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N QCD axioN peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)

{ a solution to the strong CP problem

a (pseudo-)NG boson arising at SSB of the Peccei-Quinn symmetry

The QCD axion acquires a potential from non-perturbative effects of QCD:
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Borsanyi et. al. (2016)

The QCD axion is a candidate of dark matter.



= Two scenarios of QCD Axion

e Pre-inflationary PQ breaking

~¥ The axion field becomes (nearly) uniform.

Its coherent oscillation can explain dark matter

via the misalighment mechanism.
Preskill, Wise, Wilczek (1983), Abbott & Sikivie (1983), Dine & Fischler (1983)

fa. ./f, = O(1), £, = 6(10'?) GeV for all DM.

e Post-inflationary PQ breaking

~-% The axion field value is randomly determined at the SSB.
Topological defects are formed.

“Domain wall problem” or DM from collapse of defects
Davis (1986)



® Cosmic string

A complex scalar @ with a wine-bottle V(®)

At high temperatures,
O is stabilized at the origin.

At low temperatures,
the VEV, (®), becomes nonzero.

An axion arises as a NG boson.

-$ Formation of cosmic string




®= Domain wall

Explicit breaking of U(1) symmetry
U(l) » Z

Npw

~¥ Potential for the axion, m_ # 0

a
VQCD =y |1—cos <NDW]7>

a

Whenm, > H,
the axion rolls down the potential.

- Formation of domain walls




® Domain wall number

The network rapidly decay due to the DW tension. ! Lb
The emitted axions can account for DM. \l

The DW tension balance with each other.

The network becomes long-lived.

DWs follow the scaling solution: k&
O(1) DWs in each Hubble volume.

-$ Overclosure of the universe.

“Domain wall problem”




= Domain wall collapse

To avoid the overclosure, we can introduce a bias term:

Va)=y |1 —cos <NDW%> + ey | 1 —cos (Nb]% + 6’)

-¥ DWs collapse when the bias overcomes the DW tension.

When the DWs disappear, axions and gravitational waves are emitted.




= Axion-like particles

® There can also be many axion-like particles (e.g., the axiverse).
® Similar couplings and periodicity to the QCD axion
® Their scales of fields and potentials are free in general.

QCD axion:
Potential of ©(100) MeV scale with temperature dependence

In general, two or more axions can mix in the potential.

One combination of them work as the QCD axion.

In this talk, | discuss the domain walls of mixed axions.

Main topic>




= Potential

We consider two axions (a, ¢) with the potential of

V(ia,¢) = x(T) 1—COS(Na£+N¢£> + A4 I—COS<NDW£>
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We assume

my > m,y = m(T=0) —% Orderof DW formation
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-~ Hierarchy of DW tension



® |nitial condition

As the initial condition, we consider
{the pre-inflationary fora ¥ Initially homogeneous, no winding of a

the post-inflationary for ¢p —§ Cosmic strings of ¢
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Induced domain walls

x(T) 1—cos<Na%+N¢£) A4 1—COS(NDW%)

= Domain walls of ¢ « ly )] o\ )
Vow(®)
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Induced domain walls

/.
L(T) 1—cos<Na3+N¢¢) , q§k=27sz¢
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= Domain walls of ¢

When m, 2 3H, a starts to oscillate in the potential.

Due to the difference in ¢, a has different potential minima.
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a has a potential barrier between the domains. —$ “Induced domain walls”



Induced domain walls

® Induced domain walls
¢ wall, width: ~ m ;!

/! .

1 /

The DW of a is induced
around that of ¢. IS

~ 0.5 a wall, width: ~ m
t |
The width is much larger |
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around the induced DW.
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Induced domain walls

y(T)|1—cos (Na%+N¢%> +A* |1 —=cos <NDW%)
= Induced domain walls ! ‘ "/ i "/

Difference in a between domains:
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Induced domain walls

x(T) l—cos(Na]%+N¢%) A4 1_C08<NDW%;)

o/ fs

QA Npw =2, N, = N, = 1

® |nduced domain walls

e Winding only for ¢
® Potential min. in each domain

e ¢ wall +induced wall




Domain wall collapse

= Scaling solution

A
For Npw > 1, string-wall network is long-lived. -1
~4 Scaling solution: \/
O(1) strings/walls in each Hubble patch

2
Psyr ~ HH” & i,
Pwall ™ oH

~ DWSs dominates the universe.
Bias potential to avoid the overclosure




Domain wall collapse

x(T)|1—cos (Na];+N¢%> +A* |1 —cos <NDW%)
= Bias term _ o _ "/

We introduce a bias potential:

Viias(@) = €A™ | 1 — cos (Nbﬂ + «9)
] Jo _

We assume e < 1. - DW formation is not affected.

The potential difference:
AVie = | Voias(@r—1) = Viias(@p) |

= 2eA*|cos 0| = Cb€A4 (Npw = 2, N, =Ny=N, = 1)

Note: This bias potential does not spoil the PQ solution.



Domain wall collapse

= DW collapse

When the bias overcomes the tension, the network collapses:
Q[(fqb

Py oW lgec) = ~ (AV)  (&f: area parameter)

dec

From this condition, the decay temperature becomes

1/4
g CpEM _— 0() cpeMpymy,
dec 16 ? dec — ﬂzg* (Tdec) 16

We require that the network collapse before BBN:

Ti. 2 10MeV




Domain wall collapse

®= Production of QCD AXIONS Kawasaki, Saikawa, Sekiguchi (2014)

In the scaling regime, DWs decrease their energy emitting axions:

dp a,wall O,

dr o2

emit

The number density of the emitted axion:

Oq4

n, (1) = (averaged axion energy: @, = €, m )

€, m,t

pa,dec - 0.43eV v g*,dec 2 g*s,dec - fa Tdec -
s &, 10.75 10.75 4%x109GeV / \ 12MeV

Note: We assume ¢ decays to the Standard Model particles.




Domain wall collapse

= Coherent contribution

Coherent oscillations of a also contribute to DM.

The evaluation is the same as the misalignment mechanism
except for the initial field value:
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Domain wall collapse
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Domain wall collapse

= Gravitational wave prOdUCﬁOn Hiramatsu, Kawasaki, Saikawa (2013)

DWs also emit gravitational waves.

The main contribution is produced at the DW collapse:
fpeak,dec ~ Hdec

2

peak _ €GW0¢

GW.dec 2471'M1§1H (%ec

(egw: GW emission efficiency)

The current peak of the GW spectrum is given by
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Domain wall collapse
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| Analytic estimate
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® Heavy axion DWSs can induce QCD axion DWs via the mixing
even with a pre-inflationary initial condition for the QCD axion.

e By introducing a bias potential to ¢,
the network collapses while solving the strong CP problem.

® (QCD axions from induced DWs can account for all dark matter
with f, as small as 0(10”) GeV.

® GWs from induced DWs can account for the NANOGrav result.




