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Baryon Asymmetry of Universe
‣ Need tiny baryon asymmetry
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Baryon Asymmetry of Universe



Kyohei Mukaida

1.4×1010 yrs

3.8×108 yrs

~eV
2.73K

1s

~MeV

BBN
CMB

10-6 s

10 GeV

In
fla

ti
on

[PDG LBNL]

Introduction

5

‣ Need tiny baryon asymmetry

<latexit sha1_base64="oZO8+7ovVoLYlqX4hygNWJJkQOU="></latexit>nB
<latexit sha1_base64="5gUlJCb9plTPeiH1d6QWlt+h/fI="></latexit>n∞

<latexit sha1_base64="4MH/XdyByHB+r5JCzAwNQA2kJV0="></latexit>nB̄
<latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª <latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª

<latexit sha1_base64="VMof9Nb7aL+lN+hKTnBkLdrJOMM="></latexit>q

<latexit sha1_base64="n6/5cYxKyGKEOpJnICZGpKnDogY="></latexit>

q̄

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

Baryon # Anti-baryon # Photon #

baryon-to-photon ratio:
<latexit sha1_base64="HkdOwqZI8dzeZpUNRh86Giqnn3U="></latexit>

¥=
nB °nB̄

n∞
' 6£10°10

- Pair creation/annihilation decoupled at low T
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Baryon Asymmetry of Universe



Kyohei Mukaida

1.4×1010 yrs

3.8×108 yrs

~eV
2.73K

1s

~MeV

BBN
CMB

10-6 s

10 GeV

In
fla

ti
on

[PDG LBNL]

Introduction

6

‣ Need tiny baryon asymmetry

<latexit sha1_base64="oZO8+7ovVoLYlqX4hygNWJJkQOU="></latexit>nB
<latexit sha1_base64="5gUlJCb9plTPeiH1d6QWlt+h/fI="></latexit>n∞

<latexit sha1_base64="4MH/XdyByHB+r5JCzAwNQA2kJV0="></latexit>nB̄
<latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª <latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª

- Pair creation/annihilation in equilibrium
<latexit sha1_base64="VMof9Nb7aL+lN+hKTnBkLdrJOMM="></latexit>q

<latexit sha1_base64="n6/5cYxKyGKEOpJnICZGpKnDogY="></latexit>

q̄

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

Baryon # Anti-baryon # Photon #

baryon-to-photon ratio:
<latexit sha1_base64="HkdOwqZI8dzeZpUNRh86Giqnn3U="></latexit>

¥=
nB °nB̄

n∞
' 6£10°10 (BBN, CMB)

Baryon Asymmetry of Universe



Kyohei Mukaida

1.4×1010 yrs

3.8×108 yrs

~eV
2.73K

1s

~MeV

BBN
CMB

10-6 s

10 GeV

In
fla

ti
on

[PDG LBNL]

Introduction

7

‣ Need tiny baryon asymmetry

<latexit sha1_base64="oZO8+7ovVoLYlqX4hygNWJJkQOU="></latexit>nB
<latexit sha1_base64="5gUlJCb9plTPeiH1d6QWlt+h/fI="></latexit>n∞

<latexit sha1_base64="4MH/XdyByHB+r5JCzAwNQA2kJV0="></latexit>nB̄
<latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª <latexit sha1_base64="4q88m2HHYRH25Ty/XGVc2k8JhJI="></latexit>ª

- Pair creation/annihilation in equilibrium
<latexit sha1_base64="VMof9Nb7aL+lN+hKTnBkLdrJOMM="></latexit>q

<latexit sha1_base64="n6/5cYxKyGKEOpJnICZGpKnDogY="></latexit>

q̄

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

<latexit sha1_base64="KNzFzw6srLwgtwGu3TrePfe8ask="></latexit>∞

Baryon # Anti-baryon # Photon #

baryon-to-photon ratio:
<latexit sha1_base64="HkdOwqZI8dzeZpUNRh86Giqnn3U="></latexit>

¥=
nB °nB̄

n∞
' 6£10°10

➡ Call for “baryogenesis” after inflation before BBN

(BBN, CMB)

<latexit sha1_base64="fW9Mah/ve4XkHkiVvqs6tb+Jkww="></latexit>µB

T
ª 10°10

- Baryon “chemical potential” in the primordial Universe
<latexit sha1_base64="9hxVOCb+yeh0IcSGl6Khypa1QBI="></latexit>

qB ¥ nB °nB̄ ¥ 1
6
µB T 2

Baryon Asymmetry of Universe



Kyohei Mukaida

Introduction

8

‣ SM → Chiral theory under SU(3) x SU(2) x U(1)
- Generic asymmetries in Matter = Chiral asymmetries!

Primordial chiral asymmetries in SM?
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‣ SM → Chiral theory under SU(3) x SU(2) x U(1)
- Generic asymmetries in Matter = Chiral asymmetries!

Primordial chiral asymmetries in SM?
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‣ Global symmetry & Chiral anomaly
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Figure 1.1: A Schematic behavior of the energy dependence on the configuration of
the gauge and Higgs fields [A(x),ϕ(x) ] [6]. The minima correspond to topologically
distinct vacua with different baryon (B) and lepton (L) numbers. The configuration
[Asph(x), ϕsph(x) ] represents the saddle point of the energy functional, the sphaleron
solution.

to the next vacuum (B = b0 ± Nf and L = l0 ± Nf) occurs at the rate [6]

Γ = C(T ) T exp

(

−
Msph(T )

T

)

, (1.5)

where dimensionless factor C(T ) depends on the ratio v(T )/T and the coupling constants.4

Msph(T ) represents the free energy of the sphaleron configuration (at temperature T ),

which is given by [31]

