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素粒子論的宇宙論 
と非平衡多体系の物理

0.
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素粒子論・初期宇宙論
導入

時間
カイラル
U(1)Y x SU(2)w x SU(3)c

NASA

wikipedia
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素粒子論・初期宇宙論
‣ 標準宇宙論の構成要素が素粒子標準模型には無い

インフレーション
バリオン非対称性
暗黒物質
ν質量

階層性問題
強いCP問題

世代構造
ゲージ群構造

時間

素粒子標準模型で説明できないこと

➡ “Beyond Standard Model”を示唆．

๏高エネルギー理論の実験室としての初期宇宙
- 観測された宇宙を説明できるか？　観測可能な痕跡を残していないか？

非平衡多体系の物理をおさえておきたい．

導入

NASA
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素粒子論・初期宇宙論と非平衡多体系の物理
‣ 宇宙の熱史と非平衡多体系

- ガモフの基準：宇宙膨張 (H) v.s. 相互作用 (Γ)

- 素粒子プラズマ間の相互作用- 宇宙の時間発展のスケール
<latexit sha1_base64="5F0z+WTpxbpb2fe/atSWcvsV2wo="></latexit>

H ¥ ȧ

a

<latexit sha1_base64="XTMBtff3wCLpF/febKBZHWvXS4I="></latexit>

H
2 = Ω

3M
2
Pl

Hubble parameter :

Friedmann方程式 (Einstein方程式)

エネルギー密度
relativistic plasma H ~ T2/MPl

●の相互作用/時間
<latexit sha1_base64="WJdRUSTOia7MRIKUkvwfIEm3YgI="></latexit>

°•

熱平衡状態 (結合)
<latexit sha1_base64="8nwNVMkvOJO2s0ZrbunPHVaTxBM="></latexit>

°> H

relativistic plasma :  Γ ~ α2T v.s. H ~ T2/MPl

non-relativistic :  Γ ~ (mT)3/2 e-m/T α2/m2  
非熱平衡状態 (脱結合)

<latexit sha1_base64="uIz/uRM2zOGoVb9PS8iLjyzvDuE="></latexit>

°< H

■の相互作用/時間
<latexit sha1_base64="7lG9G+9U6pAmXFQeWxBEc9x6/4M="></latexit>

°Á

➡ 時間発展に応じて相互作用が結合・脱結合していく．

非平衡過程が宇宙の時間発展を理解する上で重要．

<latexit sha1_base64="WJdRUSTOia7MRIKUkvwfIEm3YgI="></latexit>

°•
<latexit sha1_base64="7lG9G+9U6pAmXFQeWxBEc9x6/4M="></latexit>

°Á
<latexit sha1_base64="kxhLymn0+HSC6fzIO8yQJjkK5js="></latexit>¿

導入
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今日話すこと

{

<latexit sha1_base64="UoMTRU4GnFqQDafI1ZQQmjX9xt8="></latexit>

インフレーション ビッグバン軽元素合成 (1s)?
1.再加熱過程　2.暗黒物質生成　3.バリオン非対称性生成

導入
NASA



再加熱過程
1.
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Ωinf
<latexit sha1_base64="VOLznJtth0n8GhRhVNBKZDIr3fc="></latexit>

Ωrad
<latexit sha1_base64="EN1Hpf04f1plNnEPeKCi5ankiSU="></latexit>

時間<latexit sha1_base64="o/0HUvsyQUH/6AGqwVrM3JpgIpA="></latexit>

TR

再加熱過程

8

インフレーション後の熱い宇宙の生成過程

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

‣ 再加熱過程の特に何が知りたいか？

‣ 観測的に分かっていることはほとんどない．
<latexit sha1_base64="1unEhfM2xt1v3OtZbxu/KpsZcsE="></latexit>

1016 GeV& TR ¿ TBBN ª 1MeV

➡ 暗黒物質・バリオン非対称性生成に影響を与える (後述).

時間

インフレーション 再加熱中 (インフラトン振動期) 再加熱完了
<latexit sha1_base64="tRX6Q4M9XGz33VMtzbbz02WBseY="></latexit>

°¡ ª H

- 粒子生成とその熱化は？　宇宙の最高温度は？ 
- 再加熱完了時の宇宙の温度, i.e., 再加熱温度 (TR)は？

radiation

<latexit sha1_base64="q4E0bZwJijaNtGy+DPxuunONIho="></latexit>

! TR ª (°¡MPl)
1/2<latexit sha1_base64="sV/v63Qp215T7yHqwVwiNZSS5+Q="></latexit>

°¡ < H
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インフラトン振動期と粒子生成
‣ インフラトンと”radiation”の間に相互作用が必要．

‣ 非摂動的粒子生成と摂動的粒子生成

<latexit sha1_base64="MtwVqkf9CFUv43cng/xpmw2vqog="></latexit>

¡ Radiation

<latexit sha1_base64="7D+PUurewJYJ04Qa813SxdE9U00="></latexit>

¡

§
Fµ∫Fµ∫

<latexit sha1_base64="iE/Q09WjLD4TkFSQ4I1Sx9R+fP0="></latexit>

∏¡2|H |2

<latexit sha1_base64="spusN6pohb87Y6Yg4HsDK1Ua6m0="></latexit>

¡

§
@ · Ji

<latexit sha1_base64="squgEb5dn9DqVjSG/FXJgSMIwbk="></latexit>

¡

§
Fµ∫F̃µ∫

例)

- 生成される粒子の分散関係が時間依存
<latexit sha1_base64="iE/Q09WjLD4TkFSQ4I1Sx9R+fP0="></latexit>

∏¡2|H |2例)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="hLoW8+aDW+UWiALbb8uwYcKMzMk="></latexit>

≤¥
ØØØØØ
!̇k (t )

!2
k (t )

ØØØØØ

<latexit sha1_base64="pTVeQzFZhd743RtK7qCZS/fFyfE="></latexit>

!k (t ) '
q

k2 +∏¡̄2 cos2(m¡t )

Adiabaticity :  非摂動的粒子生成<latexit sha1_base64="Ti0QwpB8f6EyOW+JNKYKz/P/1wM="></latexit>

≤¿ 1

<latexit sha1_base64="TTWlj8QinyxpZtQZg54DEXNdP7E="></latexit>

≤ø 1 :  摂動的粒子生成

例)

<latexit sha1_base64="REGasp9Rjy+/H8lcH/y9Dl5TjRs="></latexit>

¡¡! H
†

H例)

(broad resonance, tachyonic resonance,…)

<latexit sha1_base64="5OJl5JD5ZBYYS2h5DWZUXg1Yr9c="></latexit>

¡¡¡ · · ·! H
†

H +·· ·
 e.g., Kofman, Linde, Starobinsky 9704452 

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄
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再加熱過程
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再加熱完了までの過程
‣ 時間発展の典型的な描像 (詳細は強く模型依存)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)
<latexit sha1_base64="qVuEhAXk55WzcKnGeW70sNsrxYA="></latexit>

≤¿ 1

<latexit sha1_base64="+ni3Zq4llPUzNA7T3ZjBSZKJ5hQ="></latexit>

≤ø 1

- 摂動的粒子生成

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

- 非摂動的粒子生成

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄
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再加熱過程
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再加熱完了までの過程
‣ 時間発展の典型的な描像 (詳細は強く模型依存)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)
<latexit sha1_base64="qVuEhAXk55WzcKnGeW70sNsrxYA="></latexit>

≤¿ 1

<latexit sha1_base64="+ni3Zq4llPUzNA7T3ZjBSZKJ5hQ="></latexit>

≤ø 1

- 摂動的粒子生成

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="nPK9Qln5AZHmDiHLKN11lpffHi4="></latexit>

m¡ø Tw.b.

- 非摂動的粒子生成

<latexit sha1_base64="uGPCpwH+SQmPhZtlpb//DRIGoL0="></latexit>

°¡ ª H

<latexit sha1_base64="7pW+F76dYn5xUtb/fv/pZ+IViOM="></latexit>

m¡¿ Tw.b.

