inflaton

condensate is more strongly a!ected by redshift after fragmentation, scales sensitive to parametric

resonance also experience a redshift in a similar manner, explaining the progressive shift of the peak

from k/mend ↓ 0.7 (blue curve) to k/mend ↓ 0.4 (red curve) observed in Fig. 2. For a/aend ↭ 300, the

comoving number density freezes, and the e!ect of rescatterings is merely the kinetic redistribution

of energy among modes.

Fig. 3 contains the lattice results for the total energy density of ω, the density of the condensate,

and that of free particles, for a/aend > 102. For definiteness, and in order to connect with the results

of the spectral analysis, we define the condensate component of the energy density as follows [23],

εε =
1

2
ω̇

2 + V (ω) , (2.33)

9

e.g.) V ∝ ϕ4

自己相互作用で相対論的インフラトン粒子生成
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Figure 5. Top, left: Evolution of the total inflaton energy density (blue), the energy density of the inhomo-
geneous inflaton component (red), the energy density of the homogeneous inflaton component (green), and
the DM energy density (yellow), for ω/ε = 104. Right: Comoving number densities for the inflaton quanta
(blue) and the DM quanta (yellow). Bottom, left: the oscillation-averaged total equation-of-state parameter.
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Figure 6. Same as Fig. 5, for ω/ε = 105.

whose value is consistent at early times with the spectral definition of Eq. (3.8), replacing ϑ by
ϖ [25]. In terms of these “components” of ϱω it is easy to see the onset of backreaction in the
oscillating condensate. Non-zero modes are e!ciently populated by rescatterings, draining energy
density from ϖ̄ until ϱεω > ϱ

ω̄
. At this point, the inflaton can be considered as fragmented in favor

of free quanta. As the bottom panels of Figs. 5 and 6 also show, the rapid population of relativistic
ϖ and ϑ modes drives the oscillation-averaged equation-of-state parameter →w↑ close to its radiation-
domination value. Importantly, the depletion of ϱ

ω̄
is rapid and complete. After fragmentation the

inflaton is fully replaced by free particles, which eventually are redshifted by expansion and, in the

– 13 –

非線形性

∵ mϕ = 0 → ρδinf ∝ a−4

ρinf
ρχ

ρδinf

 p/ρ = 0
Matter

 p/ρ = 1/3
Radiation

ρinfρδinf

∝ a −3 ∝ a −4

[Garcia, Pereyra-Flores, 2403.04848] [Garcia, Pierre, 2306.08038]



• 非線形性によるダイナミクス鈍化後の再加熱完了

再加熱・熱化はどのように完了するか？

- 鈍化後は  との相互作用とインフラトンポテンシャルに強く依存．χ

e.g.) V ∝ m2
ϕ ϕ2 e.g.) V ∝ ϕ4

ρrad

ρinf

ρrad∝
a −4

∝ a −3

TR

ρδinf

宇宙膨張で薄められ ( )，ρδinf ∝ a−3 fδinf ≪ 1
→ 摂動的なインフラトン粒子崩壊で再加熱完了

Γδinf→χχ ∼ H ρrad
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再加熱・熱化はどのように完了するか？

- 鈍化後は  との相互作用とインフラトンポテンシャルに強く依存．χ
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Γδinf→χχ ∼ H ρrad
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熱化？→ 次節

Figure 2: Indication of a quasi-equilibrium state in the gauge sector. Left: energy ratio of Higgs
and SU(2) gauge field to U(1) gauge field. The dashed grey horizontal line represents 3 which
corresponds to the ratio of degrees of freedom for the SU(2) gauge field to the one for the U(1)
gauge field (ωW /ωB = 3). Likewise, the red dashed horizontal line represents the same quantity
but for the Higgs doublet (ωH/ωB = 2). Right: occupation number for the Higgs doublet (red
to blue over time). The comoving momentum k is normalized by the inflaton mass. The mean
particle distribution shifts from IR to UV as time progresses.