Msph(T ) = 4πB(T )
v(T )

g2(T )
, (1.6)

where B(T ) depends on the gauge coupling g2(T ) and the 4-point coupling constant of

the Higgs potential λ(T ) as B = B(λ/g2
2), varying from 1.5 (λ/g2

2 → 0) to 2.7 (λ/g2
2 →

∞) [31]. The rate in Eq. (1.5) should be compared with the Hubble expansion rate

H = (π2g∗/90)1/2 × T 2/MG. (MG = 2.4× 1018 GeV is the reduced Planck scale and g∗ is

defined in Appendix B.2.) Then, it is found that the sphaleron rate in Eq. (1.5) indeed

exceeds the Hubble expansion rate for T > T∗, where T∗ is given by

T∗ % 4πB(T∗)
v(T∗)

g2(T∗)
×
[
ln
(

MG

T∗

)]−1

. (1.7)

4See comments below.
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‣ Are there any connection between QC & QB?
- Leptogenesis: B-L → B via sphaleron

- Leptoflavorgenesis: Le - Lμ or Lμ - Lτ → B via sphaleron + lepton Yukawa

Nonzero QC 
allows nonzero QB

?

- Decaying helical U(1)Y field: Le - Lμ or Lμ - Lτ → B via chiral plasma inst.

Primordial chiral asymmetries in SM?

‣ Electroweak Baryogenesis [Kuzmin, Rubakov, Shaposhnikov]
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Chemical equilibrium
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‣ The relation between B and QC at sphaleron equilibrium

Chemical equilibrium of SM
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Chemical equilibrium
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Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium
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Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

<latexit sha1_base64="eRDT5NR5Gcn9HEzPu+aMiCYBfBM="></latexit>

qB = @p
@µB

ØØØØ
µB+L=0

, q¢ f =
@p
@µ¢ f

ØØØØØ
µB+L=0

<latexit sha1_base64="0chLytI0rpsf0fU0T2Diu6t8nMo="></latexit>

TrLn

LO (ideal gas apprx.)

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

- Thermodynamic potential
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Chemical equilibrium

<latexit sha1_base64="sD7jyxN12IbEgfohyOcNXnGGvdk="></latexit>

p ¥ T ln Z
V

! q• =
hQ•i

V
= @p
@µ•

Pressure as a grand potential

Send μB+L to zero at the end of computation

Chemical equilibrium of SM

<latexit sha1_base64="0chLytI0rpsf0fU0T2Diu6t8nMo="></latexit>

TrLn

‣ The relation between B and QC at sphaleron equilibrium
<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

LO (ideal gas apprx.)

<latexit sha1_base64="eJYCm8v9dCVcDY7nogffmh6fBjM="></latexit>

pLO æ 1

3
µ2

B T 2 + 1

4

X

f
µ2

L f
T 2 + 1

3

√
µB °

X

f
µL f

!
B0T 2 + 11

12
B 2

0
T 2

<latexit sha1_base64="eRDT5NR5Gcn9HEzPu+aMiCYBfBM="></latexit>

qB = @p
@µB

ØØØØ
µB+L=0

, q¢ f =
@p
@µ¢ f

ØØØØØ
µB+L=0

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

- Thermodynamic potential



Kyohei Mukaida 20

Chemical equilibrium

<latexit sha1_base64="sD7jyxN12IbEgfohyOcNXnGGvdk="></latexit>

p ¥ T ln Z
V

! q• =
hQ•i

V
= @p
@µ•

Pressure as a grand potential

Send μB+L to zero at the end of computation

Chemical equilibrium of SM

<latexit sha1_base64="0chLytI0rpsf0fU0T2Diu6t8nMo="></latexit>

TrLn

‣ The relation between B and QC at sphaleron equilibrium
<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

LO (ideal gas apprx.)

<latexit sha1_base64="eJYCm8v9dCVcDY7nogffmh6fBjM="></latexit>

pLO æ 1

3
µ2

B T 2 + 1

4

X

f
µ2

L f
T 2 + 1

3

√
µB °

X

f
µL f

!
B0T 2 + 11

12
B 2

0
T 2

<latexit sha1_base64="eRDT5NR5Gcn9HEzPu+aMiCYBfBM="></latexit>

qB = @p
@µB

ØØØØ
µB+L=0

, q¢ f =
@p
@µ¢ f

ØØØØØ
µB+L=0

<latexit sha1_base64="45R4SMQ7KgeJAU+JDb+J6KqtYNE="></latexit>

qB = 28
79

X

f
q¢ f =

28
79

qB°L

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

- Thermodynamic potential
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Chemical equilibrium

<latexit sha1_base64="sD7jyxN12IbEgfohyOcNXnGGvdk="></latexit>

p ¥ T ln Z
V

! q• =
hQ•i

V
= @p
@µ•

Pressure as a grand potential

Send μB+L to zero at the end of computation

Chemical equilibrium of SM

<latexit sha1_base64="0chLytI0rpsf0fU0T2Diu6t8nMo="></latexit>

TrLn

‣ The relation between B and QC at sphaleron equilibrium
<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

LO (ideal gas apprx.)

<latexit sha1_base64="eJYCm8v9dCVcDY7nogffmh6fBjM="></latexit>

pLO æ 1

3
µ2

B T 2 + 1

4

X

f
µ2

L f
T 2 + 1

3

√
µB °

X

f
µL f

!
B0T 2 + 11

12
B 2

0
T 2

<latexit sha1_base64="eRDT5NR5Gcn9HEzPu+aMiCYBfBM="></latexit>

qB = @p
@µB

ØØØØ
µB+L=0

, q¢ f =
@p
@µ¢ f

ØØØØØ
µB+L=0

<latexit sha1_base64="45R4SMQ7KgeJAU+JDb+J6KqtYNE="></latexit>

qB = 28
79

X

f
q¢ f =

28
79

qB°L

<latexit sha1_base64="hZWSyKF5C6K6NFjC6fkSHWoNd5s="></latexit>ye f
<latexit sha1_base64="hZWSyKF5C6K6NFjC6fkSHWoNd5s="></latexit>ye f

