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Cosmic Inflation v.s. Baryon Asymmetry
‣ Inflation: accelerated expansion of Universe

- Solve horizon/flatness problems + Provide density perturbations.

- Dilute unwanted relics, but also SM particles such as baryons.

‣ Baryogenesis: production of baryon asymmetry after inflation.

- Baryon to photon ratio (BBN) → 

➡ Baryogenesis from Inflation?

Inflaton
SM 
particles

- Reheating requires couplings btw inflaton and the SM particles.

Baryogenesis ?�
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- Flat potential protected by the shift sym.

Introduction
Inflaton w/ Chern-Simons coupling
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‣ Flat potential v.s. Coupling to radiation
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- Reheating via the Chern-Simons coupling
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‣ Flat potential v.s. Coupling to radiation

❖ Helical-gauge field production during inflation:           . 

- Reheating via the Chern-Simons coupling

Inflaton w/ Chern-Simons coupling

- Flat potential protected by the shift sym. ¡ 7!¡+ c

where

Horizon

0 =
h
@2
¥+k(k ±2ªaH)

i
A±(¥,k)

<latexit sha1_base64="SCdygKiaVOuovNbyoXBtOr4NqP8="></latexit>

0 6=
≠

Fµ∫F̃µ∫Æ

=°4hE ·Bi

<latexit sha1_base64="hzTNfFqkVAOZi1LmUZrainbz8hU="></latexit>

¡̇ 6= 0

<latexit sha1_base64="OUIc5s0U2BoKg6h2vn8edglmLtY="></latexit>

E

<latexit sha1_base64="O/9AJGCpHzrUg6v2eipFew6ecAk="></latexit>
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❖ Helical-gauge field production during inflation. 

Helical gauge & Chiral fermion

U(1)Y

SM particles 
charged under U(1)Y
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Inflaton w/ Chern-Simons coupling to U(1)Y

❖ B+L generation during inflation!

U(1)Y

SM particles 
charged under U(1)Y
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Baryogenesis from B+L asymmetry?

Time
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Baryogenesis from B+L asymmetry?
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Baryogenesis from B+L asymmetry?
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¥

<latexit sha1_base64="hvQxPJXzW71SoY8QSfx0ZAEjkGM="></latexit>

3@µK µ
CS

<latexit sha1_base64="G+6n8j4DEgMjzfy3Hr1cHEO19Is="></latexit>

°3ÆY

4º
@µhµY

<latexit sha1_base64="L+nv2yrXd/n+yB6YVvRThKtpBqE="></latexit>

°3
4
ÆY

º
¢hY

<latexit sha1_base64="hBZQatwz0SM2sbB14k531XXbX6c="></latexit>

≤£ 3
4
ÆY

º
¢hY

<latexit sha1_base64="LB9Kfy/r+DmcWRlWotY39wIRAbE="></latexit>

K.Kamada’s talk @ 
PPP2019



Production of 
Helical gauge & Chiral fermion

2.



Kyohei Mukaida / 1905.13318, 20xx.xxxxx

Right-handed

Fermion Production
Landau Levels

15

En
er

gy

Pz

Left-handed

‣ Turn off EY;  BY field modifies the dispersion relation.
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- Landau level n : transverse motion 

- Pz : parallel motion
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‣ Turn on EY and see what happens. Nielsen, Ninomiya, Phys.Lett.130B (1983) 
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Nielsen, Ninomiya, Phys.Lett.130B (1983) ‣ Turn on EY and see what happens.
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Nielsen, Ninomiya, Phys.Lett.130B (1983) ‣ Turn on EY and see what happens.
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‣ Turn on EY and see what happens.
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Fermion Production
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Higher Landau Levels (n≧1) & Pair Production
e.g., V.Domcke and KM 1806.08769
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Higher Landau Levels (n≧1) & Pair Production

Tunneling Tunneling
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- Never contribute to asymmetries!

e.g., V.Domcke and KM 1806.08769
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‣ Turn on EY and see what happens.
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- Chiral anomaly from the lowest Landau level (n=0).

