Research on
the Axionic Domain Wall
Problem
by Lattice Simulation

Kazuyoshi Yoshino
Theory Group, ICRR



Abstract

Particle Theory Cosmology
Asfior Chaqtlc
Inflation

%’
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in Linde’s model.
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Strong CP Problem

QCD Lagrangian has a CP violating term

1 g20 -
L — _ _ popvpa s”_ prapv pa
QCD 4 HY- 1 3272 H \CP violation

v

Neutron electric dipole moment
d, ~ 4.5 x 107 °0e cm

Experimental constraint c.a sakerstal 200 ™ |6 < 0.7 X 10~

—26 J. E. Kim and G. Carosi 2010
|d,| <2.9x10"*°ecm

Unnatural small dimensionless parameter @ : Strong CP Problem



Peccei-Quinn Mechanism & o. peccei and H. k. Quinn 1977
I E—

Complex scalar field (PQ field)
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After U(1)pq symmetry is broken down,

Parameter # ™» Physical d.0.f Ouf

The effective potential from the non-perturbative effect of QCD

Vo <1 — cos O.g

O.¢ evolvesto 0.
PQ mechanism can solve strong CP problem.



Domain Wall Problem

Cosmic temperature : [’

Vpq

100MeV < T <w
Spontaneous breaking down U
of U(1)pg symmetry Rod Im®

V. v
T < 100 MeV
Spontaneous breaking down /\/ a
of Z symmetry 0 P 5> v

wall

Soon after the formation of domain walls
the universe is dominated by domain wall.

Domain Wall Problem



Linde’s Model a. Linde 1901

Assumption Vg
U(1)pqg symmetry is broken down before inflation. v
Ro® Im®
=) Exponential expansion makes the phase /‘
of PQ field homogeneous. Va r:}mogeneous
= No domain wall \I/‘\/\/
a
0 T 21 >;

During inflation quantum fluctuation of axion field da

Hinf ) .. )
> 1 in the chaotic inflation model
v \
excluded by CMB observation

G. Hinshaw et al. 2012 (WMAP 9 year)

=) |socurvature perturbation o<



Linde’s Model a. Linde 1901
I E—

The potential of infaton X and PQ field P

M2
V = 7)( —mQ‘Cb‘Q ’(I)‘4—)\/X2‘(I"2

1 \

chaotic inflation PQ potential coupling between inflaton and PQ

During inflation Vv
V. <I> effective breaking scale
X

Large Vet ™ Small isocurvature perturbation



Domain Wall Problem Again

But it is possible that the domain wall problem comes again

if the nonlinear dynamics of these fields_after inflation is considered.

PQ fluctuations 0P grow up
by the nonlinear dynamics (parametric resonance).

* — (|6@°) |®[°
PQ fluctuations lift up the effective potential. \

=  Nonthermal restoration of PQ symmetry

m) String formation by spontaneous
breaking down of PQ symmetry

m) Domain wall formation

Numerical simulation is necessary.




Lattice Simulation
S

Solving E.O.M at each lattice points

.o . 2
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dx
Dimensionless parameters

mass of PQ coupling between initial value of PQ
inflaton and PQ

Our criterion

Formation of stable strings =% Domain wall problem
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Result
S

a=3x10"° 8=2,v=10"" (v=3.7 x 10" GeV)
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Result

a=3x10"% 8=2,7=10"" (v=3.7x 10" GeV)

70

60 |-

50 -

40 b

30 |

20 |

10+

number of string / horizon

500

=)

400

300

200

100 |

0 20

40

(> : String
. Antistring
P me oo ° B
] @ & & o
B G oo O o GO,
@%Q <§§> &
g B® o 3 % O |
Gy, woely b
oo ¢ 4B 0w0g % § 8
& @m§ @® O 5® S F
@5% %D()%@
2% o o qon § 00
< %DO % %@DO = %5 °
%%% @@ []% []% & @[
L o of
%%@@DO@D 0@53 o g <
|0 @ oB gmo ﬁo@ og @
S . | H—l
D%@ g B @m@? OB gl
C% E@OE@OD% o OD@@@%D
@ ‘O:] O & Q({;)Q @D[é? Eb@
100 200 300 400 500
Ny

12



Result

a=3x10"% 8=2,7=10"" (v=3.7x 10" GeV)
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Result

a=3x10"% 8=2,7=10"" (v=3.7x 10" GeV)
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Result
S

o H L 4

No String Unstable String Stable String
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Discussion
T

Constraints on the PQ breaking scale

o> 12X 101 GeV  ~v =103
~ 1 6.6 x1012GeV =104

(cf.) Axion can become a good candidate of dark matter.

Present energy density of axion < Present energy density of dark matter
( Theoretical ) ( Observational )

2
v < 102719 GeV

Linde’s model do not need any fine tuning.
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Conclusion
T

By the lattice simulation of the dynamics
of Linde’s model after inflation,

it is proved that axion is consistent
with the chaotic inflation model without any parameter tuning.
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