NLO 
@ lepton Yukawa

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

- Thermodynamic potential
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Chemical equilibrium

<latexit sha1_base64="sD7jyxN12IbEgfohyOcNXnGGvdk="></latexit>

p ¥ T ln Z
V

! q• =
hQ•i

V
= @p
@µ•

Pressure as a grand potential

Send μB+L to zero at the end of computation

Chemical equilibrium of SM

<latexit sha1_base64="0chLytI0rpsf0fU0T2Diu6t8nMo="></latexit>

TrLn

‣ The relation between B and QC at sphaleron equilibrium
<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

<latexit sha1_base64="hZWSyKF5C6K6NFjC6fkSHWoNd5s="></latexit>ye f
<latexit sha1_base64="hZWSyKF5C6K6NFjC6fkSHWoNd5s="></latexit>ye f

<latexit sha1_base64="w+AbIZau8gHB/bqoURBgTNfsx/4="></latexit>

pNLO æ° 1

16º2

T 2

2

X

f
y2

e f

≥
°3B0µL f +2µ2

L f

¥

NLO 
@ lepton Yukawa

LO (ideal gas apprx.)

<latexit sha1_base64="eJYCm8v9dCVcDY7nogffmh6fBjM="></latexit>

pLO æ 1

3
µ2

B T 2 + 1

4

X

f
µ2

L f
T 2 + 1

3

√
µB °

X

f
µL f

!
B0T 2 + 11

12
B 2

0
T 2

Laine, Shaposhnikov 9911473
KM, K.Schmitz, M.Yamada 2111.03082

<latexit sha1_base64="eRDT5NR5Gcn9HEzPu+aMiCYBfBM="></latexit>

qB = @p
@µB

ØØØØ
µB+L=0

, q¢ f =
@p
@µ¢ f

ØØØØØ
µB+L=0

<latexit sha1_base64="CjnWPbo072BBlilE+6Twakg9AoM="></latexit>

qB '
∑

28
79

+O (y2
e f

)
∏

qB°L +
47

632º2

X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

- Thermodynamic potential
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Chemical equilibrium

Send μB+L to zero at the end of computation

Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium

<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

- Baryon charge & Conserved charges [KM, K.Schmitz, M.Yamada 2111.03082]

Corrections from Higgs VEV
<latexit sha1_base64="CjnWPbo072BBlilE+6Twakg9AoM="></latexit>

qB '
∑

28
79

+O (y2
e f

)
∏

qB°L +
47

632º2

X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

ideal gas lepton Yukawa
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Chemical equilibrium

Send μB+L to zero at the end of computation

Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium

<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

- Baryon charge & Conserved charges [KM, K.Schmitz, M.Yamada 2111.03082]

Corrections from Higgs VEV
<latexit sha1_base64="wlS+HMEsa6RNavv/xbM2kGTQZKk="></latexit>

w/ xSp ¥ ¡

T

ØØØØ
Sphaleron dec.

' 1.3

<latexit sha1_base64="mDTLncEPMva5OGZn4cjpdzQZnvA="></latexit>

qB '
∑

28
79

+O (y2
e f

, x2
Sp)

∏
qB°L +

1034+2473x2
Sp +792x4

Sp

16º2
≥
869+333x2

Sp

¥
X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

ideal gas lepton Yukawa
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Chemical equilibrium

Send μB+L to zero at the end of computation

Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium

<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

- Baryon charge & Conserved charges [KM, K.Schmitz, M.Yamada 2111.03082]

Corrections from Higgs VEV
<latexit sha1_base64="wlS+HMEsa6RNavv/xbM2kGTQZKk="></latexit>

w/ xSp ¥ ¡

T

ØØØØ
Sphaleron dec.

' 1.3

<latexit sha1_base64="mDTLncEPMva5OGZn4cjpdzQZnvA="></latexit>

qB '
∑

28
79

+O (y2
e f

, x2
Sp)

∏
qB°L +

1034+2473x2
Sp +792x4

Sp

16º2
≥
869+333x2

Sp

¥
X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

<latexit sha1_base64="QtMT9eTDu5+tCgPdEi8vxlMZxak="></latexit>

0.03
ideal gas lepton Yukawa
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Chemical equilibrium

Send μB+L to zero at the end of computation

Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium

<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

- Baryon charge & Conserved charges [KM, K.Schmitz, M.Yamada 2111.03082]

Corrections from Higgs VEV
<latexit sha1_base64="wlS+HMEsa6RNavv/xbM2kGTQZKk="></latexit>

w/ xSp ¥ ¡

T

ØØØØ
Sphaleron dec.

' 1.3

<latexit sha1_base64="mDTLncEPMva5OGZn4cjpdzQZnvA="></latexit>

qB '
∑

28
79

+O (y2
e f

, x2
Sp)

∏
qB°L +

1034+2473x2
Sp +792x4

Sp

16º2
≥
869+333x2

Sp

¥
X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

ideal gas lepton Yukawa

Implications of current baryon density

<latexit sha1_base64="QtMT9eTDu5+tCgPdEi8vxlMZxak="></latexit>

0.03

<latexit sha1_base64="ETMOm4uUeEy4S4ApebdPvK+9DQ0="></latexit>

YB = qB

s

ØØØ
TSp

= qB

s

ØØØ
0
' 9£10°11 <latexit sha1_base64="HJWOjb/ZY+s/XnqzfTe4YOmZz0w="></latexit>

YB°L |T TSp … 2.5£10°10

<latexit sha1_base64="Fcvv1jrKJHxkNym++JEOoKhSwok="></latexit>

°
YLe°Lø +YLµ°Lø

¢
T TSp

… 9£10°5

y2
ø/10°4

<latexit sha1_base64="Sf3m73myACou5Tkrfw8PcM9tQeU="></latexit>

°
YLe°Lµ °YLµ°Lø

¢
T TSp

… 2.4£10°2

y2
µ/(3.7£10°7)
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Chemical equilibrium

Send μB+L to zero at the end of computation

Chemical equilibrium of SM
‣ The relation between B and QC at sphaleron equilibrium

<latexit sha1_base64="Q2H6Dxti2mc84mo4NHlnQQk9VgU="></latexit>

Ω0 = 1
Z

e
°Ø

≥
H°P

f µ¢ f
Q¢

f
°µB+LQB+L

¥
<latexit sha1_base64="Gcv7lOSJFZ4HmLop6NsteRwF0co="></latexit>

µB =µB+L +
X

f
µ¢ f /3, µL f =µB+L °µ¢ fw/

- Baryon charge & Conserved charges [KM, K.Schmitz, M.Yamada 2111.03082]

Corrections from Higgs VEV
<latexit sha1_base64="wlS+HMEsa6RNavv/xbM2kGTQZKk="></latexit>

w/ xSp ¥ ¡

T

ØØØØ
Sphaleron dec.