- Pair production from higher Landau levels (n=1,2,…).

e.g., V.Domcke and KM 1806.08769
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‣ Primordial generation of B+L asym.
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‣ Backreaction suppresses gauge field

Implications on Axion Inflation
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Baryogenesis from B+L asymmetry?
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Avoid Chiral Plasma Instability
‣ Survival of qe from Sphaleron + Yukawa washout

Survival of Helical Gauge Field
V.Domcke, B.Harling, E.Morgante, KM 

1905.13318
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‣ Chiral Magneto Hydro Dynamics (ChMHD)

Avoid Magnetic Diffusion
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Survival of Helical Gauge Field
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‣ Chiral Magneto Hydro Dynamics (ChMHD)

Avoid Magnetic Diffusion
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‣ Inverse cascade: transfer from short to long wave length.
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Baryogenesis from B+L asymmetry?
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‣ Transport equation @ EW Crossover
Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.

- Slowest processes: EW sphaleron & Decaying helicity
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Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.
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‣ Transport equation @ EW Crossover
- Slowest processes: EW sphaleron & Decaying helicity
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Baryogenesis from Decaying Helicity

Regeneration of Baryon Asym.
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- Huge uncertainties…
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EW
 

crossover

‣ Transport equation @ EW Crossover
- Slowest processes: EW sphaleron & Decaying helicity
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Viable parameters for Baryogenesis
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Observed 
Baryon #

- Successful baryogenesis 
only with SM + inflaton 

- ChMHD puts lower/upper 
bounds.

- Mild dependence on the 
Chern-Simons coupling

Baryogenesis from axion inflation

V.Domcke, B.Harling, E.Morgante, KM 
1905.13318
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Viable parameters for Baryogenesis
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Observed 
Baryon #

Viable?
Competition btw 
overprod. and CPI.

- Successful baryogenesis 
only with SM + inflaton 

- ChMHD puts lower/upper 
bounds.

- Mild dependence on the 
Chern-Simons coupling

Baryogenesis from axion inflation

V.Domcke, B.Harling, E.Morgante, KM 
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5.
Leptogenesis from 
axion inflation



Kyohei Mukaida / 1905.13318, 20xx.xxxxx 42

Time

Inefficient°3
4
ÆY

º
¢hY

<latexit sha1_base64="Ce2ARJCr8uRCxmDLxJKsG/MK+aM="></latexit>

°3
4
ÆY

º
¢hY

<latexit sha1_base64="Ce2ARJCr8uRCxmDLxJKsG/MK+aM="></latexit>

°3
4
ÆY

º
¢hY

<latexit sha1_base64="Ce2ARJCr8uRCxmDLxJKsG/MK+aM="></latexit>

Inflation

Leptogenesis?
What we have discussed so far…
‣ Setup: inflaton + SM
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¥

<latexit sha1_base64="qKS6N1ZbaJdCOaNTcg/G1MM7zsE="></latexit>

V.Domcke, B.Harling, E.Morgante, KM 
1905.13318



Kyohei Mukaida / 1905.13318, 20xx.xxxxx 43

Leptogenesis from B+L asymmetry?
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via Sphaleron + Yukawa
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‣ Setup: inflaton + SM + Majorana NR
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via Sphaleron + Yukawa
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‣ Setup: inflaton + SM + Majorana NR
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- Depends on when NR decouples.
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Summary
Inflaton w/ CS coupling to U(1)Y

‣ Baryogenesis only with SM + inflaton

‣ Leptogenesis with SM + inflaton + Majorana NR

- Washout via NR generates B-L asym. from B+L asym.
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- BAU connected to Hinf

- Mild dependence on the CS coupling

- Upper/Lower bounds from ChMHD

- Uncertainties: SM physics & backreaction

qB

s
⇠ 10�9
Å

Hrh

1010 GeV

ã 3
2
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‣ Dual production of B+L asymmetry & helical U(1)Y
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Decoupling Temperature

48

Summary plot of decoupling temperatures
‣ Assume radiation dominated Universe.

