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AXION

Shift symmetry: a > a+ C

non-perturbative effect breaks shift symmetry

Axion potential: V(a) ~ A* (1 — COS (%))
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AXION

Shift symmetry: a > a+ C

non-perturbative effect breaks shift symmetry

Axion potential: V(a) ~ A* (1 — COS (%))

VaaVaVait

many degenerate minima!
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Axion domain wall formation

- Large quantum fluctuation during inflation
Hinf/Zi’T
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- Hilltop initial condition
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Axion domain wall formation

- Large quantum fluctuation during inflation
Hinf/Zi’T
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- Hilltop initial condition
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- Level crossing _______

S kN = N




Domain wall abundance & evolution

A few domain walls exist per Hubble volume
— scaling law : paw ~ o H



Domain wall abundance & evolution

A few domain walls exist per Hubble volume
— scaling law : paw ~ o H

Domain walls soon dominate the universe

-> The universe becomes highly inhomogeneous!



Domain wall abundance & evolution

A few domain walls exist per Hubble volume
— scaling law : paw ~ o H

Domain walls soon dominate the universe

-> The universe becomes highly inhomogeneous!

Cosmological CQE&sEroer



Domain wall annihilation

energy bias domain wall annihilation
Pdw ™ €
€
E 3> :
U1 U2 a GW axion

Hiramatsu, Kawasaki, Saikawa (2010)



Gravitational waves from domain walls
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Hiramatsu, Kawasaki, Saikawa (2014)



Domain wall formation via axion roulette

R. Daido, NK, F. Takahashi, arXiv:1505.07670
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Two axion model
C.T. Hill, G. G. Ross (1988), NK, F. Takahashi (2014)
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Level crossing

i ]
Level crossing: mass eigenvalues

-1 heavy direction

% light direction
&
&

Vilai,as) = ﬂfl (1 — COS (?‘hf— e ﬂgaz))
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Va(ai, az) = m2(T) f2 (1 — COS (fg)) me(1) = min [ma (%)p, ma]



Evolution of the axion potential

a1 az
ni1— -+ no— = const.
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Evolution of the axion potential
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(i) Resonant conversion : Hy. > H ..
NK, F. Takahashi [1411.2011]
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(i) Resonant conversion : Hy. > H ..
NK, F. Takahashi [1411.2011]
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Axion trajectory

crests

troughs




The conditions to climb over the potential barrier

2 2 4 2 2
(1) PL,osc ™ mGSCf = A1 e mH,GSGF

372 2 F2 »
effective decay constants: f = Chatimnentl SiF= J1)2

fiy Vn3ft +nif3

—> Kinetic energy > potential barrier

(2) Hy.~~ (0.1 — 1) H o

—> Level crossing occurs soon after the
onset of axion oscillation

Vl(ﬂflj_{lg) == ﬁ;i (1 — COS (ﬂl— + ﬂgag))
J1 f2
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The eventual minimum is very sensitive
to the initial position!!

P
S5

20 |

90 |




(nqaqy/ fi4nsas/ fy)/2m
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(nqaqy/ fi4nsas/ fy)/2m

The event
to the initi®
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Axion domain wall Baryogenesis

R. Daido, NK, F. Takahashi, arXiv:1504.07917



Baryon asymmetry




Spontaneous Baryogenesis

nonzero chemical potential : pu # O
n,! — ﬂ%q ~ T4

baryon asymmetry is generated
even in thermal equilibrium!




Lepton number violating processes

Seesaw model

(Standard Model + right-handed neutrinos)
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Axion potential
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derivative coupling with lepton currents

8“&1 *” dl '_D
foorer

0,a =
f = 1. T

2 -
or anomalous coupling : £ 3 4L _C

3272 f
effective chemical potential: e = ;

At the onset of axion oscillation -> pess # O

A spontaneous baryogenesis works

{ : Kusenko,Schmitz,Yanagida (2014)




Baryon isocurvature problem

Spatial fluctuation

/\/\/\/\/ inflaton
/\/\/\/\/ axion

>
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matter isocurvature constraint /\/\/\/\/ axion
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Baryogenesis by domain walls
R. Daido, NK, F. Takahashi, 1504.07917

moving domain walls
in the scaling regime

>

(a) =0 — no net baryon number



Baryogenesis by domain walls
R. Daido, NK, F. Takahashi, 1504.07917

moving domain walls
at annihilation




Scaling regime of DW evolution
-> baryon isocurvature perturbation is
suppressed on large scales



Numerical calculation

Boltzmann equation : 7. +3Hny = —Tin(ne —ny)

WL = g Toillg

Domain wall solution :
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Numerical results
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Numerical results




Axion decay

Long lifetime & axion domination

-> Baryon number is diluted after the axion decay

2 /2 N2m?3
Decay rate : T', ~ ( o i ) J
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Numerical results
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Numerical results

Thr = 10" GeV
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Conclusions

- Axion can be ubiquitous in nature — “Axiverse”

- Level crossing of axions can induces the "Axion
Roulette” -> Axion domain wall formation is a more
common phenomenon than previously thought

- A sizable baryon number can be generated
at the axion domain wall annihilation
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