' 1.3

<latexit sha1_base64="mDTLncEPMva5OGZn4cjpdzQZnvA="></latexit>

qB '
∑

28
79

+O (y2
e f

, x2
Sp)

∏
qB°L +

1034+2473x2
Sp +792x4

Sp

16º2
≥
869+333x2

Sp

¥
X

f
y2

e f
q¢ f

<latexit sha1_base64="U3cP/rnSpEd1qr5oLZ6AldydJ2Y="></latexit>

°µBQB °
X

f
µL f QL f

ideal gas lepton Yukawa

Implications of current baryon density

<latexit sha1_base64="QtMT9eTDu5+tCgPdEi8vxlMZxak="></latexit>

0.03

<latexit sha1_base64="ETMOm4uUeEy4S4ApebdPvK+9DQ0="></latexit>

YB = qB

s

ØØØ
TSp

= qB

s

ØØØ
0
' 9£10°11 <latexit sha1_base64="HJWOjb/ZY+s/XnqzfTe4YOmZz0w="></latexit>

YB°L |T TSp … 2.5£10°10

<latexit sha1_base64="Fcvv1jrKJHxkNym++JEOoKhSwok="></latexit>

°
YLe°Lø +YLµ°Lø

¢
T TSp

… 9£10°5

y2
ø/10°4

<latexit sha1_base64="Sf3m73myACou5Tkrfw8PcM9tQeU="></latexit>

°
YLe°Lµ °YLµ°Lø

¢
T TSp

… 2.4£10°2

y2
µ/(3.7£10°7)Leptogenesis

@ saturation
Leptoflavorgenesis
@ saturation

[Fukugita, Yanagida]



Chiral plasma instability 
in the early Universe

3.
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‣ SM → Chiral theory under SU(3) x SU(2) x U(1)
- Generic asymmetries in Matter = Chiral asymmetries!

Primordial chiral asymmetries in SM?

<latexit sha1_base64="ynNkdSxwhkqQ6fRbAY56tB5GUoA="></latexit>

U (1)B £U (1)Le £U (1)Lµ £U (1)Lø

<latexit sha1_base64="t82Rb71OPsBQXAULq1Nf7utJGNI="></latexit>

U (1)B°L £U (1)Le°Lµ £U (1)Lµ°Lø

<latexit sha1_base64="dZbkL0Oo5NF1uJmr4E6TLI18ShM="></latexit>

U (1)B+L
Classical Quantum

‣ Global symmetry & Chiral anomaly

<latexit sha1_base64="zclbFhGJdtPPUj2BXHo2mJoFxnA="></latexit>

µB

T
ª 10°10

ABJ anomaly
<latexit sha1_base64="5P1WwlzZRi6UihTsKmBUC9TP9Xs="></latexit>

@µ JµB = @µ JµL = 3

√
g 2

2W a
µ∫W̃ aµ∫

32º2 °
g 2

Y Bµ∫B̃µ∫

32º2

!

<latexit sha1_base64="t+/bQyrQWEBc1m4yRACbsCJemRA="></latexit>µB°L

T
. 10°8

<latexit sha1_base64="/26K202iaBHDyEcuezFFUOjmZLk="></latexit>

µL•°Lø

T
. 10°3

<latexit sha1_base64="svminE8QNYccICHtsN8NdBhkIrE="></latexit>µL•°Lµ

T
. 1

<latexit sha1_base64="2TNYUs9Q9aL9Lf6YF1Kr/YPUGhI="></latexit>

@ T   TSp
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‣ SM → Chiral theory under SU(3) x SU(2) x U(1)
- Generic asymmetries in Matter = Chiral asymmetries!

Primordial chiral asymmetries in SM?

<latexit sha1_base64="ynNkdSxwhkqQ6fRbAY56tB5GUoA="></latexit>

U (1)B £U (1)Le £U (1)Lµ £U (1)Lø

<latexit sha1_base64="t82Rb71OPsBQXAULq1Nf7utJGNI="></latexit>

U (1)B°L £U (1)Le°Lµ £U (1)Lµ°Lø

<latexit sha1_base64="dZbkL0Oo5NF1uJmr4E6TLI18ShM="></latexit>

U (1)B+L
Classical Quantum

‣ Global symmetry & Chiral anomaly

<latexit sha1_base64="zclbFhGJdtPPUj2BXHo2mJoFxnA="></latexit>

µB

T
ª 10°10

ABJ anomaly
<latexit sha1_base64="5P1WwlzZRi6UihTsKmBUC9TP9Xs="></latexit>

@µ JµB = @µ JµL = 3

√
g 2

2W a
µ∫W̃ aµ∫

32º2 °
g 2

Y Bµ∫B̃µ∫

32º2

!

<latexit sha1_base64="t+/bQyrQWEBc1m4yRACbsCJemRA="></latexit>µB°L

T
. 10°8

<latexit sha1_base64="/26K202iaBHDyEcuezFFUOjmZLk="></latexit>

µL•°Lø

T
. 10°3

<latexit sha1_base64="svminE8QNYccICHtsN8NdBhkIrE="></latexit>µL•°Lµ

T
. 1

<latexit sha1_base64="2TNYUs9Q9aL9Lf6YF1Kr/YPUGhI="></latexit>

@ T   TSp

Non-equilibrium chemical transport via chiral plasma instability!