<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

Planck-suppressed相互作用など

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="MzuqlfS7kiN/rEdDn4ODYPDfzIo="></latexit>

¡

MPl
Fµ∫Fµ∫例) <latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

KM+ 1312.3097, 1402.2846 

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄
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再加熱過程
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再加熱完了までの過程
‣ 時間発展の典型的な描像 (詳細は強く模型依存)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)
<latexit sha1_base64="qVuEhAXk55WzcKnGeW70sNsrxYA="></latexit>

≤¿ 1

<latexit sha1_base64="+ni3Zq4llPUzNA7T3ZjBSZKJ5hQ="></latexit>

≤ø 1

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

- 非摂動的粒子生成

<latexit sha1_base64="uGPCpwH+SQmPhZtlpb//DRIGoL0="></latexit>

°¡ ª H

<latexit sha1_base64="i5rkWLLgzHvLfiqvwKW1e85vglI="></latexit>

°¡(T ) ª H

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)- 摂動的粒子生成 <latexit sha1_base64="nPK9Qln5AZHmDiHLKN11lpffHi4="></latexit>

m¡ø Tw.b.
インフラトンの崩壊率 (ΓΦ)
→ 多体効果が無視できない.

例)
<latexit sha1_base64="sriqYe4yLx7A8Fob3+hlp2TU3Vg="></latexit>

y¡√√

<latexit sha1_base64="IL5yIg8G984Tid5bOyFVQuI0ES8="></latexit>

°¡ ª y2m¡

<latexit sha1_base64="rSpiPPHBSSy9TwstIEfWCIum3hA="></latexit>

°¡(T ) ª y2ÆT

真空 有限温度

<latexit sha1_base64="/xrX7W4RD0HFNVb75x0Jcu5SRDs="></latexit>

¡
<latexit sha1_base64="PiXq6VbFmad4hQKECoJdd9AZa90="></latexit>

√

<latexit sha1_base64="7pW+F76dYn5xUtb/fv/pZ+IViOM="></latexit>

m¡¿ Tw.b.

<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

Planck-suppressed相互作用など

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="MzuqlfS7kiN/rEdDn4ODYPDfzIo="></latexit>

¡

MPl
Fµ∫Fµ∫例)

KM+ 1312.3097, 1402.2846 

KM, Nakayama 1208.3399, 1212.4985 

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄
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再加熱過程
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再加熱完了までの過程
‣ 時間発展の典型的な描像 (詳細は強く模型依存)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)
<latexit sha1_base64="qVuEhAXk55WzcKnGeW70sNsrxYA="></latexit>

≤¿ 1

<latexit sha1_base64="+ni3Zq4llPUzNA7T3ZjBSZKJ5hQ="></latexit>

≤ø 1

- 摂動的粒子生成

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="nPK9Qln5AZHmDiHLKN11lpffHi4="></latexit>

m¡ø Tw.b.
インフラトンの崩壊率 (ΓΦ)
→ 多体効果が無視できない.

例)
<latexit sha1_base64="sriqYe4yLx7A8Fob3+hlp2TU3Vg="></latexit>

y¡√√

<latexit sha1_base64="IL5yIg8G984Tid5bOyFVQuI0ES8="></latexit>

°¡ ª y2m¡

<latexit sha1_base64="rSpiPPHBSSy9TwstIEfWCIum3hA="></latexit>

°¡(T ) ª y2ÆT

真空 有限温度

<latexit sha1_base64="/xrX7W4RD0HFNVb75x0Jcu5SRDs="></latexit>

¡
<latexit sha1_base64="PiXq6VbFmad4hQKECoJdd9AZa90="></latexit>

√

<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

- 非摂動的粒子生成

例)
<latexit sha1_base64="iE/Q09WjLD4TkFSQ4I1Sx9R+fP0="></latexit>

∏¡2|H |2
<latexit sha1_base64="60TuMpfLcEER5zmI/S0x4Vz6D1s="></latexit>

∏¡̄2 ¿ m2
¡の時

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="i5rkWLLgzHvLfiqvwKW1e85vglI="></latexit>

°¡(T ) ª H
<latexit sha1_base64="uGPCpwH+SQmPhZtlpb//DRIGoL0="></latexit>

°¡ ª H

backreaction

cosmic expansion

Turbulent thermalization

<latexit sha1_base64="7pW+F76dYn5xUtb/fv/pZ+IViOM="></latexit>

m¡¿ Tw.b.

<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

Planck-suppressed相互作用など

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="MzuqlfS7kiN/rEdDn4ODYPDfzIo="></latexit>

¡

MPl
Fµ∫Fµ∫例)

KM+ 1312.3097, 1402.2846 

KM, Nakayama 1208.3399, 1212.4985 

Micha, Tkachev 0403101
 Berges, Sexty 1201.0687

“over-occupied” soft modes

 e.g., Kofman, Linde, Starobinsky 9704452 

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄

繰り込み可能相互作用
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再加熱過程
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再加熱完了までの過程
‣ 時間発展の典型的な描像 (詳細は強く模型依存)

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)
<latexit sha1_base64="qVuEhAXk55WzcKnGeW70sNsrxYA="></latexit>

≤¿ 1

<latexit sha1_base64="+ni3Zq4llPUzNA7T3ZjBSZKJ5hQ="></latexit>

≤ø 1

<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡
<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

- 非摂動的粒子生成
繰り込み可能相互作用
例)

<latexit sha1_base64="iE/Q09WjLD4TkFSQ4I1Sx9R+fP0="></latexit>

∏¡2|H |2
<latexit sha1_base64="60TuMpfLcEER5zmI/S0x4Vz6D1s="></latexit>

∏¡̄2 ¿ m2
¡の時

“over-occupied” soft modes

<latexit sha1_base64="ZjD3c5b7Gl68kpSXPxymm2yXaZo="></latexit>

¡

<latexit sha1_base64="5MQYdDF9WrJtc5whF+63jDYvmUA="></latexit>

V (¡)

<latexit sha1_base64="i5rkWLLgzHvLfiqvwKW1e85vglI="></latexit>

°¡(T ) ª H
<latexit sha1_base64="uGPCpwH+SQmPhZtlpb//DRIGoL0="></latexit>

°¡ ª H

backreaction

cosmic expansion

Turbulent thermalization

- 摂動的粒子生成 <latexit sha1_base64="nPK9Qln5AZHmDiHLKN11lpffHi4="></latexit>

m¡ø Tw.b.
インフラトンの崩壊率 (ΓΦ)
→ 多体効果が無視できない.

例)
<latexit sha1_base64="sriqYe4yLx7A8Fob3+hlp2TU3Vg="></latexit>

y¡√√

<latexit sha1_base64="IL5yIg8G984Tid5bOyFVQuI0ES8="></latexit>

°¡ ª y2m¡

<latexit sha1_base64="rSpiPPHBSSy9TwstIEfWCIum3hA="></latexit>

°¡(T ) ª y2ÆT

真空 有限温度

<latexit sha1_base64="/xrX7W4RD0HFNVb75x0Jcu5SRDs="></latexit>

¡
<latexit sha1_base64="PiXq6VbFmad4hQKECoJdd9AZa90="></latexit>

√

<latexit sha1_base64="7pW+F76dYn5xUtb/fv/pZ+IViOM="></latexit>

m¡¿ Tw.b.

<latexit sha1_base64="89MPB9d8Qtc/UgNzjvSApaSEiY8="></latexit>

frad(p)

<latexit sha1_base64="TW9BGCP4UIktlisE0WXZDn/e7v0="></latexit>

Tw.b.