within certain limits to accommodate running coupling constants or experimental constraints.
The energy densities of fields are defined

ωω → Kω +Gω + V (ε) (8)
ωH → KH +GH + V (H) (9)
ωB → KU(1) +GU(1) (10)
ωW → KSU(2) +GSU(2) , (11)

where V (ε) and V (H) represent the potential of the inflaton and Higgs doublet, respectively.
Fig. 1 shows the energy densities of fields over time for the case where ϑωh = 109 GeV. The
total energy density of the system is still dominated by the energy of the inflaton field, while
the Higgs contributes only a small fraction of the total energy. Due to the strong self-interaction
of the Higgs (ϖh = 10→2), tachyonic production is highly suppressed but its interaction with
the inflaton is su!ciently strong to withstand the dilution by the quadratic inflaton potential
(ωR ↑ a→4 for radiation while ωω ↑ a→3 for the massive inflaton field).

For a qualitative analysis, we illustrate the energy ratio of the Higgs and the SU(2) gauge
field to the U(1) gauge field on the left of Fig. 2. We anticipate observing the equipartition of
energy in the gauge sector as an indication of thermalization, in a ratio of 4:6:2 (or equivalently
2:3:1) corresponding to the degrees of freedom of the Higgs, SU(2) gauge fields, and U(1) gauge
boson, respectively. We have captured the moment of energy equipartition shortly after the end
of inflation (a ↓ 60 or mωt ↓ 700).

We excited initial particle modes for the comoving momentum in the range 5 ↔ k/mω ↔ 10
and evolved the system in the extended range 5 ↔ k/mω ↭ 690. It should be noted that our focus
is on the tail end of spectra in the UV, which could potentially underestimate Higgs production in
the IR. Expanding the momentum window in the IR direction leads to increased energy exchange
due to the increased scattering of particles, necessitating further expansion in the UV direction

4

乱流熱化
分布関数のスケーリング則  
f(k̃τp, τt0)τq = f(k̃, t0)

[Micha, Tkachev ’04; Berges+ ’08; Mambrini+ ’24]

fH

インフラトンからの生成過程
によらない分布関数

UVカスケード



摂動的過程とカスケード
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長寿命インフラトン

• 高エネルギー粒子の生成
-  で抑制された相互作用での崩壊MPl

Tdec ∼ Γϕ MPl ∼
m3

ϕ

M3
Pl

mϕ ≪ mϕ

熱平衡プラズマ w/  Tdec

ϕ
p ∼ mϕ

e.g.,
ϕ

MPl
FμνFμν ⟶ Γϕ ∼

m3
ϕ

M2
Pl

インフラトン粒子崩壊 @ Γϕ ∼ H ∼ T2/MPl

インフラトン粒子崩壊で生成された粒子のエネルギーは熱プラズマの温度より遥かに大きい！



?ϕ

熱平衡プラズマ 

w/  T

p ∼ mϕ ≫ T

暗黒物質生成?
物質・反物質非対称性生成？

宇宙の相転移?
…

→ 高エネルギー粒子生成

熱化

長寿命インフラトン

熱平衡プラズマ w/  T



ϕ

熱平衡プラズマ 
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p ∼ mϕ ≫ T

暗黒物質生成?
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宇宙の相転移?
…

→ 高エネルギー粒子生成

熱化

長寿命インフラトン

熱平衡プラズマ w/  T

∼ T

p ≫ T

高エネルギー粒子のカスケード



• Bethe—Heitler v.s. Landau—Pomeranchuk—Migdal (LPM)

高エネルギ粒子の媒質中でのカスケード

- Bethe—Heitler formula

+ +
g g

g
m2

th ∼ αT2

p ∼ T

運動量によらない分裂率

- LPM 抑制

相殺する干渉

almost collinearp ≫ T

coherent な多重散乱が必要

ΓBH ∼ α3 T3

m2
th

∼ α2T

[Landau, Pomeranchuk; Migdal]