Chiral asymmetry* Helical hyper magnetic fields
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‣ Chiral magnetic effect

Warmup: massless QED

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

<latexit sha1_base64="5uA6U1ikaVzVljdMP1t2SNnd3uU="></latexit>

µ5 > 0

‣ Chemical transport via chiral plasma instability
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‣ Chiral magnetic effect

Warmup: massless QED

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

<latexit sha1_base64="5uA6U1ikaVzVljdMP1t2SNnd3uU="></latexit>

µ5 > 0
<latexit sha1_base64="kAi+OSwsww0/aR5kuSCKucGleFo="></latexit>

J z
el > 0

‣ Chemical transport via chiral plasma instability
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‣ Chiral magnetic effect

Warmup: massless QED

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

<latexit sha1_base64="5uA6U1ikaVzVljdMP1t2SNnd3uU="></latexit>

µ5 > 0
<latexit sha1_base64="kAi+OSwsww0/aR5kuSCKucGleFo="></latexit>

J z
el > 0

<latexit sha1_base64="S2timtSo0T38xs0qz4ASBKk/5c4="></latexit>

µ5 < 0
<latexit sha1_base64="+hm6FD5jmwYwwJdgiI8oang4yTA="></latexit>

J z
el < 0

‣ Chemical transport via chiral plasma instability
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

Chiral anomaly
<latexit sha1_base64="nOCJiuKDe58UwBGZ09ySpyNpYao="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

Chiral anomaly
<latexit sha1_base64="nOCJiuKDe58UwBGZ09ySpyNpYao="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]



Kyohei Mukaida

Chiral Plasma Instability

36

‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B
<latexit sha1_base64="eVp9sfN9Jmj8aMNVJdOT4t52Kis="></latexit>

±E

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

<latexit sha1_base64="8Khi9/cNNXVOqZxnvAe7q+rt2TU="></latexit>

2Æ
º
µ5B =rrr£B °æE

@ ChMHD

Chiral anomaly
<latexit sha1_base64="nOCJiuKDe58UwBGZ09ySpyNpYao="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B
<latexit sha1_base64="eVp9sfN9Jmj8aMNVJdOT4t52Kis="></latexit>

±E

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

<latexit sha1_base64="8Khi9/cNNXVOqZxnvAe7q+rt2TU="></latexit>

2Æ
º
µ5B =rrr£B °æE

@ ChMHD

Chiral anomaly
<latexit sha1_base64="nOCJiuKDe58UwBGZ09ySpyNpYao="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B
<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B
<latexit sha1_base64="eVp9sfN9Jmj8aMNVJdOT4t52Kis="></latexit>

±E <latexit sha1_base64="TbpICkIMOsoxoR4xs8CYjYE5PnE="></latexit>

±B

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

<latexit sha1_base64="8Khi9/cNNXVOqZxnvAe7q+rt2TU="></latexit>

2Æ
º
µ5B =rrr£B °æE

@ ChMHD

<latexit sha1_base64="OfysA3Yu2pSGWNFZYhvLQvciUCc="></latexit>

E ·B < 0
<latexit sha1_base64="KcAJvE2TIl/VkIGBFxECssW1QC4="></latexit>

±µ5 < 0

Chiral anomaly
<latexit sha1_base64="nOCJiuKDe58UwBGZ09ySpyNpYao="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B
<latexit sha1_base64="eVp9sfN9Jmj8aMNVJdOT4t52Kis="></latexit>

±E <latexit sha1_base64="TbpICkIMOsoxoR4xs8CYjYE5PnE="></latexit>

±B

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

<latexit sha1_base64="8Khi9/cNNXVOqZxnvAe7q+rt2TU="></latexit>

2Æ
º
µ5B =rrr£B °æE

@ ChMHD

<latexit sha1_base64="OfysA3Yu2pSGWNFZYhvLQvciUCc="></latexit>

E ·B < 0
<latexit sha1_base64="KcAJvE2TIl/VkIGBFxECssW1QC4="></latexit>

±µ5 < 0

Chiral anomaly
<latexit sha1_base64="WUS5V05tkuvwVqh4Vdkb8AlSDN4="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B =°Æ
º
@ ·K

<latexit sha1_base64="OFLXb8gNmRHI1w4kfSOJPel1Oz8="></latexit>

¢Q5 =°Æ
º
¢H

chiral 
asym.

magnetic
helicity

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]
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‣ Chiral magnetic effect

Warmup: massless QED

‣ Chemical transport via chiral plasma instability

<latexit sha1_base64="eFc/xKky863GncYcV70LDvNxC4A="></latexit>

Q5 =QR °QL , QR/L = NR/L °N R/L

Chiral asymmetry

Electric current along B 

<latexit sha1_base64="UPvkW/s7kofxwpwm3i+maYJAfF4="></latexit>

B
<latexit sha1_base64="eVp9sfN9Jmj8aMNVJdOT4t52Kis="></latexit>

±E <latexit sha1_base64="TbpICkIMOsoxoR4xs8CYjYE5PnE="></latexit>

±B

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="tPyQs05iiaMGgn6oHsTw56Ghd1M="></latexit>

Jel = 2£ Æ

º
µ5B

<latexit sha1_base64="JjZZlyxcdTcmHDAjG4ETB7eAA2U="></latexit>

2Æ
º
µ5B

<latexit sha1_base64="8Khi9/cNNXVOqZxnvAe7q+rt2TU="></latexit>

2Æ
º
µ5B =rrr£B °æE

@ ChMHD

<latexit sha1_base64="OfysA3Yu2pSGWNFZYhvLQvciUCc="></latexit>

E ·B < 0
<latexit sha1_base64="KcAJvE2TIl/VkIGBFxECssW1QC4="></latexit>

±µ5 < 0

Chiral anomaly
<latexit sha1_base64="WUS5V05tkuvwVqh4Vdkb8AlSDN4="></latexit>

@ · J5 =° g 2

8º2 Fµ∫F̃µ∫ = g 2

2º2 E ·B =°Æ
º
@ ·K

<latexit sha1_base64="OFLXb8gNmRHI1w4kfSOJPel1Oz8="></latexit>

¢Q5 =°Æ
º
¢H

chiral 
asym.