<latexit sha1_base64="VkMAoD/YXpgc9i4f42hk98UQ8Nk="></latexit>

1

Planck-suppressed相互作用など

<latexit sha1_base64="KSdCYIvP4djWsmFVkk+brndyr+I="></latexit>p
<latexit sha1_base64="rcsTGU+tIFninlZxzL7YUZ8NVZM="></latexit>m¡

<latexit sha1_base64="MzuqlfS7kiN/rEdDn4ODYPDfzIo="></latexit>

¡

MPl
Fµ∫Fµ∫例)

KM+ 1312.3097, 1402.2846 

KM, Nakayama 1208.3399, 1212.4985 

Micha, Tkachev 0403101
 Berges, Sexty 1201.0687

 e.g., Kofman, Linde, Starobinsky 9704452 

<latexit sha1_base64="38J725pnjn8iKeT6kHv8K9F/Dss="></latexit>

¡̄



暗黒物質生成
2.
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暗黒物質とは？
分かっていること
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‣ 観測的に許される質量の範囲

Mass 
[GeV]

1046
<latexit sha1_base64="EtpaCjD0j48hVGlIY/G2Mpth+1E="></latexit>

10°31
<latexit sha1_base64="Mwm2jDl4+DiISE10DXRoVoJFaqw="></latexit>

1040
<latexit sha1_base64="bj1PBRgYAMGtofYGKhixAFnVcXk="></latexit>

PBH

10°10
<latexit sha1_base64="RbFtr4h/zALbViA4XMfNL630sfk="></latexit>

Ultralight 
boson DM

Boson

105
<latexit sha1_base64="gOAuln0X7Br3f71YE5yvMQqkf0I="></latexit>

Unitarity

WIMPQCD
axion

Light
DM

Sterile ν

Non
Thermal

Fuzzy
DM

1018
<latexit sha1_base64="sHhy8tSWNS8OenGDjfjB4pbveHw="></latexit>

Solitonic
DM

Non-particle

1
<latexit sha1_base64="O+yyb4BrCtFz+kLZloWATk9H1DI="></latexit>

10°6
<latexit sha1_base64="syC+8Z2mjzJyMvVQ8EKdk1L2z0c="></latexit>

しかし多くの性質はまだ分かっていない

‣ 重力で相互作用する，non-luminous/non-baryonic 
‣ 安定，もしくは寿命が宇宙年齢より長い 
‣ 現在の宇宙における残存量 (~1%の精度):

<latexit sha1_base64="xY+Q6AURZ+kPC7l6vXNF0x6fP78="></latexit>

≠DMh2 = 0.1200(12) Planck 2018

cf) 千草さんのトーク



向田 享平

WIMP仮説
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Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

°DM

<latexit sha1_base64="04ScIoQgZmmQPUQqKmjJk0n7X60="></latexit>

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
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Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

°DM

<latexit sha1_base64="04ScIoQgZmmQPUQqKmjJk0n7X60="></latexit>

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
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WIMP仮説
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Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小

°DM ª hævin

<latexit sha1_base64="fAmmBj5VOc/wLHEa0fVbQMA7z/U="></latexit>

hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小

°DM ª hævin

<latexit sha1_base64="fAmmBj5VOc/wLHEa0fVbQMA7z/U="></latexit>

hævi ª 10°26 cm3/s

<latexit sha1_base64="+W+iUCwcVceCtQuRJjn1sqKp6Qc="></latexit>

現在の残存量：

hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>
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WIMP仮説
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小

°DM ª hævin

<latexit sha1_base64="fAmmBj5VOc/wLHEa0fVbQMA7z/U="></latexit>

hævi ª 10°26 cm3/s

<latexit sha1_base64="+W+iUCwcVceCtQuRJjn1sqKp6Qc="></latexit>

現在の残存量：

hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

- O(1) GeV ̶ O(100) TeV 程度の暗黒物質質量が示唆される． 
- 同じ相互作用を直接・間接検出実験や加速器実験でプローブできる．

➡ 残存量を観測値と同じ精度(~1%)で理論計算したい．
- 標準模型プラズマからの多体補正も考慮に入れる必要がある．
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
WIMP残存量に対する多体補正

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小
hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

WIMP仮説

<latexit sha1_base64="H7SVMg3+wqrvi1AwXu9Jhqj5cBg="></latexit>

°DM v.s. H
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
WIMP残存量に対する多体補正

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小
hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

WIMP仮説

<latexit sha1_base64="H7SVMg3+wqrvi1AwXu9Jhqj5cBg="></latexit>

°DM v.s. H

- Hubble parameter (H) に対する補正

- 暗黒物質対生成・消滅率 (ΓDM) に対する補正

<latexit sha1_base64="7PMi8wCiZRHw6vS30gE/tZN44wQ="></latexit>

H
2 = 1

3M
2
Pl

Ω(T )Friedmann方程式
<latexit sha1_base64="dx6GFKJCCKqL+p0tHMbqBR0zUPg="></latexit>

Ω(T ) = gΩ(T )£ º2

30
T 4w/

例）Sommerfeld効果と束縛状態 ⇄ QGP中のQuarkoniumの生成・解離 cf) 赤松さんのトーク

Hindmarsh, Philipsen 0501232, Saikawa, Shirai 2005.03544 

Biondine, Laine 1706.01894,1801.05821; KM+ 1808.06472, 1910.11288, 2002.07145 
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‣ エネルギー密度の有効自由度
WIMP残存量と標準模型の熱力学的関数

WIMP仮説

<latexit sha1_base64="dx6GFKJCCKqL+p0tHMbqBR0zUPg="></latexit>

Ω(T ) = gΩ(T )£ º2

30
T 4 w/

<latexit sha1_base64="CQxfW1njOYtN791cK0hB9EY489k="></latexit>

gΩ(T ) = (relativistic d.o.f. at T)+±gΩ(T )

理想ガス近似での
標準模型自由度数

相互作用からくる補正

10-5 10-4 10-3 10-2 10-1 1 10 102 103 104
T [GeV]

20

40

60

80

100

g*�(T)

ideal gas approximation and
sudden QCD phase transition

QCD
相転移

電弱
相転移

2

2.5

3

3.5

4

4.5

5

5.5

6

h�
vi
/1
0�

2
6

cm
3
/s

⌦DMh2 = 0.120± 0.001s

�8
�6
�4
�2
0
2
4
6
8

10�3 10�2 10�1 100 101 102 103 104 105

<latexit sha1_base64="h012MslJOIrh2Q/CjDrK5ksXNKY="></latexit>

≠DMh2 ª s0h2

Ωc

µ
45

8º2gΩ (TFO)

∂
1/2 MDM

TFOMPlhævi

<latexit sha1_base64="RRitUaydniEwWTrvhvP/1Pp3HlU="></latexit>

MDM

TFO

ª log

≥
0.2MPlgDMg°1/2

Ω mDMhævi
¥
ª 10°30

Hindmarsh, Philipsen 0501232, Saikawa, Shirai 2005.03544 

Saikawa, Shirai 1803.01038 
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Sommerfeld効果・束縛状態生成と残存量

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄

<latexit sha1_base64="2mPYpE4jKnxjrbOYmfC2vt1F0Iw="></latexit>

S(v) £<latexit sha1_base64="z/oR7DTcNmOBh10suMVTbABy+cs="></latexit>

<latexit sha1_base64="OhCt7XlZWvrOsc4b/Gd1nXzaY5o="></latexit>

ºÆ2/M 2

…
束縛状態

<latexit sha1_base64="wbQuur61k3NvuWoPHREW+WloLZo="></latexit>

SBSF(v)£ºÆ2/M 2
<latexit sha1_base64="9ZgAS0M+cBzdfq6FJn40C+43fVQ="></latexit>

°B0 =Æ5M/2

引力による増加率
長距離~1/(αM)

対消滅率
短距離~1/M

束縛状態生成率 束縛状態崩壊率

‣ 1. Sommerfeld効果と2. 束縛状態生成
1. “長距離”引力による対消滅率増加 2.束縛状態生成と崩壊

<latexit sha1_base64="YXx7prCZmVoDs747IWLTxfnc/xg="></latexit>

(ÆM¬ > mmediator)

Hisano+ 0307216, 0610249 e.g., Posperov, Ritz 0810.1502; Russell, West 0812.0559
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Sommerfeld効果・束縛状態生成と残存量

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄
引力による増加率
長距離~1/(αM)

対消滅率
短距離~1/M

£<latexit sha1_base64="z/oR7DTcNmOBh10suMVTbABy+cs="></latexit>

<latexit sha1_base64="OhCt7XlZWvrOsc4b/Gd1nXzaY5o="></latexit>

ºÆ2/M 2

…
束縛状態

束縛状態生成率 束縛状態崩壊率
<latexit sha1_base64="9ZgAS0M+cBzdfq6FJn40C+43fVQ="></latexit>

°B0 =Æ5M/2
<latexit sha1_base64="Pd7vTzWVoV1W+bINNTxQyGL6dEg="></latexit>

ª 6ºÆ/v £ºÆ2/M 2<latexit sha1_base64="+ibwbeWZCpJQDPO4EN3thKM4Jjo="></latexit>ª 2ºÆ/v