- During inflation, equilibration is more difficult because                  . H
2 > Ωrad

3M
2
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Field Rotation Invariance

49

Redundancies in inflaton-SM coupling
‣ Warm up: coupling to CS term in massless QED
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‣ Coupling to CS term of U(1)Y
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➡ Field rotation never changes physics! (see also KM+ 2006.03148)
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Field Rotation Invariance

50

Redundancies in inflaton-SM coupling
‣ Warm up: coupling to CS term in massless QED
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‣ Coupling to CS term of U(1)Y
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➡ Field rotation never changes physics! (see also KM+ 2006.03148)
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Chiral Vortical Effect

51

Chiral vortical effect as NLO in μ/T
‣ Generalized Ohm’ law w/ velocity & its vortex

- Assump: weak hyper gauge field & thermalized plasma.
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How does Induced Current look like?
‣ Weak electromagnetic field in thermalized plasma

- No magnetic mass for transverse mode of  Abelian gauge field.

- This expression holds if energy by acceleration ≪ temperature

‣ Strong electromagnetic field ?
- Estimate the current operator for the accelerated energy ≫ temperature
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Schwinger effect for massive fermion
‣ Anomalous current equation w/ mass term

‣ Induced current

Ambjorn, Olesen, Phys.Lett.B 218 (1989) 67; Kajantie+, Nucl.Phys.B 544 (1999) 357-373 

See e.g., K.Fukushima+ 1807.04416
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Involves gauge coupling running
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Schwinger effect for massive fermion
‣ Anomalous current equation w/ mass term

‣ Induced current

Ambjorn, Olesen, Phys.Lett.B 218 (1989) 67; Kajantie+, Nucl.Phys.B 544 (1999) 357-373 

See e.g., K.Fukushima+ 1807.04416
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Schwinger effect for massive fermion
‣ Anomalous current equation w/ mass term

‣ Induced current

Ambjorn, Olesen, Phys.Lett.B 218 (1989) 67; Kajantie+, Nucl.Phys.B 544 (1999) 357-373 

See e.g., K.Fukushima+ 1807.04416
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Viable parameters for Baryogenesis
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Magnetic field
Implications to intergalactic B-field?

57

‣ Current lower limits to explain the intergalactic B-field.

Fermi-LAT 1804.08035

- Our baryogenesis model yields too small…B . 10°17G for ∏ª 0.1pc
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Vacuum Contribution
Chiral anomaly in finite volume
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‣ Consider (1+1) QED on S1:

Left-handed Right-handed
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‣ Consider (1+1) QED on S1:

Left-handed Right-handed
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‣ Consider (1+1) QED on S1:

Left-handed Right-handed
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➡ Particles are not yet generated… How do we fulfill the anomaly eq?

➡ Vacuum contribution accounts for the anomaly eq!
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‣ “Lightness” protected by the shift symmetry (classically):

‣ Efficient helical-gauge field production by                . ¡̇ 6= 0
¡ 7!¡+ c

➡ axion inflation, relaxion, chiral GWs, baryogenesis, magnetogenesis,…
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Fermion Production
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Subtleties for
‣ No Landau levels, but we can still play the same game…

‣ The spectrum is different between the initial and final states.

➡ Need to include the contributions from vacuum not only particles.

Figure 1: Left panel: Dispersion relation for the left-handed fermion. One mode, ∏= (°1), crosses the zero energy while the

other three modes are gapped. Right panel: Dispersion relation for the right-handed fermion. It is obtained from flipping

the sign of the energy for the left-handed fermion.
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The dispersion relation is also shown in Fig. 1. There is one mode which smoothly connects the

negative and positive energy states while the other three modes are gapped. The vacuum state is ob-

tained by filling the negative energy states, corresponding to the Dirac sea. We can expand the resulting

10
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The eta-invariant; see Atiyah and Singer
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Chiral Plasma Instability
Chiral Plasma Instability
‣ Equation for Magnetic Helicity
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‣ Mode equation
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Scaling in Turbulent & Viscous Regimes

Kinetic Reynolds #
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‣ Velocity equation in ChMHD
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- Turbulent regime: Rm  > Re > 1
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- Viscous regime: Rm  > 1 > Re
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