magnetic
helicity

Time scale
<latexit sha1_base64="3SKa34HZ1LnMOY6/W39ppWnVcJE="></latexit>

tCPI ª
º2æ

2Æ2µ2
5

<latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+

<latexit sha1_base64="CLTSlQGwYFKkHgNhq8TicPNtQco="></latexit>

Sz

<latexit sha1_base64="jLIwBqgm2W+0LGAPRNwOmTg7St8="></latexit>pz

<latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>° <latexit sha1_base64="+DonFRu2X+/zsfMnECxfLPPXH1g="></latexit>+ <latexit sha1_base64="In2AWqda4eLZuBhkXgUi1198M8A="></latexit>°

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="6mGEj8syZoS5BSBUkE8rYR0Gtmg="></latexit>

√R

<latexit sha1_base64="VFm2J+lor+mEbafook0AOP5D0zo="></latexit>

Ω<latexit sha1_base64="oNt+4WcU6yB2gW+iNJo8YbP7uKk="></latexit>

√L

R+ L- L+ R-

<latexit sha1_base64="ROTMbB6daqRLkuN2wV0Qcma7xWc="></latexit>

B

<latexit sha1_base64="csDV8PWhS1DaT5dYmQXyCZukLss="></latexit>

TCPI ª 105 GeV
µ
µ5/T
10°3

∂2

[Vilenken;  Alekseev+;  Fukushima+]

[Joyce, Shaposhnikov; Akamatsu, Yamamoto]

<latexit sha1_base64="aKCopSfrERJsKt0YA5uKXdpxjYs="></latexit>

@¥B± =° k
æ

≥
k ® Æ

º
2µ5

¥
B±+·· ·

<latexit sha1_base64="mY19L0+uHJFeRx44pPyOE20NIgU="></latexit>

µ5 > 0

<latexit sha1_base64="i/iim0gqxcwwzwM1G7HgFwV/+1E="></latexit>

ik£e±k =±e±k

[Joyce, Shaposhnikov;  Kamada]

w/

Tachyonic instability
<latexit sha1_base64="HQkm0l51z7gVx/fNLlTsofqDR1Q="></latexit>

k < Æ

º
2µ5 for

<latexit sha1_base64="eMtah5JkNyyH3IlzaJorIKMxqCw="></latexit>

B+
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Standard Model & Hyper magnetic fields

Hyper electric current along BY
<latexit sha1_base64="MKD0SwxNYGJ9zCVK5//YGqV7x5A="></latexit>

gi Yi

`L 2 °1/2
qL 6 1/6

<latexit sha1_base64="/RLXgPvbQWU/lFC3R8rrtKJ6Jkw="></latexit>

gi Yi

eR 1 °1
uR 3 2/3
dR 3 °1/3

Right-handed Left-handed
<latexit sha1_base64="izcYfGzXplSV/i/nGBpsO3hTWGk="></latexit>

JY = ÆY

º
µ5Y BY

<latexit sha1_base64="jfXufSwBXb1j6CwwJ+aFmsEXqAo="></latexit>

µ5Y =
X

i
≤i gi Y 2

i µi
<latexit sha1_base64="lZbyrj8LV+nSqht9zB1NzuAUrN8="></latexit>

≤i =± for R/Lw/

Depends on T!

‣ Chiral plasma instability in SM [V.Domcke, K.Kamada, KM, K.Schmitz, M.Yamada 2111.03082]
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Standard Model & Hyper magnetic fields

Hyper electric current along BY
<latexit sha1_base64="MKD0SwxNYGJ9zCVK5//YGqV7x5A="></latexit>

gi Yi

`L 2 °1/2
qL 6 1/6

<latexit sha1_base64="/RLXgPvbQWU/lFC3R8rrtKJ6Jkw="></latexit>

gi Yi

eR 1 °1
uR 3 2/3
dR 3 °1/3

Right-handed Left-handed
<latexit sha1_base64="izcYfGzXplSV/i/nGBpsO3hTWGk="></latexit>

JY = ÆY

º
µ5Y BY

<latexit sha1_base64="jfXufSwBXb1j6CwwJ+aFmsEXqAo="></latexit>

µ5Y =
X

i
≤i gi Y 2

i µi
<latexit sha1_base64="lZbyrj8LV+nSqht9zB1NzuAUrN8="></latexit>

≤i =± for R/Lw/

Depends on T!

decoupled equil.

Approximate conserved charges in SM
<latexit sha1_base64="SBhqWEDL5S/WdYi7bEGPYrhseNc="></latexit>

• T . 105 GeV → no instability!
<latexit sha1_base64="E83ipkI8TasTxX6zL8bGQbp7cZ4="></latexit>

µ5Y = 0

‣ Chiral plasma instability in SM [V.Domcke, K.Kamada, KM, K.Schmitz, M.Yamada 2111.03082]
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Standard Model & Hyper magnetic fields

Hyper electric current along BY
<latexit sha1_base64="MKD0SwxNYGJ9zCVK5//YGqV7x5A="></latexit>

gi Yi

`L 2 °1/2
qL 6 1/6

<latexit sha1_base64="/RLXgPvbQWU/lFC3R8rrtKJ6Jkw="></latexit>

gi Yi

eR 1 °1
uR 3 2/3
dR 3 °1/3

Right-handed Left-handed
<latexit sha1_base64="izcYfGzXplSV/i/nGBpsO3hTWGk="></latexit>

JY = ÆY

º
µ5Y BY

<latexit sha1_base64="jfXufSwBXb1j6CwwJ+aFmsEXqAo="></latexit>

µ5Y =
X

i
≤i gi Y 2

i µi
<latexit sha1_base64="lZbyrj8LV+nSqht9zB1NzuAUrN8="></latexit>

≤i =± for R/Lw/

Depends on T!

decoupled equil.