• Bethe—Heitler v.s. Landau—Pomeranchuk—Migdal (LPM)
- Bethe—Heitler formula

+ +
g g

g
m2

th ∼ αT2

ΓBH ∼ α3 T3

m2
th

∼ α2T

p ≫ T
+ …

運動量依存した分裂率, i.e., LPM 抑制

ΓLPM ∼ αt−1
form(p) ∼ α2T ×

T
p

[Arnold, Moore, Yaffe ’01,’02,’03; Arnold, Dogan ’08]

[Landau, Pomeranchuk; Migdal]

p ∼ T

高エネルギ粒子の媒質中でのカスケード

- LPM 抑制

coherent な多重散乱が必要
運動量によらない分裂率



• LPM抑制された分裂による高エネルギー粒子のカスケード

Thermal plasma 

…

…

…

…
…

…
 mϕ ≫ T

律速段階：最初の分裂時間~ Γ−1
LPM(mϕ)

T

高エネルギ粒子の媒質中でのカスケード



• LPM 抑制された標準模型粒子の分裂率

高エネルギー標準模型粒子のカスケード
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ℒ fs(x, p, t) = 𝒮 + 𝒞2↔2[ fs] + 𝒞′￼′￼1↔2′￼′￼
[ fs]

Source 弾性散乱 LPM抑制された分裂

- ボルツマン方程式

e.g., inflaton, PBHs, …

w/ s = ef, Lf, uf, df, Qf, ϕ, B, W, g

𝒞′￼′￼1↔2′￼′￼
[ fs] ⊃ −

(2π)3

p2vs ∑
s′￼,s′￼

∫
p

0
dk γs↔s′￼s′￼′￼

(p; k, p − k) fs(p)

Splitting function

s, p
s′￼, k

s′￼′￼, p − k

+(inverse)

[KM, Yamada 2208.11708;  
Arnold, Morre, Yaffe ’01,’02,’03; Arnold, Dogan ’08]



γs→s′￼s′￼′￼
(p; xp, (1 − x)p) =

1
2

αss′￼s′￼′￼

(2π)4 2
×

P(vac)
s→s′￼s′￼′￼

(x)
x(1 − x)

× μ2
⊥ (1, x, 1 − x; s, s′￼, s′￼′￼)

i.e., 頂点関数の自己無撞着方程式 → 多重散乱補正

• LPM 抑制された標準模型粒子の分裂率
- 標準模型 splitting function

標準模型ゲージ + トップ湯川相互作用
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- 標準模型 splitting function

[KM, Yamada 2208.11708;  
Arnold, Morre, Yaffe ’01,’02,’03; Arnold, Dogan ’08]

標準模型ゲージ + トップ湯川相互作用 LPM 抑制の効果 @LLog

• LPM 抑制された標準模型粒子の分裂率



宇宙の最高温度の抑制

• 瞬間的熱化 v.s. 有限時間熱化 (for inflaton → gluon + gluon)

[KM, Harigaya 1312.3097; KM, Yamada 1506.07661, 2208.11708, 2402.14054]

- 瞬間的熱化
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Figure 2: Spectra at the end of numerical simulations. (left) The blue/brown solid curves represent the hard/thermal spectra
respectively. We also show the initial spectra with the dashed lines in the same color. (right) The red dotted curve represents the
stationary solution corresponding to �split/� ! 0 given in Eq. (3.21). The color codings for the blue solid/dashed and brown
curves are the same as Fig. 1.

The red and green dotted lines represent the fitting functions for ) (C):
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>>>:
0.006 ⇥ Cres for C ⌧ Cmax ,

13 ⇥ C�1/4res for C � Cmax .
(3.17)

All results are in good agreement with the analytic estimations. The asymptotic behavior for C � Cmax is
further confirmed by simulations with di�erent initial conditions as we show in Fig. 4 in Appendix. From
Fig. 1, the numerical coe�cients of the maximal temperature and corresponding time can be determined
as follows:
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These results confirm the analytic estimations (2.20) and (2.15), and the numerical prefactors are de-
termined from our numerical simulations. Note that U and 6¢ are absorbed into the numerical factors
because we substitute the SM values for them.