‣ 1. Sommerfeld効果と2. 束縛状態生成
1. “長距離”引力による対消滅率増加 2.束縛状態生成と崩壊

<latexit sha1_base64="YXx7prCZmVoDs747IWLTxfnc/xg="></latexit>

(ÆM¬ > mmediator)

Hisano+ 0307216, 0610249 e.g., Posperov, Ritz 0810.1502; Russell, West 0812.0559
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Sommerfeld効果・束縛状態生成と残存量

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄
引力による増加率
長距離~1/(αM)

対消滅率
短距離~1/M

£<latexit sha1_base64="z/oR7DTcNmOBh10suMVTbABy+cs="></latexit>

<latexit sha1_base64="OhCt7XlZWvrOsc4b/Gd1nXzaY5o="></latexit>

ºÆ2/M 2

…
束縛状態

束縛状態生成率 束縛状態崩壊率
<latexit sha1_base64="9ZgAS0M+cBzdfq6FJn40C+43fVQ="></latexit>

°B0 =Æ5M/2
<latexit sha1_base64="Pd7vTzWVoV1W+bINNTxQyGL6dEg="></latexit>

ª 6ºÆ/v £ºÆ2/M 2<latexit sha1_base64="+ibwbeWZCpJQDPO4EN3thKM4Jjo="></latexit>ª 2ºÆ/v

‣ 暗黒物質残存量に与える影響
- 例) 電弱多重項の中性部分が暗黒物質，色荷粒子(DM’)とのcoannihilation

<latexit sha1_base64="y+N2uE0q7s+F1poLlqhlmnoUKso="></latexit>0
@

fW +

fW 0

fW °

1
A …<latexit sha1_base64="u01hXVM1nyFPprCyiAsiG7yGEFY="></latexit>

W

<latexit sha1_base64="OOfpUH3TGoSAeki1aJcQVX+sG30="></latexit>

fW

<latexit sha1_base64="OOfpUH3TGoSAeki1aJcQVX+sG30="></latexit>

fW

質量

¢M
<latexit sha1_base64="UDL1IjKWAq2us8STc1/nubp0tso="></latexit>

DM’

DM

DM DM’

‣ 1. Sommerfeld効果と2. 束縛状態生成
1. “長距離”引力による対消滅率増加 2.束縛状態生成と崩壊

<latexit sha1_base64="YXx7prCZmVoDs747IWLTxfnc/xg="></latexit>

(ÆM¬ > mmediator)

Hisano+ 0307216, 0610249 e.g., Posperov, Ritz 0810.1502; Russell, West 0812.0559
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Sommerfeld効果・束縛状態生成と残存量

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄
引力による増加率
長距離~1/(αM)

対消滅率
短距離~1/M

£<latexit sha1_base64="z/oR7DTcNmOBh10suMVTbABy+cs="></latexit>

<latexit sha1_base64="OhCt7XlZWvrOsc4b/Gd1nXzaY5o="></latexit>

ºÆ2/M 2

…
束縛状態

束縛状態生成率 束縛状態崩壊率
<latexit sha1_base64="9ZgAS0M+cBzdfq6FJn40C+43fVQ="></latexit>

°B0 =Æ5M/2
<latexit sha1_base64="Pd7vTzWVoV1W+bINNTxQyGL6dEg="></latexit>

ª 6ºÆ/v £ºÆ2/M 2<latexit sha1_base64="+ibwbeWZCpJQDPO4EN3thKM4Jjo="></latexit>ª 2ºÆ/v

標準模型DM
対消滅・生成

‣ 1. Sommerfeld効果と2. 束縛状態生成
1. “長距離”引力による対消滅率増加 2.束縛状態生成と崩壊

<latexit sha1_base64="YXx7prCZmVoDs747IWLTxfnc/xg="></latexit>

(ÆM¬ > mmediator)

e.g., Posperov, Ritz 0810.1502; Russell, West 0812.0559

‣ 暗黒物質残存量に与える影響
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‣ 1. Sommerfeld効果と2. 束縛状態生成
Sommerfeld効果・束縛状態生成と残存量

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄

1. “長距離”引力による対消滅率増加

引力による増加率
長距離~1/(αM)

対消滅率
短距離~1/M

£<latexit sha1_base64="z/oR7DTcNmOBh10suMVTbABy+cs="></latexit>

<latexit sha1_base64="OhCt7XlZWvrOsc4b/Gd1nXzaY5o="></latexit>

ºÆ2/M 2

2.束縛状態生成と崩壊

…
束縛状態

束縛状態生成率 束縛状態崩壊率
<latexit sha1_base64="9ZgAS0M+cBzdfq6FJn40C+43fVQ="></latexit>

°B0 =Æ5M/2
<latexit sha1_base64="Pd7vTzWVoV1W+bINNTxQyGL6dEg="></latexit>

ª 6ºÆ/v £ºÆ2/M 2<latexit sha1_base64="+ibwbeWZCpJQDPO4EN3thKM4Jjo="></latexit>ª 2ºÆ/v

<latexit sha1_base64="YXx7prCZmVoDs747IWLTxfnc/xg="></latexit>

(ÆM¬ > mmediator)

標準模型DM
(+DM’)

束縛状態

Sommerfeld効果

束縛状態
生成・解離

‣ 暗黒物質残存量に与える影響 → ΓDM増加

束縛状態
崩壊・生成
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‣ 媒介粒子が標準模型粒子の時
Sommerfeld効果・束縛状態生成への多体補正

WIMP仮説

…

<latexit sha1_base64="nTdHu3ioVSTqzvC/N/cFBpBxBec="></latexit>¬

<latexit sha1_base64="ahbaTyzPG+L+29dN2R6FTfPPdn4="></latexit>

¬̄

…
束縛状態

- 媒介粒子に対するDebye遮蔽 
- 暗黒物質 (coannihilating粒子) と標準模型粒子の頻繁な散乱 
- 散乱状態と束縛状態の区別が曖昧になる (i.e., bound state melting)

? ?
➡ これらの効果を取り入れる必要がある．
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‣ 時間発展の概略と有効理論
Sommerfeld効果・束縛状態生成への多体補正

WIMP仮説

… …

… …
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‣ 時間発展の概略と有効理論
Sommerfeld効果・束縛状態生成への多体補正

WIMP仮説
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‣ WIMP残存量に対する影響
Sommerfeld効果・束縛状態生成への多体補正

WIMP仮説

Perturbative
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- Toy model: massless U(1) mediatorが熱浴中の3つのfermionに結合
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➡ non-Abelianゲージ理論への拡張：on-going

ionization equil.

ionization
 equil.
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小

°DM ª hævin

<latexit sha1_base64="fAmmBj5VOc/wLHEa0fVbQMA7z/U="></latexit>

hævi ª 10°26 cm3/s

<latexit sha1_base64="+W+iUCwcVceCtQuRJjn1sqKp6Qc="></latexit>

現在の残存量：

hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

- O(1) GeV ̶ O(100) TeV 程度の暗黒物質質量が示唆される． 
- 同じ相互作用を直接・間接検出実験や加速器実験でプローブできる．

再加熱過程と暗黒物質生成
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‣ “Thermal freeze-out” で暗黒物質残存量が決まる．
Weakly Interacting Massive Particle (WIMP)

標準模型粒子 暗黒物質

e°
MDM

T

<latexit sha1_base64="bJIkF/dDPc+DoFKn8JTnKL7AMkw="></latexit>

°DM > H

<latexit sha1_base64="pj1yqshS3y0uUqwbGb0iHtzaxj0="></latexit>

°DM < H

<latexit sha1_base64="pgLYo55usscX6zdVDACl+AD59eI="></latexit>

大

小

°DM ª hævin

<latexit sha1_base64="fAmmBj5VOc/wLHEa0fVbQMA7z/U="></latexit>

hævi ª 10°26 cm3/s

<latexit sha1_base64="+W+iUCwcVceCtQuRJjn1sqKp6Qc="></latexit>

現在の残存量：

hævi ª Æ2

M 2
DM

<latexit sha1_base64="NAIvTKFEVVzQC4oN3KgzXZIB6uk="></latexit>

❖ 重要な仮定：暗黒物質質量 (MDM) < 再加熱温度 (TR)
- WIMPのセットアップでこの仮定をはずすとどうなるか？

再加熱過程と暗黒物質生成

- O(1) GeV ̶ O(100) TeV 程度の暗黒物質質量が示唆される． 
- 同じ相互作用を直接・間接検出実験や加速器実験でプローブできる．
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‣ これまで議論してきた状況
”Heavy” WIMP with MDM > TR