Approximate conserved charges in SM
<latexit sha1_base64="SBhqWEDL5S/WdYi7bEGPYrhseNc="></latexit>

• T . 105 GeV → no instability!

<latexit sha1_base64="PDbOXS7HZa8VE7fhWsducM6V1Pw="></latexit>

• 105 GeV. T . 106 GeV electron Yukawa decoupled

<latexit sha1_base64="WzGdA8yrpEu6T6mf308KTSwooWY="></latexit>

@ · JeR =°
g 2

Y

16º2 Bµ∫B̃µ∫

<latexit sha1_base64="E83ipkI8TasTxX6zL8bGQbp7cZ4="></latexit>

µ5Y = 0

<latexit sha1_base64="prGaJ002TkTLt1Nf0pUReq+oupg="></latexit>

µ5Y =
711µe +237µ¢e °52µB°L

481

‣ Chiral plasma instability in SM [V.Domcke, K.Kamada, KM, K.Schmitz, M.Yamada 2111.03082]
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‣ Chiral plasma instability in SM

Standard Model & Hyper magnetic fields

Hyper electric current along BY
<latexit sha1_base64="MKD0SwxNYGJ9zCVK5//YGqV7x5A="></latexit>

gi Yi

`L 2 °1/2
qL 6 1/6

<latexit sha1_base64="/RLXgPvbQWU/lFC3R8rrtKJ6Jkw="></latexit>

gi Yi

eR 1 °1
uR 3 2/3
dR 3 °1/3

Right-handed Left-handed
<latexit sha1_base64="izcYfGzXplSV/i/nGBpsO3hTWGk="></latexit>

JY = ÆY

º
µ5Y BY

<latexit sha1_base64="jfXufSwBXb1j6CwwJ+aFmsEXqAo="></latexit>

µ5Y =
X

i
≤i gi Y 2

i µi
<latexit sha1_base64="lZbyrj8LV+nSqht9zB1NzuAUrN8="></latexit>

≤i =± for R/Lw/

Depends on T!

decoupled equil.

Approximate conserved charges in SM
<latexit sha1_base64="SBhqWEDL5S/WdYi7bEGPYrhseNc="></latexit>

• T . 105 GeV → no instability!

<latexit sha1_base64="PDbOXS7HZa8VE7fhWsducM6V1Pw="></latexit>

• 105 GeV. T . 106 GeV electron Yukawa decoupled

<latexit sha1_base64="WzGdA8yrpEu6T6mf308KTSwooWY="></latexit>

@ · JeR =°
g 2

Y

16º2 Bµ∫B̃µ∫

<latexit sha1_base64="E83ipkI8TasTxX6zL8bGQbp7cZ4="></latexit>

µ5Y = 0

chiral plasma inst.
0

<latexit sha1_base64="prGaJ002TkTLt1Nf0pUReq+oupg="></latexit>

µ5Y =
711µe +237µ¢e °52µB°L

481

<latexit sha1_base64="j1coEewGJxFFrJctCdmsn9aLxUg="></latexit>

¢hY =° 2º
ÆY

¢qe '
ºT 2

3ÆY

237µ¢e °52µB°L

711

[V.Domcke, K.Kamada, KM, K.Schmitz, M.Yamada 2111.03082]

<latexit sha1_base64="XwBnTQV/MOXrmAo/E83o51xFxGY="></latexit>

@¥BY ± =° k
æY

≥
k ® ÆY

º
µ5Y

¥
BY ±+·· ·

<latexit sha1_base64="3xF+GTq9I11di8N+/TRJDD8SBOQ="></latexit>

BY + %
<latexit sha1_base64="RnM2gIv/PQsa/03j+HVJau87+Ko="></latexit>

µ5Y &

<latexit sha1_base64="w5Nahxw2TMJmnf/861dSeOQdTW0="></latexit>

µ5Y > 0
<latexit sha1_base64="Fqkt+VjpCCkWdafJCqmAIN2/izI="></latexit>

hY %
<latexit sha1_base64="jb9LUXa8O9rbjQvoFtI19BrlmSM="></latexit>

qe &
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Baryogenesis from Decaying Helicity

Baryogenesis at EWPT

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

electron Yukawa equil. 
@ T < 105 GeV

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

<latexit sha1_base64="bXUvZeoTej+x2KlvMf/KI+HLKMk="></latexit>ye
<latexit sha1_base64="D063fXh4eAKT6mFnEHCjeBGUlVA="></latexit>

¢q`
Sphaleron 
washout

CPI
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Baryogenesis from Decaying Helicity

Baryogenesis at EWPT

/ @¥hY
<latexit sha1_base64="I8umtyLp2S9cYHJ1qjwBpPUkJYE="></latexit>

EW
 

crossover

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

electron Yukawa equil. 
@ T < 105 GeV

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

<latexit sha1_base64="bXUvZeoTej+x2KlvMf/KI+HLKMk="></latexit>ye
<latexit sha1_base64="D063fXh4eAKT6mFnEHCjeBGUlVA="></latexit>

¢q`
Sphaleron 
washout

<latexit sha1_base64="1ehVZX0JjGbSJwWQ8/GgnMoZWJ4="></latexit>

@¥qB =°111
34

°wsqB + 3
2

°
g 2

2 + g 2
Y

¢
sin(2µ)

°
@¥µ

¢ ¢hY

8º2

<latexit sha1_base64="s+l/9zbXX6Mhg9srN1NAYWzc//Y="></latexit>

°ws / e°
Msph(T )

