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AXxion

The axion is the pseudo-Nambu-Goldstone boson that arises from
the spontaneous breaking of global U(1) symmetry.




QCD Axion

QCD axion dynamically solves the strong CP problem.
Peccei, Quinn 77, Weinberg 78, Wilczek 78

QCD axion obtains a periodic potential by the non-perturbative
effect of QCD such that the combination 6 + a/f, vanishes at the

potential minimum.
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Network of strings

If the U(1) symmetry is spontaneously broken after inflation, a
network of cosmic strings is formed.

O(1) strings in each
i Hubble horizon:
scaling solution
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Collapsing strings and domain walls

f Npw = 1, the network of cosmic strings rapidly decays due to the
domain wall tension.

Taken from Hiramatsu, Kawasaki, Saikawa, Sekiguchi 12



Stable string-wall network

If Npw > 1, the network of cosmic strings and domain walls is long-

lived.
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Axion domain walls generate domain-wall-
like structures via mixing with another
axion.

“Induced domain wall”






Couple ¢ to gluons: pGG
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Couple ¢ to gluons: pGG
Introduce QCD axion a: aGG
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Couple ¢ to gluons: pGG
Introduce QCD axion a: aGG

“Induced Domain Wall”
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Domain walls for a are formed

even when a follows a pre-

Inflationary scenario. “Induced Domain Wall”
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Two axions and mixed initial conditions

We consider two axions

Heavy axion QCD axion
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{ post-inflationary condition for the heavy axion,

with the Initial conditions:

pre-inflationary condition for the QCD axion.
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Induced domain walls of QCD axion

JL, Murai, Takahashi, Yin 24

Via, 9) = Vpw(@) + Vii(a, @)

= A* [1 —cos( 2)] + y(T) [1 — COS (%+%)]

2T =mXT)f; :topological susceptibility

We assume a hierarchy in the my, > m,y = m,(T = 0)
mass and the domain wall
tension for simplicity. m, f; > m, fg
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me/H = 12.0, m,/H = 1.2

a/ fa




16

me/H =952, m,/H = 9.5
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Domain walls must decay

We Introduce a potential bias along the heavy axion to destabllize
domain walls while preserving the PQ mechanism
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Gravitational wave spectrum
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Gravitational wave spectrum

—1
k[Mpc ™| NANOGrav dataset
106 107 / |
R | | P /Analytlc
| ~ estimate with
1078 0, =6x10"GeV”
% 4 Tdec — 100 MeV

| 2=p —Numerical
10719 | result with
g7 0,=13x10"GeV?
10—110_9 — 1'0_7 T,.= 150 MeV

Kitajima, JL, Murai, Takahashi, Yin 23




22

Summary

* \We found a new type of domain-wall-like structure, called “induced
domain walls,” arising from axion mixings.

 Heavy axion domain walls can induce domain walls of the QCD
axion even with a pre-inflationary initial condition.

 The QCD axion can be produced from the decay of induced domain
walls, and can explain dark matter even for f, 2 3 X 10° GeV.

* Gravitational waves from the collapse of heavy-axion domain walls
can account for the Pulsar Timing Array results.