暗黒物質

再加熱過程と暗黒物質生成

Ωinf
<latexit sha1_base64="VOLznJtth0n8GhRhVNBKZDIr3fc="></latexit>

Ωrad
<latexit sha1_base64="EN1Hpf04f1plNnEPeKCi5ankiSU="></latexit>

Time<latexit sha1_base64="o/0HUvsyQUH/6AGqwVrM3JpgIpA="></latexit>

TR T

T 3

m¡

n¡°¡
°split(m¡)

Thermal

再加熱完了後のradiationの分布

<latexit sha1_base64="rgH05NvUztSJN1Z6HedIIbRP5vA="></latexit> n
(p

)

<latexit sha1_base64="pthVeXp7S4ib39Z0CcSGDbBceWM="></latexit>p
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再加熱過程と暗黒物質生成
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‣ 再加熱完了前にもradiationは生成されている．
”Heavy” WIMP with MDM > TR

Ωinf
<latexit sha1_base64="VOLznJtth0n8GhRhVNBKZDIr3fc="></latexit>

Ωrad
<latexit sha1_base64="EN1Hpf04f1plNnEPeKCi5ankiSU="></latexit>

Time<latexit sha1_base64="o/0HUvsyQUH/6AGqwVrM3JpgIpA="></latexit>

TR T

T 3

m¡

n¡°¡
°split(m¡)

Thermal

再加熱完了前のradiationの分布

High-energy tail
<latexit sha1_base64="d7kodAnLdZ0djbtDC/8TxN+g7GI="></latexit>

/ p °3/2

- インフラトンはp~mΦの粒子を
再加熱完了まで作り続ける．

- それらは熱プラズマと散乱して
cascadeし，エネルギーを失う.

➡High-energy tailが形成される．

KM+ 1312.3097, 1402.2846, 1901.11027 

<latexit sha1_base64="rgH05NvUztSJN1Z6HedIIbRP5vA="></latexit> n
(p

)

<latexit sha1_base64="pthVeXp7S4ib39Z0CcSGDbBceWM="></latexit>p
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‣ 再加熱完了前にもradiationは生成されている．
”Heavy” WIMP with MDM > TR

Ωinf
<latexit sha1_base64="VOLznJtth0n8GhRhVNBKZDIr3fc="></latexit>

Ωrad
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T 3
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Thermal

High-energy tail
<latexit sha1_base64="d7kodAnLdZ0djbtDC/8TxN+g7GI="></latexit>

/ p °3/2

- インフラトンはp~mΦの粒子を
再加熱完了まで作り続ける．

- それらは熱プラズマと散乱して
cascadeし，エネルギーを失う.

➡High-energy tailが形成される．

‣ Landau-Pomeranchuk-Migdal効果がtailのベキを決める．
- 高エネルギー (p ≫ T) 粒子が熱プラズマ中でエネルギーを失うrate.

LPM suppressed rate:
<latexit sha1_base64="HMcnWSuoOBSPf5Dcem/yy6OFmYg="></latexit>

°LPM(p) ªÆ2T
p

T /p
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Re
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k · (xe °xi ) ø 1 ➡ destructive interference
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°BH(p) ªÆ2T ln pBethe-Heitler:(cf., )

再加熱完了前のradiationの分布

KM+ 1312.3097, 1402.2846, 1901.11027 
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‣ 再加熱完了前にもradiationは生成されている．
”Heavy” WIMP with MDM > TR
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再加熱完了前のradiationの分布

High-energy tail
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/ p °3/2

- インフラトンはp~mΦの粒子を
再加熱完了まで作り続ける．

- それらは熱プラズマと散乱して
cascadeし，エネルギーを失う.

➡High-energy tailが形成される．

暗黒物質
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再加熱完了前のradiationの分布
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再加熱過程と暗黒物質生成
”Heavy” WIMP with MDM > TR
‣ 暗黒物質残存量に対するHigh-energy tailの寄与
- eg. 暗黒物質の生成散乱断面積：

K. Harigaya, KM, M. Yamada 1402.2846,1901.11027 
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‣ 暗黒物質残存量に対するHigh-energy tailの寄与
”Heavy” WIMP with MDM > TR

- eg. 暗黒物質の生成散乱断面積： hæDM (ECM) vi ª
E n

CM

M n+2 for ECM . M

<latexit sha1_base64="8zrXnl0Ce+oKDOjbN9uAY0WPPMo="></latexit>

K. Harigaya, KM, M. Yamada 1402.2846,1901.11027 
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‣ WIMPを例にとりこれらに対する多体効果を議論した．

暗黒物質残存量はO(1%)で正確に分かっている．

同じ精度の理論計算のために多体効果を押さえたい．

宇宙膨張 (H)・暗黒物質生成率 (ΓDM)・再加熱過程は，
残存量を決定するにあたって重要．
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KM+ 1312.3097, 1402.2846, 1901.11027 KM+ 1808.06472, 1910.11288, 2002.07145 Saikawa, Shirai 2005.03544 
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‣ 宇宙のバリオン非対称性
インフレーション宇宙論とバリオン非対称性

- インフレーション以前の非対称性はに薄められる．

バリオン非対称性

- Baryon to photon ratio:

3 24. Big Bang Nucleosynthesis
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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

1st June, 2020 8:29am
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✓バリオン数を破る相互作用
Sakharov’s three conditions

- 標準模型のchiral anomalyによって破れている．

バリオン非対称性
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• C・CPの破れ

๏熱平衡状態からの逸脱
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✓バリオン数を破る相互作用
Sakharov’s three conditions

- 標準模型のchiral anomalyによって破れている (B+Lの破れ)．
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๏熱平衡状態からの逸脱
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✓バリオン数を破る相互作用
Sakharov’s three conditions

- 標準模型のchiral anomalyによって破れている (B+Lの破れ)．

バリオン非対称性

• C・CPの破れ
- 標準模型で双方破れているが，CPの破れ(CKM phase)が小さすぎる．
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バリオン非対称性

• C・CPの破れ

๏熱平衡状態からの逸脱
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例1. Leptogenesis

バリオン非対称性
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• CPの破れ → neutrino Yukawa (h) のphase

๏熱平衡状態からの逸脱 → N1の崩壊率 < H at T ~ M1
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Figure 4: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results for M1 are compared

with the numerical ones (solid lines). Upper and lower curves correspond to zero and

thermal initial N1 abundance, respectively. The vertical dashed lines indicate the range

(msol,matm). The gray triangle at large M1 and large m̃1 is excluded by theoretical con-

sistency. From [69].

sufficiently high temperatures the process N1 → H"L is then kinematically forbidden

whereas the process H → N1"
†
L is allowed by ‘phase space’. On the contrary, thermal

correction are small if they are only included as propagator effects [73]. It is important

to clarify this issue for the treatment of non-equilibrium processes at high temperatures.

The analysis [72] leads to the upper bound on the light neutrino masses mi < 0.15 eV.

In [69] an upper bound of 0.12 eV has been obtained. About 0.02 eV of this difference is

due to the different treatment of radiative corrections [81], the remaining 0.01 eV reflects

differences in the treatment of thermal corrections. This discrepancy has to be compared

with an uncertainty of about −0.02 eV due to ‘spectator processes’ [82], which have not

been taken into account in both analyses. Hence, within the minimal seesaw model and

the present status of theoretical calculations, the upper bound on the light Majorana

neutrino masses is now known rather precisely.

