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導入



インフレーション宇宙論

• 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)

- 地平線・平坦性問題を解く 

- 宇宙構造形成の種を与える 

- やや赤傾したスペクトルを予言する
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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:
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=

0.966; and
⇣
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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,
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= 1.04,
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⌘
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= 1.0, and
⇣
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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-
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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.
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トークの概要

• 導入 

• インフレーション後の宇宙の再加熱・熱化 

• 高エネルギー標準模型粒子の媒質中でのカスケード
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• 観測的にはほぼ何も分かってない． 

• 宇宙の熱史に大きな影響
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<latexit sha1_base64="Xik936Vk10+qxI6p4++wjgP7Tus="></latexit>
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結合
大

結合小
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<latexit sha1_base64="JBw4wh2aWtyoFPTQpFl8X0op8mQ="></latexit>

fSM(p, t )

<latexit sha1_base64="Bghc8MhpeIuKASRzwidWLJEZZS4="></latexit>p

<latexit sha1_base64="QvhMMyExqgr1gI4NqYir8qMZ7cw="></latexit>

1非熱的固定点

<latexit sha1_base64="WSvSEbJ47hvYbsQYP+DGzhHOUJU="></latexit>

¡¡ · · ·! SMSM非摂動的粒子
生成

摂動的粒子生
成

Standard Model 
+ …

非平衡状態　　　　　
インフラトン凝縮
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<latexit sha1_base64="QvhMMyExqgr1gI4NqYir8qMZ7cw="></latexit>
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<latexit sha1_base64="3kQSQqxLK2aM0RW56VF9jidLaTc="></latexit>

T
<latexit sha1_base64="wEi4dX14i4/y1MlbosiyTmmmTEw="></latexit>
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トークの概要

• 導入 

• インフレーション後の宇宙の再加熱・熱化 

• 高エネルギー標準模型粒子の媒質中でのカスケード



• Landau-Pomeranchuk-Migdal 効果

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

¡

<latexit sha1_base64="TqDqVA1r3Fp9UzNa94/amCcWQ2M="></latexit>

m¡¿ T

長寿命インフラトンと希薄な熱プラズマ

時間

<latexit sha1_base64="1zdxK/4uMf2V5uV8TP4TaiX6dWM="></latexit>Ωinf

<latexit sha1_base64="jhG9aYRaQNQm+TQYsW+6s2cvQt8="></latexit>Ωrad

<latexit sha1_base64="MqZFld7y0y/jzRq9zPWEV7+yRgo="></latexit>

t ª °°1
inf

エネルギー
密度

- 宇宙時間で熱化する条件
← 宇宙膨張率律速 →

相殺的干渉

<latexit sha1_base64="RpYHc5YVRCb+/t50/P7xODJg74s="></latexit>m¡

<latexit sha1_base64="eWDXIQPEXpLI1sfSlB2bb+BP/SA="></latexit>

°split > H



• Landau-Pomeranchuk-Migdal 効果
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<latexit sha1_base64="RpYHc5YVRCb+/t50/P7xODJg74s="></latexit>m¡
+ +…

<latexit sha1_base64="qtOCM/yrtrfC6ZtM9NS9bmN4Bn4="></latexit>

°split ªÆ2T £
s

T
m¡

Bethe-Heitler LPM抑制
[Arnold, Moore, Yaffe ’01,’02,’03; 

Arnold, Dogan ’08]

[Landau, Pomeranchuk; Migdal]

<latexit sha1_base64="eWDXIQPEXpLI1sfSlB2bb+BP/SA="></latexit>

°split > H

[KM, Harigaya 1312.3097]



• Landau-Pomeranchuk-Migdal 効果

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

¡

<latexit sha1_base64="TqDqVA1r3Fp9UzNa94/amCcWQ2M="></latexit>

m¡¿ T

長寿命インフラトンと希薄な熱プラズマ

時間

<latexit sha1_base64="1zdxK/4uMf2V5uV8TP4TaiX6dWM="></latexit>Ωinf

<latexit sha1_base64="jhG9aYRaQNQm+TQYsW+6s2cvQt8="></latexit>Ωrad

<latexit sha1_base64="MqZFld7y0y/jzRq9zPWEV7+yRgo="></latexit>

t ª °°1
inf

エネルギー
密度

- 宇宙時間で熱化する条件
← 宇宙膨張率律速 →

<latexit sha1_base64="RpYHc5YVRCb+/t50/P7xODJg74s="></latexit>m¡
+ +…

<latexit sha1_base64="qtOCM/yrtrfC6ZtM9NS9bmN4Bn4="></latexit>

°split ªÆ2T £
s

T
m¡

Bethe-Heitler LPM抑制

[Landau, Pomeranchuk; Migdal]

<latexit sha1_base64="eWDXIQPEXpLI1sfSlB2bb+BP/SA="></latexit>

°split > H
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<latexit sha1_base64="QvhMMyExqgr1gI4NqYir8qMZ7cw="></latexit>

1

<latexit sha1_base64="3kQSQqxLK2aM0RW56VF9jidLaTc="></latexit>

T
<latexit sha1_base64="wEi4dX14i4/y1MlbosiyTmmmTEw="></latexit>

m¡/2

<latexit sha1_base64="vdwHL40Z6LFcOHakSjDoFiZb+3c="></latexit>

3£10 11
GeV& T

例) Starobinsky inflation

散逸

湧き出し項

<latexit sha1_base64="JBw4wh2aWtyoFPTQpFl8X0op8mQ="></latexit>

fSM(p, t )

[KM, Harigaya 1312.3097]