The blue curves in Fig. 2 show the spectra at the end of numerical simulations. In the left panel, the
initial spectrum (3.5) is represented by the blue dashed curve. The solid (dashed) brown curve represents
the thermal spectrum at the end (beginning) of numerical simulations. See Eqs. (2.17) and (2.18) for

12
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Figure 2: Spectra at the end of numerical simulations. (left) The blue/brown solid curves represent the hard/thermal spectra
respectively. We also show the initial spectra with the dashed lines in the same color. (right) The red dotted curve represents the
stationary solution corresponding to �split/� ! 0 given in Eq. (3.21). The color codings for the blue solid/dashed and brown
curves are the same as Fig. 1.

The red and green dotted lines represent the fitting functions for ) (C):
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13 ⇥ C�1/4res for C � Cmax .
(3.17)

All results are in good agreement with the analytic estimations. The asymptotic behavior for C � Cmax is
further confirmed by simulations with di�erent initial conditions as we show in Fig. 4 in Appendix. From
Fig. 1, the numerical coe�cients of the maximal temperature and corresponding time can be determined
as follows:
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These results confirm the analytic estimations (2.20) and (2.15), and the numerical prefactors are de-
termined from our numerical simulations. Note that U and 6¢ are absorbed into the numerical factors
because we substitute the SM values for them.

The blue curves in Fig. 2 show the spectra at the end of numerical simulations. In the left panel, the
initial spectrum (3.5) is represented by the blue dashed curve. The solid (dashed) brown curve represents
the thermal spectrum at the end (beginning) of numerical simulations. See Eqs. (2.17) and (2.18) for
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Figure 3: Same as Fig. 1 but for the pure SU 𝐿 (left panel) and SO(𝐿) (right panel) YM theories. The blue curve represents the
result of (𝐿 , 𝑀) = (3, 10→1), whereas the brown curves represent the results of (5, 10→2), (5, 10→3), (5, 10→4), and (10, 10→3).

for a significantly smaller gauge coupling constants, the RG running is negligible. In this case, the lower
bound on the initial time, given by the first inequality of (3.11), is more severe than the case of the SM.
Therefore, we instead take 𝑁0 = 5 ↑ 𝑁 (bm)

0 for (𝐿 , 𝑀) = (5, 10→2), (5, 10→3), (5, 10→4), and (10, 10→3).
Figure 3 shows the temperature as a function of time in pure YM theories. To show our results, we

rescale parameters such as

𝑂 (𝑁) = 𝑂res(𝑁)
(
𝑃h(𝑄0)
𝑃 (bm)
h

)2/5 (
𝑁0
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0
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, (3.27)

𝑁𝐿 = 𝑁res
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)3/5 (
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0

)1/2 (
ωsplit(𝑄0)

ωsplit,SM(𝑄0)

)→1
. (3.28)

We plot the results of SU(𝐿) (left panel) and SO(𝐿) (right panel) gauge theory with (𝐿 , 𝑀) = (3, 10→1)
as blue solid curve and those with (5, 10→2), (5, 10→3), (5, 10→4), and (10, 10→3) as brown solid curves.
The brown solid curves overlap and cannot be distinguished from each other. The dotted lines are the
fitting functions of (3.17). The figure shows that all results are consistent with (3.17) after the rescalings.
Moreover, the results of (3.18) and (3.19) can be applied to pure YM theories after the correction from
the di!erence of the splitting rate, ωsplit(𝑄0), is included:
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Figure 2: Spectra at the end of numerical simulations. (left) The blue/brown solid curves represent the hard/thermal spectra
respectively. We also show the initial spectra with the dashed lines in the same color. (right) The red dotted curve represents the
stationary solution corresponding to �split/� ! 0 given in Eq. (3.21). The color codings for the blue solid/dashed and brown
curves are the same as Fig. 1.