The main result of this section is summarized in Fig. (3). For m̃1 > m∗, the effi-

ciency factor, and therefore the baryon asymmetry ηB, is independent of the initial N1

abundance. Furthermore, the final baryon asymmetry does not depend on the value of

an initial baryon asymmetry generated by some other mechanism [77]. Hence, the value

of ηB is entirely determined by neutrino properties. In this way Leptogenesis singles out

the neutrino mass range

10−3 eV < mi < 0.1 eV . (88)

29

- N1の質量 > 2 x 109 GeV

熱平
衡状
態に
近く
なる

N1が十分作れない
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):
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16π
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In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields
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2
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The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:
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The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
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例1. Leptogenesis

バリオン非対称性
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Figure 4: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results for M1 are compared

with the numerical ones (solid lines). Upper and lower curves correspond to zero and

thermal initial N1 abundance, respectively. The vertical dashed lines indicate the range

(msol,matm). The gray triangle at large M1 and large m̃1 is excluded by theoretical con-

sistency. From [69].

sufficiently high temperatures the process N1 → H"L is then kinematically forbidden

whereas the process H → N1"
†
L is allowed by ‘phase space’. On the contrary, thermal

correction are small if they are only included as propagator effects [73]. It is important

to clarify this issue for the treatment of non-equilibrium processes at high temperatures.

The analysis [72] leads to the upper bound on the light neutrino masses mi < 0.15 eV.

In [69] an upper bound of 0.12 eV has been obtained. About 0.02 eV of this difference is

due to the different treatment of radiative corrections [81], the remaining 0.01 eV reflects

differences in the treatment of thermal corrections. This discrepancy has to be compared

with an uncertainty of about −0.02 eV due to ‘spectator processes’ [82], which have not

been taken into account in both analyses. Hence, within the minimal seesaw model and

the present status of theoretical calculations, the upper bound on the light Majorana

neutrino masses is now known rather precisely.

The main result of this section is summarized in Fig. (3). For m̃1 > m∗, the effi-

ciency factor, and therefore the baryon asymmetry ηB, is independent of the initial N1

abundance. Furthermore, the final baryon asymmetry does not depend on the value of

an initial baryon asymmetry generated by some other mechanism [77]. Hence, the value

of ηB is entirely determined by neutrino properties. In this way Leptogenesis singles out

the neutrino mass range

10−3 eV < mi < 0.1 eV . (88)
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• CPの破れ → neutrino Yukawa (h) のphase

๏熱平衡状態からの逸脱 → N1の崩壊率 < H at T ~ M1
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):
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In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields
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The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in
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例1’. Leptogenesis

バリオン非対称性
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‣ “Vanilla” Leptogenesis

- 仮定：重ね合わせ状態 (h1αLα) のcoherenceが保たれる．

‣ “Flavored” Leptogenesis
- e.g., τ-Yukawa相互作用は，T < 1012GeVで宇宙膨張よりefficient．
➡τ-Yukawaを通じた熱プラズマとの相互作用でLτ方向はdecohere．

- 温度が下がるとμ-Yukawaも効いてきてさらにdecohere．

- decoherenceの過程を記述するにはBoltzmann方程式の拡張が必要．
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例2. Spontaneous Baryo/Leptogenesis

バリオン非対称性

• CPの破れ → 初期条件 (もしくはその初期条件に至る過程)

๏熱平衡状態からの逸脱 → Φが一様に動き出す
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例2. Spontaneous Baryo/Leptogenesis

バリオン非対称性

• CPの破れ → 初期条件 (もしくはその初期条件に至る過程)

๏熱平衡状態からの逸脱 → Φが一様に動き出す

<latexit sha1_base64="1itHgrWd+VKWeMc0TIM+5kHZmVE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)° ¡

§
@ · JB

<latexit sha1_base64="SVgKoCsVYIpNlhOGnGxz/aqhAvs="></latexit>

L =LSM °
h m∫

2v2

EW

(LL©)
2 +H.c.

i
+ 1

2

°
@¡

¢
2 °V (¡)° ¡

§
@ · JB°Lor

<latexit sha1_base64="Uw325cF2JYCtFiVjmgbOGWOgX1U="></latexit>

V (¡)

<latexit sha1_base64="/xrX7W4RD0HFNVb75x0Jcu5SRDs="></latexit>

¡

<latexit sha1_base64="Uw325cF2JYCtFiVjmgbOGWOgX1U="></latexit>

V (¡)

<latexit sha1_base64="/xrX7W4RD0HFNVb75x0Jcu5SRDs="></latexit>

¡

- mΦ ~ HでΦが一様に動き出す．

- 有効化学ポテンシャル：
<latexit sha1_base64="AFZNyBJcApVrLq0Hv8T+fozY18k="></latexit>

¡̇

§
QB or

<latexit sha1_base64="piJAg77CEc9r7iSbg2XRxNIdO4s="></latexit>

¡̇

§
QB°L

<latexit sha1_base64="8zPSBqUTI9vTy1L8LAItXucQrDE="></latexit>

*
≠
Q̇B

Æ
= i h[H ,QB ]i= Tr{C PΩ(C P )°1

C P [H ,QB ](C P )°1} = i h[H ,°QB ]i=°
≠
Q̇B

Æ

<latexit sha1_base64="7sFuj1LxQSCiSBJGyyta/b2X8+0="></latexit>

B

<latexit sha1_base64="1YbkOsAYtFYVxm7JIeaiPt+MBd4="></latexit>

L

weak Sphaleron

<latexit sha1_base64="YQWK6rofGzvq2WAEDuAH6wvJZ10="></latexit> B
°L =

const.

equil. under 

<latexit sha1_base64="7sFuj1LxQSCiSBJGyyta/b2X8+0="></latexit>

B

<latexit sha1_base64="1YbkOsAYtFYVxm7JIeaiPt+MBd4="></latexit>

L

(LΦ)2

<latexit sha1_base64="ahlsSZRa10B2sN1BkrZ1OF6F1vw="></latexit>

�̇

equil. under 
<latexit sha1_base64="ahlsSZRa10B2sN1BkrZ1OF6F1vw="></latexit>

�̇

<latexit sha1_base64="PnpU9s9l42pNHazSmpk/DgL8nDA="></latexit>B +
L =

const.

Cohen, Kaplan Phys.Lett.B199 (1987) 
Nucl.Phys.B308 (1988)
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例2’. Spontaneous Baryo/Leptogenesis

バリオン非対称性
<latexit sha1_base64="1itHgrWd+VKWeMc0TIM+5kHZmVE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)° ¡

§
@ · JB

<latexit sha1_base64="SVgKoCsVYIpNlhOGnGxz/aqhAvs="></latexit>

L =LSM °
h m∫

2v2

EW

(LL©)
2 +H.c.

i
+ 1

2

°
@¡

¢
2 °V (¡)° ¡

§
@ · JB°Lor

‣ General couplings

- B生成の条件：　の下での平衡状態に至るのにBの破れが効く．(cf. Leptogenesis)

<latexit sha1_base64="ibx3mpNXUz/oAequKJo3BQ6Sda8="></latexit>

¡̇

<latexit sha1_base64="jTMW6N4l75olVPkBH0ijb1xI770="></latexit>

ci
¡

§
@ · Ji

<latexit sha1_base64="xOjhCCZNSMtLB2wJHZkJGXS8ets="></latexit>

nWS
S

¡

§

g 2
2

32º2 W a
µ∫W̃ aµ∫

<latexit sha1_base64="rjAka0QD+NEr7zCDwKk3yuQaVOk="></latexit>

nSS
S
¡

§

g 2
2

32º2 Ga
µ∫G̃aµ∫

<latexit sha1_base64="Rtr9KaJbrAmJ23/jteGNRQtxRNM="></latexit>

ei nYu
S ¡/§Yu©

†QLuR …
<latexit sha1_base64="owymi3ChrPDR48cNc6CVKhLNegA="></latexit>

(i = e f ,L f , · · · )
Chiral 
rotation

<latexit sha1_base64="TvPFtMGpCOYnfvEizd3ehKtoHAQ="></latexit>

µB = 3
79

√
24nWS

S °22nYe
S °21nSS

S +18nYd
S °18

°Yu1

°Yd1

nYu
S

!
¡̇

§
or

<latexit sha1_base64="VE0IhOvpvtNjcvYzmy9Rkyi0k5o="></latexit>

µB°L =
µ

46
87

nWS
S ° 19

29
nSS

S + 45
29

nYt
S ° 115

58
nW

S

∂
¡̇

§

➡ “ほとんど全ての結合”でバリオン非対称性ができる．

e.g.,

<latexit sha1_base64="qWRj+30wowbMzNWDILiIGkD688k="></latexit>

¡

§

g 2
2

32º2 Ga
µ∫G̃aµ∫ BやLの破れと関係ないがBやB-L非対称性が生成される例．

擬スカラー(Φ)がBやB-Lと直接結合している必要はない．

KM+ 2006.03148, Harigaya+ 2006.04809
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ インフレーション中にヘリカルなU(1)Yゲージ場生成