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



• LPM-suppressed splitting functions

高エネルギー標準模型粒子のカスケード

vacuum DGLAP 
splitting function

<latexit sha1_base64="zyvYi+MUpa8fizygtvFDLejMaKA="></latexit>

P (vac)
s!s0s00(x) :

<latexit sha1_base64="FKpVBLhW8xXtkJkUsAyEOxUA4XU="></latexit>

∞s!s0s00(p; xp, (1°x)p) = 1
2

Æss0s00

(2º)4
p

2
£

P (vac)
s!s0s00(x)

x(1°x)
£µ2

?
°
1, x,1°x; s, s0, s00

¢

[KM, Yamada 2208.11708]

- 標準模型ゲージ相互作用 + top湯川相互作用

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

¡

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

V (¡) Standard Model
<latexit sha1_base64="h8MS0ivz7aWo4aYyOdIZrBqCkKI="></latexit>u f

<latexit sha1_base64="uMwgDW2e/TlDpb8tMCTf/QEndWA="></latexit>

d f
<latexit sha1_base64="EuDxezUAcmWrfQf2zfJFKeaZolk="></latexit>

Q f

<latexit sha1_base64="dgv2UAFHlumfsyskOUoQVpdxQTw="></latexit>e f
<latexit sha1_base64="1MMVexVT4u/Fv77/z2nnxTeABG4="></latexit>

L f

<latexit sha1_base64="f7JSlkcsaBmsDwSmaNsdscRfz6g="></latexit>

©
<latexit sha1_base64="XK2VfkLu4ZVoa7OxnYTiHx+Wa7A="></latexit>

Bµ
<latexit sha1_base64="MhbHWkGeViqtsntcXj66hvgNc08="></latexit>

Wµ
<latexit sha1_base64="cLCmRfjmWLzIl7xsVikFX62/UbY="></latexit>gµ

レプトン クォーク ヒッグス U(1) SU(2) SU(3)

?

<latexit sha1_base64="gg3LT5jeVmu7dXBfEpuO9P0qVL4="></latexit>s
<latexit sha1_base64="gg3LT5jeVmu7dXBfEpuO9P0qVL4="></latexit>s

<latexit sha1_base64="X6iR+SMORKlFLTfuup3y1JX3MZE="></latexit>ga

<latexit sha1_base64="abtI6eusmbBLCl1CCFzKOgDzlbg="></latexit>

Æsga s = d (a)
Rs

C (a)
Rs
Æa

<latexit sha1_base64="ihHVfJJT6Xlys48kMeEdWJe3+7U="></latexit>u3

<latexit sha1_base64="Hl43VnNJMZTFrae7u45lrF55+YE="></latexit>

¡

<latexit sha1_base64="RCcqrUyv6DAQU4aOUlLs3kOIK9w="></latexit>

Q3

<latexit sha1_base64="LWIMLxMKWrGqqfGVwc3yY6ESFXE="></latexit>Æu3¡Q3 =Æt

- 媒質中の干渉 → LPM効果
self-consistent eq.

= + + + +…

↪︎ Leading Logは解析的に求まる．
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<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

��� ��� ��� ��� ���� ����
��-�

��-�

���

���

���

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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• 普遍的な分布に漸近 @ p ≪ インフラトン質量��� ��� ��� ��� ���� ����
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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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Inflaton → gluon + gluon

高エネルギー標準模型粒子のカスケード

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

¡

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

V (¡) Standard Model
<latexit sha1_base64="h8MS0ivz7aWo4aYyOdIZrBqCkKI="></latexit>u f

<latexit sha1_base64="uMwgDW2e/TlDpb8tMCTf/QEndWA="></latexit>

d f
<latexit sha1_base64="EuDxezUAcmWrfQf2zfJFKeaZolk="></latexit>

Q f

<latexit sha1_base64="dgv2UAFHlumfsyskOUoQVpdxQTw="></latexit>e f
<latexit sha1_base64="1MMVexVT4u/Fv77/z2nnxTeABG4="></latexit>

L f

<latexit sha1_base64="f7JSlkcsaBmsDwSmaNsdscRfz6g="></latexit>

©
<latexit sha1_base64="XK2VfkLu4ZVoa7OxnYTiHx+Wa7A="></latexit>

Bµ
<latexit sha1_base64="MhbHWkGeViqtsntcXj66hvgNc08="></latexit>

Wµ
<latexit sha1_base64="cLCmRfjmWLzIl7xsVikFX62/UbY="></latexit>gµ

レプトン クォーク ヒッグス U(1) SU(2) SU(3)

?

Inflaton → Higgs + Higgs
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<latexit sha1_base64="15y7fpc6W0rUGfr0xEaueyDUWV0="></latexit>

¡

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

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

L f

<latexit sha1_base64="VjH80kvEh2+ioRfVUpFw1MUEndc="></latexit>

Q f 0 Q3

<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
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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.

23
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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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普遍的な分布に漸近 @ p ≪ インフラトン質量

[KM, Yamada 2208.11708]
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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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↪︎ 例: UV insensitiveな暗黒物質生成

まだできてないこと
-ジェットの非一様な発展？ 
-局所高温領域？ 

- …

[KM, Harigaya 1312.3097, KM, Yamada 2208.11708]
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More on  
in-medium cascades of  high-energy SM particles

• LPM-suppressed splitting functions
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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
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asym

, (4.5)
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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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• Universality for p ≪ Inflaton mass 

• UV-insensitive Dark Matter production 

• Baryogenesis: e.g., via reactivating sphaleron @ T < 102 GeV

Implications of cascading high-energy tail
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Independent of Inflaton decay

[KM, Yamada 2208.11708]

- Requires inhomogeneous studies… [Shaposhnikov+ 0310100; Jaeckel, Yin 2206.06376]
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