The red and green dotted lines represent the fitting functions for ) (C):
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0.006 ⇥ Cres for C ⌧ Cmax ,

13 ⇥ C�1/4res for C � Cmax .
(3.17)

All results are in good agreement with the analytic estimations. The asymptotic behavior for C � Cmax is
further confirmed by simulations with di�erent initial conditions as we show in Fig. 4 in Appendix. From
Fig. 1, the numerical coe�cients of the maximal temperature and corresponding time can be determined
as follows:
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These results confirm the analytic estimations (2.20) and (2.15), and the numerical prefactors are de-
termined from our numerical simulations. Note that U and 6¢ are absorbed into the numerical factors
because we substitute the SM values for them.

The blue curves in Fig. 2 show the spectra at the end of numerical simulations. In the left panel, the
initial spectrum (3.5) is represented by the blue dashed curve. The solid (dashed) brown curve represents
the thermal spectrum at the end (beginning) of numerical simulations. See Eqs. (2.17) and (2.18) for
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瞬間的熱化

宇宙の最高温度の抑制
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Hard-tailの普遍性
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Figure 4: Same as Fig. 3, but the primary particle is injected solely for Q f 0 (upper left), Q3 (upper right), ¡ (middle left), g (middle

right), W (lower left), and B (lower right).

confirm this, we define an asymptotic value of total distributions for each sinj such as

f (asym)
tot,sinj

(p) ¥
X

s
∫s fs(p)

ØØØØ
p<p

(sinj)
asym

, (4.5)

¥ °̃ f̃ (asym)
tot,sinj

µ
p
p0

∂°7/2

. (4.6)

The proportionality constant is determined from numerical calculations for each sinj and is shown in Tabs. 2

and 3 for °̃ = 1. We also show the result of sinj = L f even though it does not reach the scaling solution.

For all cases, f̃ (asym)
tot,sinj

is the same with each other within an error of order 10%. The averaged value is about

22.4, which is consistent with the rough estimation of (3.28).\10 The derivation for different sinj may come

from numerical errors and the fact that the scaling solution is not an exact for a finite p/p0. In particular, a

\10For the case with only gluons, namely for the pure SU(3) gauge theory, we obtain f̃ (asym)
tot ' 11.3 from our numerical calculation.
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Inflaton → gluon + gluon
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Figure 5: Fraction of species s at an energy p, Rs (p). The primary particle is injected solely for e f (upper left), L f (upper right),

u f 0 (middle left), u3 (middle right), and d f (lower left). The dark and light shaded regions represent p < p(s)
asym and p < p(s)

asym0 ,

respectively.

relatively large deviation for sinj = L f come from the fact that the system does not reach the scaling solution

even for p = 10°14p0. For example, the asymptotic values f̃ (asym)
tot,sinj

for sinj = (L f ,W ) change from (19.2, 20.9)

for p/p0 = 10°12 to (21.0, 22.6) for p/p0 = 10°14.

Although the asymptotic behavior for p ø p0 is similar in all cases, the initial cascading process at p º
p0 is different. These features are, however, consistent with the analytic calculations derived in Sec. 3 and

Appendix B. We show a couple of examples of distributions at p º p0 in Fig. 7, where sinj = e f (left panel) and

B (right panel). In the figure, we do not show the delta-function distribution for e f and B . The distributions

of all particles have a consistent dependence with Fig. 2. The cascading process at p º p0 can also be seen in

This is smaller than that for the full SM case by a factor of about two. The difference comes from the fact that some fraction of energy

is transferred into the other SM particles, which have slower thermalization processes. The thermalization rate of the whole sector

is therefore smaller in the full SM case and the resulting asymptotic value f̃ (asym)
tot becomes larger than the case only with gluons.
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• Hard-tailの粒子種の割合はインフラトンの崩壊過程によらない
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Figure 4: Same as Fig. 3, but the primary particle is injected solely for Q f 0 (upper left), Q3 (upper right), ¡ (middle left), g (middle

right), W (lower left), and B (lower right).