<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

<latexit sha1_base64="2gMgA0q0KfDOX1+QHMWmJ9NIoPw="></latexit>

0 =
h
@2
¥+k(k ±2ªaH)

i
AY ,±(¥,k)

<latexit sha1_base64="MgV3qS17OCjbMByIOVI/VS0QyKs="></latexit>

ª¥ ¡̇

2§H
where

<latexit sha1_base64="8SP1Iljf3CowCghLVmM1GkzYq18="></latexit>

0 6=
≠

Yµ∫Ỹ µ∫Æ=°4hEY ·BY i

CP

‣ インフレーション中にB+L非対称性生成
Right-handed Left-handed

En
er

gy

<latexit sha1_base64="wzkuRtPy6YqxOzL+VqzberXdItI="></latexit>

EY

pz

0

<latexit sha1_base64="wzkuRtPy6YqxOzL+VqzberXdItI="></latexit>

EY

Horizon

<latexit sha1_base64="qqjUBM7inpJQmaV1W6wkvmGHd2g="></latexit>

BY

<latexit sha1_base64="MwhuGYNM6FPXhgew5R4G8ylqX7w="></latexit>

EY

Domcke, KM 1806.08769
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ インフレーション中にヘリカルなU(1)Yゲージ場生成

<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

<latexit sha1_base64="2gMgA0q0KfDOX1+QHMWmJ9NIoPw="></latexit>

0 =
h
@2
¥+k(k ±2ªaH)

i
AY ,±(¥,k)

<latexit sha1_base64="MgV3qS17OCjbMByIOVI/VS0QyKs="></latexit>

ª¥ ¡̇

2§H
where

Horizon

<latexit sha1_base64="qqjUBM7inpJQmaV1W6wkvmGHd2g="></latexit>

BY

<latexit sha1_base64="MwhuGYNM6FPXhgew5R4G8ylqX7w="></latexit>

EY

<latexit sha1_base64="8SP1Iljf3CowCghLVmM1GkzYq18="></latexit>

0 6=
≠

Yµ∫Ỹ µ∫Æ=°4hEY ·BY i

CP

‣ インフレーション中にB+L非対称性生成
Right-handed Left-handed

En
er

gy

<latexit sha1_base64="wzkuRtPy6YqxOzL+VqzberXdItI="></latexit>

EY

<latexit sha1_base64="wzkuRtPy6YqxOzL+VqzberXdItI="></latexit>

EY

pz

0

- Lowest Landau Level → B+L非対称性
<latexit sha1_base64="/tZuRu7ZNVXgg8CijLo9Ikafe2I="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥ <latexit sha1_base64="caNCfpdEy2GKoBTpiea600ZJyCw="></latexit>6= 0

- Higher Landau Levels → pair production

<latexit sha1_base64="nNIWYrFVqCTuYuHgFx+MsJKrB30="></latexit>

�qB+L > 0

➡ washoutから生き残ってバリオン非対称性を説明できるか？

Domcke, KM 1806.08769
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ Schematicな各chargeの時間発展

<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

時間インフレーション
<latexit sha1_base64="AJPhlfTxUCxOSeILa1IaaflKDXA="></latexit>

T ⇠ TYe
⇠ 105GeV

<latexit sha1_base64="nOOxAZl4ro+lCOwpH5gqeSgO4eY="></latexit>

T ⇠ TEWPT ⇠ 102GeV

<latexit sha1_base64="HvjkMn6KTQVbM4blYRrcTmnifYo="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥

<latexit sha1_base64="GoAIJzLlJD6/Eaukfo/AIKvD1sM="></latexit>°6KCS

<latexit sha1_base64="e1OF6YpW2q0RwjvSR3d02RdKd0g="></latexit>

3ÆY
4º hY

<latexit sha1_base64="kzix1iJxC+YzXa4tJ9j79YIN5Ow="></latexit>

B
<latexit sha1_base64="5z3HuVeHOlxerI2RNOPa4XEV2JQ="></latexit>

L
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ Schematicな各chargeの時間発展

<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

時間インフレーション
<latexit sha1_base64="AJPhlfTxUCxOSeILa1IaaflKDXA="></latexit>

T ⇠ TYe
⇠ 105GeV

<latexit sha1_base64="nOOxAZl4ro+lCOwpH5gqeSgO4eY="></latexit>

T ⇠ TEWPT ⇠ 102GeV

<latexit sha1_base64="HvjkMn6KTQVbM4blYRrcTmnifYo="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥

<latexit sha1_base64="iMO6uiwIaJucMnTFSwimZ3lc2vM="></latexit>

6@ ·KCS

<latexit sha1_base64="oIPZyitskH5HdtJQ/3JNFETNEj8="></latexit>

3ÆY

4º
@ ·hY

<latexit sha1_base64="GoAIJzLlJD6/Eaukfo/AIKvD1sM="></latexit>°6KCS

<latexit sha1_base64="e1OF6YpW2q0RwjvSR3d02RdKd0g="></latexit>

3ÆY
4º hY

<latexit sha1_base64="kzix1iJxC+YzXa4tJ9j79YIN5Ow="></latexit>

B
<latexit sha1_base64="5z3HuVeHOlxerI2RNOPa4XEV2JQ="></latexit>

L
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ Schematicな各chargeの時間発展

<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

時間インフレーション
<latexit sha1_base64="AJPhlfTxUCxOSeILa1IaaflKDXA="></latexit>

T ⇠ TYe
⇠ 105GeV

<latexit sha1_base64="nOOxAZl4ro+lCOwpH5gqeSgO4eY="></latexit>

T ⇠ TEWPT ⇠ 102GeV

via S
phaleron 

+ Yukawa

<latexit sha1_base64="HvjkMn6KTQVbM4blYRrcTmnifYo="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥

<latexit sha1_base64="iMO6uiwIaJucMnTFSwimZ3lc2vM="></latexit>

6@ ·KCS

<latexit sha1_base64="oIPZyitskH5HdtJQ/3JNFETNEj8="></latexit>

3ÆY

4º
@ ·hY

<latexit sha1_base64="GoAIJzLlJD6/Eaukfo/AIKvD1sM="></latexit>°6KCS

<latexit sha1_base64="e1OF6YpW2q0RwjvSR3d02RdKd0g="></latexit>

3ÆY
4º hY

<latexit sha1_base64="kzix1iJxC+YzXa4tJ9j79YIN5Ow="></latexit>

B
<latexit sha1_base64="5z3HuVeHOlxerI2RNOPa4XEV2JQ="></latexit>

L

<latexit sha1_base64="9sX5UWIqwECGqCAonPIcueiVFCg="></latexit>qe
<latexit sha1_base64="33bkgyAEtbl9sq7H2helgczOh4g="></latexit>qL

Electron
Yukawa

Sphaleron
washout
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性

‣ Schematicな各chargeの時間発展

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

時間インフレーション
<latexit sha1_base64="AJPhlfTxUCxOSeILa1IaaflKDXA="></latexit>

T ⇠ TYe
⇠ 105GeV

<latexit sha1_base64="nOOxAZl4ro+lCOwpH5gqeSgO4eY="></latexit>

T ⇠ TEWPT ⇠ 102GeV

via S
phaleron 

+ Yukawa

<latexit sha1_base64="HvjkMn6KTQVbM4blYRrcTmnifYo="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥

