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Inflaton w/ CS-coupling
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» Flat potential v.s. Couplings to visible sector

- Flatness protected by the shift sym. (P — (P + C
- Reheating via the CS coupling

---------------------------------------------------------------------------------------------------------------

» Efficient helical-gauge field production by (P # ()
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= (Pre)Reheating, chiral GVWs, baryogenesis, magnetogenesis,...



Coupling to the SM Gauge Group ?
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» Production of (during inflation) is inevitable!

- B+L asymmetry generation via the SM chiral anomaly
3 -
o= (s i) 2 ()

- Pair production via the Schwinger effect Q}L{ e

Does Baryon/Lepton asymmetry survive!



Baryogenesis from B+L asymmetry?
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Inflation § Dual production of B+L asym. and helical U(l)y via ¢Y,,, Y*V.
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Baryogenesis from B+L asymmetry?
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Inflation § Dual production of B+L asym. and helical U(l)y via ¢Y,,, Y*V.
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Baryogenesis from B+L asymmetry?
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Inflation § Dual production of B+L asym. and helical U(l)y via ¢Y,,, Y*V.
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' Inefficient diffusion

Ty, ~ 10° GeV
Ye ?"- ; No CPI (chiral plasma instability)
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Baryogenesis from B+L asymmetry?
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Inflation § Dual production of B+L asym.and helical U(l)yvia ¢Y,, Y*".

4
' Inefficient diffusion

Ty, ~ 10° GeV
Ye ?"- v No CPI (chiral plasma instability)

T ~ 102 GeV ‘ ARy is converted to U(l)em v

+ Sphaleron freezes out




Baryogenesis from B+L asymmetry?
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Inflaton w/ CS coupling to U(l)y
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» Production of helical-gauge field by (p =40}

)

_ [ 42
0=|0; + k(k+2¢aH) AY,i(TI.’ k) 0# (Y Y*) = —4(Ey - By)

0=(Ey)=(By)