confirm this, we define an asymptotic value of total distributions for each sinj such as

f (asym)
tot,sinj

(p) ¥
X

s
∫s fs(p)

ØØØØ
p<p

(sinj)
asym

, (4.5)

¥ °̃ f̃ (asym)
tot,sinj

µ
p
p0

∂°7/2

. (4.6)

The proportionality constant is determined from numerical calculations for each sinj and is shown in Tabs. 2

and 3 for °̃ = 1. We also show the result of sinj = L f even though it does not reach the scaling solution.

For all cases, f̃ (asym)
tot,sinj

is the same with each other within an error of order 10%. The averaged value is about

22.4, which is consistent with the rough estimation of (3.28).\10 The derivation for different sinj may come

from numerical errors and the fact that the scaling solution is not an exact for a finite p/p0. In particular, a

\10For the case with only gluons, namely for the pure SU(3) gauge theory, we obtain f̃ (asym)
tot ' 11.3 from our numerical calculation.
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Figure 4: Same as Fig. 3, but the primary particle is injected solely for Q f 0 (upper left), Q3 (upper right), ¡ (middle left), g (middle

right), W (lower left), and B (lower right).

confirm this, we define an asymptotic value of total distributions for each sinj such as

f (asym)
tot,sinj

(p) ¥
X

s
∫s fs(p)

ØØØØ
p<p

(sinj)
asym

, (4.5)

¥ °̃ f̃ (asym)
tot,sinj

µ
p
p0

∂°7/2

. (4.6)

The proportionality constant is determined from numerical calculations for each sinj and is shown in Tabs. 2

and 3 for °̃ = 1. We also show the result of sinj = L f even though it does not reach the scaling solution.

For all cases, f̃ (asym)
tot,sinj

is the same with each other within an error of order 10%. The averaged value is about

22.4, which is consistent with the rough estimation of (3.28).\10 The derivation for different sinj may come

from numerical errors and the fact that the scaling solution is not an exact for a finite p/p0. In particular, a

\10For the case with only gluons, namely for the pure SU(3) gauge theory, we obtain f̃ (asym)
tot ' 11.3 from our numerical calculation.
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Figure 3: Particle distributions for each species s, rescaled by (p/p0)7/2. The legends for s are shown in the lower right figure. The

primary particle sinj is injected solely for e f (upper left), L f (upper right), u f 0 (middle left), u3 (middle right), and d f (lower left).

The dark and light shaded regions represent p < p(s)
asym and p < p(s)

asym0 , respectively.

Boltzmann equation with p0/T = 1014. The case with sinj = L f does not reach the scaling solution, even in

this scenario, whereas the case with sinj =W reaches the scaling solution at p(W )
asym = 6£10°14p0.

We also define p
(sinj)
asym0 such that Rs(p) ' R(asym)

s for p < p
(sinj)
asym0 for all s except s = L f ,W . This represents

the scale below which the dominant components, such as gluons, reach the scaling regime while particles

with only the slowest SU(2) interactions may not. The results are summarized in Tabs. 2 and 3. In Fig. 3, 4,

5, and 6, the dark and light shaded regions represent p < p(s)
asym and p < p(s)

asym0 , respectively. The difference

between p
(sinj)
asym and p

(sinj)
asym0 represents how slowly s = L f and W reach the scaling solution, even after the other

species achieve this.

In Sec. 3.2, we discuss that the asympotic value of total distribution f̃ (asym)
tot is independent of sinj. To

21

Inflaton → Higgs + Higgs

[KM, Yamada 2208.11708]Hard-tailの普遍性
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Figure 3: Particle distributions for each species s, rescaled by (p/p0)7/2. The legends for s are shown in the lower right figure. The

primary particle sinj is injected solely for e f (upper left), L f (upper right), u f 0 (middle left), u3 (middle right), and d f (lower left).

