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1. Introduction y
Strong CP problem A < d

The CP violation in QCD induces the neutron
electric dipole moment (nEDM).
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Why is 0 so small? Y



Peccei-Quinn (PQ) mechanism

Peccei, Quinn "77, Weinberg " 78, Wilczek "78

The theta parameter is promoted to a dynamical field,
QCD axion ¢.
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The Strong CP problem can be dynamically solved ! Y.



M isal ig n m e nt m ec h a n is m Blirre\:!(ilgi’s\::vri?eer’, \‘lgi?l)czek '83, Abbott, Sikivie, *83,
The oscillation energy contributes to the DM abundance.

We assume that the PQ symmetry is

'K AQCD spontaneously broken during inflation.

— T O Hini JU ¢/f¢
Axion abundance

1.17
Jo
Qh* = 0-1495111”(%)(@) The DM abundance can be
explained for f, ~10"°GeV

Anharmonic factor Ballesteros et al, 1610.01639

e ) and 0. .~ 1.

F@,) = [In —— Lyth *92, Bae, Huh and Kim 0806.0497,
-\ -oy/z Visinelli and Gondolo 0903.4377 4 /22




1076

The current constraints on o :
axion-photon coupling BN Sulan
‘—l‘ 1010 20 Globular clusteﬁrs Sn, %5,
11 i s ‘ & %)
g ¢’Y -~ > 10 b M87 SN198 u y &
E — ¢FMVFMV {B 10 e — 2 P f¢ S OlzGeV /b
4 — 10 f OIZGeV = ’ o
< 1n1
Q0 10 0. . <1 .
C a 111 R
where Gy = Y 0 ; ) <,
27Tf¢ 10717 3 f¢ ~ 10"“GeV &) <
o I ni = O™
_ 020710750 740 P40 Ho 40774040 40 40 AT A0 AT 48 A0 AT AQ Ad
Axion abundance (17 https://cajoRre.github.io/AxionLimits/ My o [€V ]
f .
2~ 2 ¢
Q,h = 0.1405 FO )| —~— The DM abundance can be
1012GeV

Anharmonic factor

1.17
e
In
( 1 — 62./7?

1ni

F(O,,;) =

1ni

)_

Visinelli and Gondolo 0903.4377

Ballesteros et al, 1610.01639

Lyth "92, Bae, Huh and Kim 0806.0497,

explained for f, ~ 10"“GeV

and Hini ~ 1
b /22



1076

e.g. stochastic axion 107 - :
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Isocurvature perturbations

The axion acquires quantum fluctuation during inflation.

H.
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It leaves an imprint on the CMB spectrum.
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Isocurvature bound on H_;

Lyth "90, Kobayashi, Kurematsu, Takahashi 1304.0922

10~ * *
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The bound is too tight.
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Any global symmetry is believed to be explicitly broken.

Hawking ’75, Kallosh, Linde, Linde, Suskind hep-th/9502069,
Harlow and Ooguri 1810.05337, Yonekura 2011.11868

VQCD

''''''
~~~~~~

oy

The nEDM bound |8] < 107!° requires the extra potential to
be highly suppressed. PQ guality problem in prep. w/ Nakai+

However, the axion can be temporarily trapped by extra PQ
symmetry breaking in the very early universe.

The extra PQ breaking effects can alter the axion dynamics !
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2. Experimental bounds on extra P¢

. _ _ Jeong, Matsukawa, SN, Takahashi 2101. 00681
We consider the following potential.

Axion potential v (g) — Vaon(¢) + Vee(9)

where Voep (@) = mé(T)f(% (1 — COS i) Vpg = Ay -1 — COS (N ( % QH)>-

fo fo
| V

As the universe (#)
cools down

~ ~ Vaep (T < Agep)
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nEDM bound

The extra potential Vpy Is parametrized by the following two:

- Relative height : 7 = H/\/mgbqub r
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0.500

- Relative phase : 0y
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We take N = 3.
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AT
Vog o Mpg = NIy,

3. Axion abundance @~ .

0

The dynamics becomes nontrivial when the axion starts to

oscillate by the extra potential.

Strong trapping condition :
To . > T(conv)
S

OSC

/ \

Mpey = H m¢(T(§§gnV)) ~ H

' Nr?23.0x 10 (g *(TOSC)) ( x )

80 1012 GeV

We take N = 3 .
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Under the condition, 7. > T | the axion dynamics

OSC

can be divided into two cases.

V(a)

‘-

”

T ~0 (1) Smooth shift regime
| Oi — Oy | < 7/N

(i) "\d\il) 1> AE_CD (1) Trapped regime

— d/f;l ‘Hini — H‘ > /N

/3

cf) Trapped misalignment
Di Luzio, Gavela, Quilez, and Ringwald, 2102.01082.

Here we assume N =3 . Higaki, Jeong, Kitajima, and Takahashi, 1603.02090.
15/22



(i) Trapped regime (|6, — 0y| > 7/N)

» The axion is temporarily trapped V(#)
around the wrong minimum until

v,
T ~ AQCD' %.‘
* The wrong minimum disappears, '~ Aqep
and then the axion starts to \ Y ‘\\M’/ /
oscillate about the origin. P Plly

N'l"4 —0.13
=) Toeo ~ 0.4 GeV (3 9 10_4) It is iIndependent of f, .

* The amplitude is almost independent of 4. . .
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(i) Trapped regime (|6, — 0y| > 7/N)

» Oscillation amplitude 6,.., ~ z/N

SC2

3x 104

* Osclillation timing  T,.o ~ 0.4 GeV (

For stronger trapping, the potential height is higher
and the oscillation is delayea.

DM can be explained for arbitrary (small) f, and 6,

1n1

(> 7/N)
iff'N 001 17/22



Q¢h2 as a function of ‘9H and r Jeong, Matsukawa, SN, Takahashi 2101. 00681
We take N =3 and @,_. = 3/2.
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4. lIsocurvature bounds

In the trapped regime, we need more careful estimate because
the abundance does not depend on & . SO much.

2
A2 ~ 2, 0lnQ, H, .
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The axionic fluctuation is redshifted
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Isocurvature bounds on H. .

Bounds are relaxed by
many orders”

| | = This work (analytic)

O Hini — 3/2
O Qini — 7/4
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Jeong, Matsukawa, SN, Takahashi
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5. Summary

* We studied the effects of extra PQ symmetry breaking on

the QCD axion DM 106 https://cajohare.github.io/AxionLimits/
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