where ¢ =

_-__-----‘------.._

- y: —
- -~
- ~

~~~~~
________
---------------

Corr. length ~ Horizon

Kyohei Mukaida - DESY
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Landau Levels

» Turn off Ey; By field modifies the dispersion relation.
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» Landau Level n: transverse motion; pz: parallel motion
Left-handed | Right-handed




Lowest Landau Level (n=0) & Chiral Anomaly

) TUI"n on EY and see What happens. Nielsen, Ninomiya, Phys.Lett.130B (1983)
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Lowest Landau Level (n=0) & Chiral Anomaly

) TUI"n on EY and see What happens. Nielsen, Ninomiya, Phys.Lett.130B (1983)
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Higher Landau Levels (nzl) & Pair Production

V.Domcke and KM 180608769
» Turn on Ey and see what happens. e

Left-handed Right-handed
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Higher Landau Levels (nzl) & Pair Production

V.Domcke and KM 180608769
» Turn on Ey and see what happens. e

Left-handed

Right-handed
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= Pair-production via Schwinger effect



Higher Landau Levels (nzl) & Pair Production
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» Turn on Ey and see what happens. e

Right-handed

Left-handed
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Energy
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' = Pair-production via Schwinger effect
' 2

2
. 1 g Q 27TnBY g Q 1
— ng:l; E N Y <a EY BY — Na Zﬂ'za EY BY 2nBy

. (n>1) __ =(n=1)
na,R o n’a,R
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Fermion Production in By | Ey  vDomckeand kM 180608769
Left-handed Right-handed

Nielsen, Ninomiya,
Phys.Lett.130B (1983)
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» Schwinger pair-production from Higher ones (n=1,2,...)
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Implications on Axion Inflatlon

» Backreaction suppresses gauge field
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» Primordial generation of B+L asym.
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Baryogenesis from B+L asymmetry?
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Avoid Chiral Plasma Instability Voom«8Hins Mo K¢

» Survival of Q. from Sphaleron + Yukawa washout

> Q Sphaleron Electron Yukawa is NOT efficient till
Le ' washout A A
“'-' EIectron e I'<Ty, ~ 10° GeV

Yukawa




Avoid Chiral Plasma Instability Voom«8Hins Mo K¢

» Survival of Q. from Sphaleron + Yukawa washout

> Q Sphaleron Electron Yukawa is NOT efficient till
Le ' washout A oA
“'-' EIectron e I'<Ty, ~ 10° GeV
Yukawa

» Chiral Plasma Instability (CPI) as inverse process
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Avoid Chiral Plasma Instability Voom«8Hins Mo K¢

» Survival of Q. from Sphaleron + Yukawa washout

> Q Sphaleron Electron Yukawa is NOT efficient till
Le ' washout A A
“'-' EIectron e I'<Ty, ~ 10° GeV
Yukawa

» Chiral Plasma Instability (CPI) as inverse process
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Avoid Chiral Plasma Instability Voo« BHine Erorzne ki
» Chiral Magneto Hydro Dynamics (ChMHD)
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Avoid Magnetic Diffusion e e e 05,133 18
» Chiral Magneto Hydro Dynamics (ChMHD)
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Avoid Magnetic Diffusion e e e 05,133 18
» Chiral Magneto Hydro Dynamics (ChMHD)
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» Large Magnetic Reynolds # < Inverse cascade
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E— Magnetlc + Inverse - Transfer from short to long wave length.
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Baryogenesis from B+L asymmetry?
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Baryogenesis from Decaying Helicity

» Transport equation @ EW Crossover K.Kamada and A.Long 1610.03074

- Slowest processes: EW sphaleron & Decaying helicity

------------------
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Baryogenesis from Decaying Helicity

» Transport equation @ EW Crossover K.Kamada and A.Long 1610.03074
- Slowest processes: EW sphaleron & Decaying helicity ) 0%‘21'
------------------------------------------------------- . 9
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Baryogenesis from Decaying Helicity

K.Kamada and A.Long 1610.03074
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» Transport equation @ EW Crossover

- Slowest processes: EW sphaleron & Decaying helicity

-------------------------------------------------------

Mgpp (T) X 077 hY

rVV,Sph xe T
Msph(T) x v(T)
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Baryogenesis from Decaying Helicity

» Transport equation @ EW Crossover K.Kamada and A.Long 1610.03074
- Slowest processes: EW sphaleron & Decaying helicity ) (%‘21'
------------------------------------------------------- ()
111 '3 Ahfh -------- S e
ndB =~ 2, FWSphqB+ (g5 + g% )sin (20) (9, 8) » o
. \ |
: Mph (T)
hem

Mgph (1) x v(T)

- Final baryon asym: EW sphaleron washout v.s. Decaying helicity

678 34 (049) H A 3ay Aily “
EWsph‘aIeron - '*Jo'o'e' -
Washout-factor R e e \ - Huge uncertainties...
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D’Onofrio and Rummukainen 1508.07161




Viable parameters for Baryogenesis

. V.Domcke, B.Harling, E.Morgante, KM
Hint SR 5=y 1905.13318

10'2
=
S, 10" Observed nNs
IE - Huge uncertainties from lattice
o studies of EWPT...
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Viable parameters for Baryogenesis

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

Hinf

equilibrium EyBy

go MHD

R~ L T~ d
\TCPI > 105 GeV~

Ban~
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- Viable prm???

- Competition btw overproduction
and CPI.
- Need ChMHD simulation...

Observed nNs

- Huge uncertainties from lattice
studies of EWPT...

fri € [6%107%,0.3]

D’Onofrio and Rummukainen 1508.07161
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Back up



Implications on Axion Inflatlon

» Backreaction suppresses gauge field

0=D0Ay+a - Vx Ay —gyJy

» Sourced curvature perturbation
- Reduction of As sourced by gauge field
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A~ - | + - :
o\ 2mg 3STBHQ f, 3THQ f,

A.Linde, S.Mooij, E.Pajer 1212.1693

- Reduction of GW's sourced by gauge field (?)

Fermion contributions to GWs? Need further investigation...
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Inflaton w/ CS-coupling
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> “Lightness” protected by the shift symmetry (classically): p — ¢ + ¢

---------------------------------------------------------------------------------------------------------------

> Efficient helical-gauge field production by (P # 0.

+ Homogeneous & isotropic gauge field may develop. AV(f)
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= axion inflation, relaxion, chiral GWs, baryogenesis, magnhetogenesis,...




o _1 omcke, I.cma, , R.Dato
Subtleties for AJ =0, A?=—g " f()§¢ Vomskeema KM RS

» No Landau levels, but we can still play the same game...
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Momentum
» The spectrum is different between the initial and final states.

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

CTTY S vac : , d>k

(A)
1 a

—E;sgn(wﬁ?))}?(a—[\)

The eta-invariant; see Atiyah and Singer

] ~

Fundamental repr: E(Anomaly) E(Anomaly)



How does Induced Current look like?

» Weak electromagnetic field in thermalized plasma

- A 2a A
Jy=0yFEy+ Tyﬂy,g,By i.e., Generalized Ohm’s law (neglecting velocity field)

. . E. Fradkin, Proc. of the Lebedev
- No magnetic mass for transverse mode of Abelian gauge field. Institute 29, 6 (1965).

- This expression holds if energy by acceleration « temperature

gv1Ql By fine < T \h;\/“

» Strong electromagnetic field ?

- Estimate the current operator for the accelerated energy > temperature

A "2
5 (81Qq N’ (nBy)A L 1 - (81Qq ) Ey
< — h — E B e — = f B —’0
Ty ; 272 T Ty ; 678 H o Y

Ey
Reproduce e.g., Kobayashi, Afshordi 1408.4141




Chiral Plasma Instability
» Equation for Magnetic Helicity
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» Mode equation
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Scaling in Turbulent & Viscous Regimes

» Velocity equation in ChMHD
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Viable parameters for Baryogenesis
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Hing maximal EyBy 1905.13318

no MHD

) -’I\-Cp| > 10% GeV~ |

Observed nNs

- Huge uncertainties from lattice
studies of EWPT...
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