The dark and light shaded regions represent p < p(s)
asym and p < p(s)

asym0 , respectively.

Boltzmann equation with p0/T = 1014. The case with sinj = L f does not reach the scaling solution, even in

this scenario, whereas the case with sinj =W reaches the scaling solution at p(W )
asym = 6£10°14p0.

We also define p
(sinj)
asym0 such that Rs(p) ' R(asym)

s for p < p
(sinj)
asym0 for all s except s = L f ,W . This represents

the scale below which the dominant components, such as gluons, reach the scaling regime while particles

with only the slowest SU(2) interactions may not. The results are summarized in Tabs. 2 and 3. In Fig. 3, 4,

5, and 6, the dark and light shaded regions represent p < p(s)
asym and p < p(s)

asym0 , respectively. The difference

between p
(sinj)
asym and p

(sinj)
asym0 represents how slowly s = L f and W reach the scaling solution, even after the other

species achieve this.

In Sec. 3.2, we discuss that the asympotic value of total distribution f̃ (asym)
tot is independent of sinj. To
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Figure 4: Same as Fig. 3, but the primary particle is injected solely for Q f 0 (upper left), Q3 (upper right), ¡ (middle left), g (middle

right), W (lower left), and B (lower right).

confirm this, we define an asymptotic value of total distributions for each sinj such as

f (asym)
tot,sinj

(p) ¥
X

s
∫s fs(p)

ØØØØ
p<p

(sinj)
asym

, (4.5)

¥ °̃ f̃ (asym)
tot,sinj

µ
p
p0

∂°7/2

. (4.6)

The proportionality constant is determined from numerical calculations for each sinj and is shown in Tabs. 2

and 3 for °̃ = 1. We also show the result of sinj = L f even though it does not reach the scaling solution.

For all cases, f̃ (asym)
tot,sinj

is the same with each other within an error of order 10%. The averaged value is about

22.4, which is consistent with the rough estimation of (3.28).\10 The derivation for different sinj may come

from numerical errors and the fact that the scaling solution is not an exact for a finite p/p0. In particular, a

\10For the case with only gluons, namely for the pure SU(3) gauge theory, we obtain f̃ (asym)
tot ' 11.3 from our numerical calculation.
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Figure 2: Indication of a quasi-equilibrium state in the gauge sector. Left: energy ratio of Higgs
and SU(2) gauge field to U(1) gauge field. The dashed grey horizontal line represents 3 which
corresponds to the ratio of degrees of freedom for the SU(2) gauge field to the one for the U(1)
gauge field (ωW /ωB = 3). Likewise, the red dashed horizontal line represents the same quantity
but for the Higgs doublet (ωH/ωB = 2). Right: occupation number for the Higgs doublet (red
to blue over time). The comoving momentum k is normalized by the inflaton mass. The mean
particle distribution shifts from IR to UV as time progresses.

within certain limits to accommodate running coupling constants or experimental constraints.
The energy densities of fields are defined

ωω → Kω +Gω + V (ε) (8)
ωH → KH +GH + V (H) (9)
ωB → KU(1) +GU(1) (10)
ωW → KSU(2) +GSU(2) , (11)

where V (ε) and V (H) represent the potential of the inflaton and Higgs doublet, respectively.
Fig. 1 shows the energy densities of fields over time for the case where ϑωh = 109 GeV. The
total energy density of the system is still dominated by the energy of the inflaton field, while
the Higgs contributes only a small fraction of the total energy. Due to the strong self-interaction
of the Higgs (ϖh = 10→2), tachyonic production is highly suppressed but its interaction with
the inflaton is su!ciently strong to withstand the dilution by the quadratic inflaton potential
(ωR ↑ a→4 for radiation while ωω ↑ a→3 for the massive inflaton field).