T
<latexit sha1_base64="aGrFdS8fZptFDY6unnsPNTLXV2c="></latexit>

Msph(T ) / v(T )w/

<latexit sha1_base64="hcY8A1wW0tuoqGrQ7LJtgi6pH74="></latexit>

hY

<latexit sha1_base64="c1xor3L7GLJW+nDjYT8Dsa+udso="></latexit>

hem

<latexit sha1_base64="Y7YHUJOnzTe5Viel4sLlcVKjjLI="></latexit>

¢hY

Fujita, Kamada 1602.02109
Kamada, Long 1610.93974

CPI
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- Sphaleron washout v.s. Decaying helicity

‣ Chemical transport @ electroweak crossover
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Baryogenesis from Decaying Helicity

Baryogenesis at EWPT

/ @¥hY
<latexit sha1_base64="I8umtyLp2S9cYHJ1qjwBpPUkJYE="></latexit>

EW
 

crossover

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

electron Yukawa equil. 
@ T < 105 GeV

<latexit sha1_base64="xVQms/HM1PbJ5sDaUGEJd3MnkS4="></latexit>

¢qe
<latexit sha1_base64="BiFNw1gnnoiVA8sbG/KVjcX1UKs="></latexit>

ÆY
2º ¢hY

<latexit sha1_base64="bXUvZeoTej+x2KlvMf/KI+HLKMk="></latexit>ye
<latexit sha1_base64="D063fXh4eAKT6mFnEHCjeBGUlVA="></latexit>

¢q`
Sphaleron 
washout

<latexit sha1_base64="1ehVZX0JjGbSJwWQ8/GgnMoZWJ4="></latexit>

@¥qB =°111
34

°wsqB + 3
2

°
g 2

2 + g 2
Y

¢
sin(2µ)

°
@¥µ

¢ ¢hY

8º2

<latexit sha1_base64="s+l/9zbXX6Mhg9srN1NAYWzc//Y="></latexit>

°ws / e°
Msph(T )

T
<latexit sha1_base64="aGrFdS8fZptFDY6unnsPNTLXV2c="></latexit>

Msph(T ) / v(T )w/

<latexit sha1_base64="hcY8A1wW0tuoqGrQ7LJtgi6pH74="></latexit>

hY

<latexit sha1_base64="c1xor3L7GLJW+nDjYT8Dsa+udso="></latexit>

hem

<latexit sha1_base64="Y7YHUJOnzTe5Viel4sLlcVKjjLI="></latexit>

¢hY

Fujita, Kamada 1602.02109
Kamada, Long 1610.93974

<latexit sha1_base64="BnI9XIp26MgFbaM+kuvXBQ6trEY="></latexit>

YB = qB

s

ØØØ
0
= qB

s

ØØØ
TSp

= ≤£ 3ÆY

4º
¢hY

s

ØØØØ
TCPI

ª 10°7
≥ ≤

0.05

¥ µ
µ¢e /T

10°3

∂
Baryon overproduction!

* no CPI for 

CPI

Sphaleron washout factor

<latexit sha1_base64="Y9GL7MNc+rzOIfZn+TWIO36iyYM="></latexit>

µ¢e

T
< 10°3
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<latexit sha1_base64="6rj5/YDyAOw9RrG0Ovvrx6txX1g="></latexit>

102 GeV
<latexit sha1_base64="/Jrqsxa5kA9pWD9pPqYLTBjAJ2Q="></latexit>

U(1)B
<latexit sha1_base64="/Jrqsxa5kA9pWD9pPqYLTBjAJ2Q="></latexit>

U(1)B

<latexit sha1_base64="zBSQgXMql1gBn93FjFVN+4Eosqg="></latexit>

T

<latexit sha1_base64="Fvt1auXLnq9b5dy6bYDCfQNcWMw="></latexit>

U(1)B°L

<latexit sha1_base64="4+niDDyg6QDlgd3u6fur5ouWY6k="></latexit>

1012 GeV

EWPT
Weak sphaleron equilibrated

<latexit sha1_base64="JZ4YkR4fNKzCm0RwbOfpDps8c0M="></latexit>

U(1)Le°Lµ
<latexit sha1_base64="scLbmzagy4690993f/IB+xYwYr4="></latexit>

U(1)Lµ°Lø

‣ Conserved charges & Observed baryon asymmetry?

- Leptogenesis

?

- Hyper magnetogenesis via chiral plasma inst.

Primordial chiral asymmetries in SM?

th-eq

Non-eq

Summary

<latexit sha1_base64="z+/mZPB7qFffxsBnKrHoIztAC94="></latexit>

YB ' 28
79

YB°L

<latexit sha1_base64="HJWOjb/ZY+s/XnqzfTe4YOmZz0w="></latexit>

YB°L |T TSp … 2.5£10°10

Ideal gas
<latexit sha1_base64="mjisan+YIuFWZR8SGskTjv08PW0="></latexit>

YB ' 0.03
X

f
y2

e f
Y¢ f

<latexit sha1_base64="ArcFzAlj3m9ljf+unJonglBls6Y="></latexit>°
YLe°Lø +YLµ°Lø

¢
T TSp

… 9£10°5

<latexit sha1_base64="EhIuDykIUx8rtuzOWVudnkCbUEs="></latexit>°
YLe°Lµ °YLµ°Lø

¢
T TSp

… 2.4£10°2

<latexit sha1_base64="WwRwatzGYS2PBrDOOAI6HxUZ5aY="></latexit>

YB = ≤
3ÆY

4º
¢hY

s

ØØØØ
TSp

=°≤ 3Ye

2

ØØØØ
TCPI>105 GeV

ª ≤
Y¢e

2

ØØØØ
TCPI>105 GeV

Decaying hY chiral anomaly of eR chiral plasma instability

<latexit sha1_base64="Tt9tEEEpdcOFZLzmA05e44qHqqo="></latexit>

µ¢e

T

ØØØ
Tª105 GeV

< 10°3

To avoid baryon overproduction!

loop