<latexit sha1_base64="iMO6uiwIaJucMnTFSwimZ3lc2vM="></latexit>

6@ ·KCS

<latexit sha1_base64="oIPZyitskH5HdtJQ/3JNFETNEj8="></latexit>

3ÆY

4º
@ ·hY

<latexit sha1_base64="GoAIJzLlJD6/Eaukfo/AIKvD1sM="></latexit>°6KCS

<latexit sha1_base64="e1OF6YpW2q0RwjvSR3d02RdKd0g="></latexit>

3ÆY
4º hY

<latexit sha1_base64="kzix1iJxC+YzXa4tJ9j79YIN5Ow="></latexit>

B
<latexit sha1_base64="5z3HuVeHOlxerI2RNOPa4XEV2JQ="></latexit>

L

hYがU(1)emに
変換される.

or
<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

<latexit sha1_base64="9sX5UWIqwECGqCAonPIcueiVFCg="></latexit>qe
<latexit sha1_base64="33bkgyAEtbl9sq7H2helgczOh4g="></latexit>qL

Electron
Yukawa

Sphaleron
washout

<latexit sha1_base64="SArhs9i6YTGU0zyJpzLxJDvyBKo="></latexit>

hY

<latexit sha1_base64="tPyZbxehG3bII+Cmts/2/BEv+LI="></latexit>

hem

電弱
 

crossover

U(1)Y x SU(2)w → U(1)em

Fujita, Kamada 1602.02109
Kamada, Long 1610.03074
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性

‣ Schematicな各chargeの時間発展

<latexit sha1_base64="oiSKhtRxUskgjNWCdoElCirksJE="></latexit>

L =LSM + 1
2

°
@¡

¢2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

時間インフレーション
<latexit sha1_base64="AJPhlfTxUCxOSeILa1IaaflKDXA="></latexit>

T ⇠ TYe
⇠ 105GeV

<latexit sha1_base64="nOOxAZl4ro+lCOwpH5gqeSgO4eY="></latexit>

T ⇠ TEWPT ⇠ 102GeV

via S
phaleron 

+ Yukawa

<latexit sha1_base64="HvjkMn6KTQVbM4blYRrcTmnifYo="></latexit>

@µ JµB+L = 3
16º2

≥
g 2

2W a
µ∫W̃ aµ∫° g 2

Y Yµ∫Ỹ µ∫
¥

<latexit sha1_base64="iMO6uiwIaJucMnTFSwimZ3lc2vM="></latexit>

6@ ·KCS

<latexit sha1_base64="oIPZyitskH5HdtJQ/3JNFETNEj8="></latexit>

3ÆY

4º
@ ·hY

<latexit sha1_base64="GoAIJzLlJD6/Eaukfo/AIKvD1sM="></latexit>°6KCS

<latexit sha1_base64="e1OF6YpW2q0RwjvSR3d02RdKd0g="></latexit>

3ÆY
4º hY

<latexit sha1_base64="kzix1iJxC+YzXa4tJ9j79YIN5Ow="></latexit>

B
<latexit sha1_base64="5z3HuVeHOlxerI2RNOPa4XEV2JQ="></latexit>

L

hYがU(1)emに
変換される.

or
<latexit sha1_base64="G669HYSMBLMoT34ruTpK5bWcx3g="></latexit>

L =LSM+RH∫+
1

2

°
@¡

¢
2 °V (¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="VvMJjkKyeoTQ+NIecguyfdBNOjU="></latexit>/�@ ·h

<latexit sha1_base64="9sX5UWIqwECGqCAonPIcueiVFCg="></latexit>qe
<latexit sha1_base64="33bkgyAEtbl9sq7H2helgczOh4g="></latexit>qL

Electron
Yukawa

Sphaleron
washout

<latexit sha1_base64="SArhs9i6YTGU0zyJpzLxJDvyBKo="></latexit>

hY

<latexit sha1_base64="tPyZbxehG3bII+Cmts/2/BEv+LI="></latexit>

hem

電弱
 

crossover

L =LSM +Linf(¡)+ ¡

4§
Yµ∫Ỹ µ∫

<latexit sha1_base64="O9wuxsvBeQ5NiX1FVKB6zU9Oa1k="></latexit>

Rm < 1

Rm
max < 1

�B < 10-10

T
�

CPI > 105 GeV

no MHD

3 4 5 10 20 30 40 50

108

109

1010

1011

1012

1013

1014

�

H
rh

[G
e

V
]

equilibrium EYBY

lower bound

現在のバリオン数
を説明できる

✓標準模型 + インフラトンだけでbaryogenesis

✓カイラル磁気流体力学から，バリオン数に上限と
下限がつく．

➡現在の値が許される

upper bound

10°13 . nB

n∞
. 10°7

<latexit sha1_base64="YSixzvo+1Jz6eEtYwN7bBSwao28="></latexit>

nB

n∞
' 6£10°10
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Baryo/Leptogenesis from Axion Inflation

バリオン非対称性
or

‣ Schematicな各chargeの時間発展
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):

ε1 "
3

16π

1

(hh†)11

∑

i=2,3

Im
[(

hh†
)2

i1

]
M1

Mi
. (55)

In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 " −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)

20

- M1 > 105GeV → B-L非対称性ができる． 
- ν-YukawaにCPの破れは必要ない． 
- N1の崩壊率 > Hでも良い．

Domcke, Kamada, KM, Schmiz,Yamada 2011.09347; 21xx.xxxxx
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バリオン非対称性

‣ Schematicな各chargeの時間発展
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Figure 1: Tree level and one-loop diagrams contributing to heavy neutrino decays whose

interference leads to Leptogenesis.

Once the temperature of the universe drops below the mass M1, the heavy neutrinos are

not able to follow the rapid change of the equilibrium distribution. Hence, the necessary

deviation from thermal equilibrium ensues as a result of having a too large number

density of heavy neutrinos, compared to the equilibrium density. Eventually, however, the

heavy neutrinos decay, and a lepton asymmetry is generated owing to the presence of CP-

violating processes. The CP asymmetry involves the interference between the tree-level

amplitude and the one-loop vertex and self-energy contributions (see Fig. (1)). In a basis,

where the right-handed neutrino mass matrix M is diagonal, one obtains [57] for the CP

asymmetry parameter ε1 assuming hierarchical heavy neutrino masses (M1 ! M2, M3):

ε1 "
3

16π

1

(hh†)11

∑

i=2,3

Im
[(

hh†
)2

i1

]
M1

Mi
. (55)

In the case of mass differences of order the decay widths, one obtains a significant en-

hancement from the self-energy contribution [58], although the influence of the thermal

bath on this effect is presently unclear.

The CP asymmetry of Eq. (55) can be obtained in a very simple way by first inte-

grating out the heavier neutrinos N2 and N3 in the leptonic Lagrangian. This yields

Leff
ν = h1jNR1#LjH −

1

2
M1N c

R1NR1 +
1

2
ηij#LiH#LjH + h.c. , (56)

with

ηij =
3∑

k=2

hT
ik

1

Mk
hkj . (57)

The asymmetry ε1 is then obtained from the interference of the Born graph and the one-

loop graph involving the cubic and the quartic couplings. This includes automatically

both, vertex and self-energy corrections [59] and yields an expression for ε1 directly in

terms of the light neutrino mass matrix:

ε1 " −
3

16π

M1

(hh†)11v2
F

Im
(
h∗mνh

†
)

11
. (58)

The CP asymmetry then leads to a (B-L)-asymmetry [12],

YB−L " −YL = −
nL − nL

s
= −κ

ε1

g∗
. (59)
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素粒子論的宇宙論と非平衡多体系の物理
まとめ

‣ 再加熱過程

‣ 暗黒物質生成

‣ バリオン非対称性生成

- 暗黒物質・バリオン非対称性生成を理解する上でおさえておきたい．
- 典型的には摂動的な粒子生成が最終的な再加熱完了時を決める．
- High-energy tailが出る場合，インフラトン崩壊率に多体効果が効く場合

- 観測と同じ精度(~1%)の理論計算にあたって多体効果は重要．
- Hに対する補正，Γ(Sommerfeld+束縛状態)に対する補正
- 再加熱過程のHigh-energy tailが新たな暗黒物質生成過程となる．

- そもそも非平衡であることが必須．
- 直接バリオン非対称性を作る必要はない．(lepgogenesis, SBG)
- インフラトンの動きというCP破れからもバリオン非対称性が作れる．