For a qualitative analysis, we illustrate the energy ratio of the Higgs and the SU(2) gauge
field to the U(1) gauge field on the left of Fig. 2. We anticipate observing the equipartition of
energy in the gauge sector as an indication of thermalization, in a ratio of 4:6:2 (or equivalently
2:3:1) corresponding to the degrees of freedom of the Higgs, SU(2) gauge fields, and U(1) gauge
boson, respectively. We have captured the moment of energy equipartition shortly after the end
of inflation (a ↓ 60 or mωt ↓ 700).

We excited initial particle modes for the comoving momentum in the range 5 ↔ k/mω ↔ 10
and evolved the system in the extended range 5 ↔ k/mω ↭ 690. It should be noted that our focus
is on the tail end of spectra in the UV, which could potentially underestimate Higgs production in
the IR. Expanding the momentum window in the IR direction leads to increased energy exchange
due to the increased scattering of particles, necessitating further expansion in the UV direction

4

��� ��� ��� ��� ���� ����
��-�

��-�

���

���

���

<latexit sha1_base64="15y7fpc6W0rUGfr0xEaueyDUWV0="></latexit>

¡

<latexit sha1_base64="OwT9JMnoUgMYFM0A2SksD8tbdcc="></latexit>g

<latexit sha1_base64="k3KP2px37jmTO14EmiliGgJKs48="></latexit>

L f

<latexit sha1_base64="tCvvNe9xddSo657WuakuvBCAFFQ="></latexit>

u f 0 u3 d f

<latexit sha1_base64="hbWPrP0f7ezO+selrBeWVlU1DFY="></latexit>e f
<latexit sha1_base64="8xDpCGfJhH+Ghet84/hqSnLM/Ho="></latexit>

B

<latexit sha1_base64="VGZK9RP/BUNYmir77ycR657v6Bo="></latexit>

W<latexit sha1_base64="1CsdFlRgJL3ZF3GXpiiiI2oZqdw="></latexit>

Q f 0 <latexit sha1_base64="KNPV0nTAXxSYclFqse4/U4f76OY="></latexit>

Q3

��� ��� ��� ��� ���� ����
��-�

��-�

���

���

���
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confirm this, we define an asymptotic value of total distributions for each sinj such as
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The proportionality constant is determined from numerical calculations for each sinj and is shown in Tabs. 2

and 3 for °̃ = 1. We also show the result of sinj = L f even though it does not reach the scaling solution.

For all cases, f̃ (asym)
tot,sinj

is the same with each other within an error of order 10%. The averaged value is about

22.4, which is consistent with the rough estimation of (3.28).\10 The derivation for different sinj may come

from numerical errors and the fact that the scaling solution is not an exact for a finite p/p0. In particular, a

\10For the case with only gluons, namely for the pure SU(3) gauge theory, we obtain f̃ (asym)
tot ' 11.3 from our numerical calculation.
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乱流熱化
分布関数のスケーリング則 

インフラトンからの生成過程によら
ない分布関数 

標準模型プラズマの指数は?

高エネルギー粒子のカスケード
インフラトンからの生成過程によらない分布関数

[KM, Harigaya 1312.3097; KM, 
Yamada, 2208.11708, 2402.14054]
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摂動的再加熱と高周波重力波

• 高周波重力波生成チャネル
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Figure 5: GW background spectrum predicted in our model. We have taken TR = 109 GeV
(upper left), 1010 GeV (upper right), 1011 GeV (lower left), 1012 GeV (lower right). The new
contribution from the inflaton decay to the gravitons due to the Gauss-Bonnet term is shown
by the “reheating(GB)” line. The reheating GWs, which would be expected if there were
no Gauss-Bonnet term, is shown by the “reheating(w/o GB)” line. The inflationary GWs
is shown by the “inflation” line, the bremsstrahlung GW is shown by the “brems” line and
GWs from thermal bath is shown by the “thermal” line. Also shown are sensitivity curves
of future GW observation: SKA, LISA, DECIGO and ET from left to right.
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