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1. Strong CP problem and axion

e QCD Lagrangian

1 420 F};, : gluon field strength
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2 0 :a parameter in QCD CP violating term
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Peccei-Quinn mechanism

® |Introducing a scalar field @ <« Axion
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¢ Effective potential 1/ (q) Vafa Witten (1984)
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Axion
® Axion is the Nambu-Goldstone boson associate with U(1)pq
breaking and can be identified with the phase of PQ scalar

O = [Pl = (n+ p)e'/m

® Axion acquires mass through QCD non-perturbative effect

—1
m, ~ 0.6 x 10 eV ( it ) F, = n/Npw

12
10:2GeV Npw: domain wall number

® Axion is a good candidate for dark matter of the universe




Today'’s Talk

e |ntroduction

e PQ symmetry breaking after inflation
? Cosmological evolution of axion
B Comic axion density

e PQ symmetry breaking before inflation
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2. Cosmological Evolution of Axion (\P@\after inflation)

T ~n

o Upq(1) symmetry is broken

? Axion is a phase direction of PQ scalar
and massless

O = |B|e!? = |Ble!¥/T M, =0

P> Formation of Cosmic Strings

T ~ AQCD

® AXion acquires mass

hrough non-perturbati



Cosmic String

e Spontaneous symmetry breaking of U(1)pq
¢ =[Pl = |Ple’/™

e Formation of Cosmic Strings

O takes different values at different
places in the Universe




2. Cosmological Evolution of Axion

=g

o Upq(1) symmetry is broken

? Axion is a phase direction of PQ scalar
and massless

O = |Ple’ = ||e'/"  my =0

P> Formation of Cosmic Strings

AR AQCD V(a) Npw=2

~® Axion acquires mass | O




Remark
e PQ scale

n = Npw Fyq




Domain Wall

¢ Formation of Domain Walls (Npw : Domain wall number)
KSVZ: NDW —
DFSZ: NDW =0

depends on axion models




e Domain walls attach to strings




3. Cosmic Axion Density

® Three sources for cosmic axion density
P coherent oscillation

P axions from strings
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3. Cosmic Axion Density

3.1 Coherent axion oscillation V(a)
1 Npw = 1
H ~m,(Ty) /
QU I/
e Axion field starts to oscillate at 7' = T, 0 21iF, ¢

® (Coherent oscillation of axion field gives a significant
contribution to the cosmic density ( Qcpmh® ~ 0.12 )

1.19 |




3.2 Axions from strings

® Axionic strings are produced when U(1) pq symmetry
IS spontaneously broken

® Numerical Simulation

Hiramatsu, MK, Sekiguchi, Yamaguchi, Yokoyama (2010)
MK, Saikawa, Sekiguchi (2014)

P String network obeys
scaling solution

scaling parameter g

Pstring — t% (,LL ~ 772 . string tension)

5 10 15
f = 1 O e O 5 proper time t/;;
(horizon scale) ™ ~ 5

? Energy Spectrum

peaked at k ~ horizon scale

exponentially suppressed at higher k

» Mean energy T ez_ﬂ
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Density of Axions from Strings

e Mean energy DT
Yo T
e =4.02+0.70 MK, Saikawa, Sekiguchi (2014)

® Cosmic density of produced axion

F 1.19
i o —3 AT2 a
Qa,stringh — (73 2 39) X ].O NDW (1010Gev)




3.3 Axion from Domain Walls (Npw =1)

e Simulation of string-wall network
Hiramatsu, MK, Saikawa, Sekiguchi (2012)

P Lattice simulation with N(grid) = (512)3 co i A
e Strings obey scaling solution ER A+
o Walls :
-
Pwall = "4; (0 ~ F2m, : wall tension

A : area parameter

A >~ 0.50 £ 0.25
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e Domain wall collapse
when wall tension exceeds string tension

= Axions from collapsed domain walls conformal time v /7,



_ _ Hiramatsu, MK, Saikawa, Sekiguchi (2012)
® Energy spectrum of emitted axion

Kk =0.40 (ty=7.007,) ——
Kk =0.35 (ty =8.50 1)
Kk =0.30 (g =10.25 ;) +*-

? Peak at k ~(axion mass)
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® Axion density from string-wall sys.

Qajwa”hQ — (37 = 1.4) X 10_3

3 1.19
>< a
(1010Gev>

comparable to axion densities
from other sources

0.275 0.3 0.325 0.35 0.375 0.4
K




Cosmic Axion Density (Npw =1)

e TJotal cosmic axion density

Qa,toth2 — Qa,osch2 =+ Qa,strngh2 =+ QoL,waIIh2

Fa 1.19
— (1.6 T 0.4) x 1072 ( )

1019GeV

. =P Qcpmh® =012




3.4 Axion from Walls (Npw = 2)

e \Wall-string networks are stable and soon dominate the universe

== Domain Wall Problem

® The problem can be avoided by introducing a “bias” term which
explicitly breaks PQ symmetry g i (1082

T — —E?]B ((I)G_i(S ats hC)

w bias ——
w/o bias

= : blas parameter
0 : phase of bias term

e PBias term lifts degenerated vacua

e Differences of the vacuum energy
produce pressure on the walls
and eventually annihilate domain
walls




e For small bias

? Long-lived domain walls emit a lot of axions which
might exceed the observed matter density

Large bias is favored

e [orlarge bias

2 Bias term shifts the minimum of the potential and
might spoil the original idea of Peccei and Quinn




Numerical simulations vk, saikawa, Sekiguchi (2014

e 2D and 3D Lattice simulations

-
® Area parameter Pyl = A?

? Area parameters is larger for
larger Npw

Now A(7r) (N = 16384, 77 = 230)
2 0.690 £ 0.085
1.10 £ 0.18

1.46 £ 0.20
1.90 £ 0.23
2.23 £0.19

Now=6 Z=6x10"°

area parameter A

50 100 150 200 250 300
conformal time t (in the unit of n'1)

N =8192, Npy =2 =
N = 8192, Npy = 3
N =8192, Npy =4 —=—
N=8192, Npy=5 =
N = 8192, Npy = 6

N = 16384, Npy = 2 o

N = 16384, N, = 3

N = 16384, Npy = 4 o

N = 16384, Npy =5 -

N = 16384, Npy, = 6

N =32768, Npy =2 =

N = 32768, Npyy = 3
N = 32768, Npy = 4
N=32768, Npyy=5 -
N = 32768, Npyy = 6




Constraints

® Axion density Qo wall + Qastr + La.osc < Qdark

e Neutron electric dipole moment (NEDM) § <0.7x10"M

e Astrophysical constraint (SN1987A) F, >4 x10° GeV

Npw = 6, exact scaling

' : MK, Saikawa, Sekiguchi (2014)
e NEDM constraint depends on the phase of bias 6

® F[or allowed region to exist, 6 should be 6 < 0.03



3.5 Summary: case of symmetry breaking after inflation

Mg leV]

SN 1987A =

TAXO

Axion CDM (Npw = 6, 6§ = 1072)
Axion CDM (Npw = 6, § = 107?)
Axion CDM (Npw = 6, § = 1075)

Axion CDM (NDW = 1) I

® Axion can be dark matter of the universe for Fa = 4x108 GeV - 6X10°
GeV and can be probed in the next generation experiments



4. Axion in the Inflationary Universe (PQ before inflation)

e |f PQ symmetry is broken during or before inflation

» Strings and domain walls are diluted away by inflation
No domain wall problem

? Only coherent oscillation gives a significant contribution to
the cosmic density

1.19
Qa0sc ~ 0.19 62 ( L )

1012GeV




4.1 Axion Isocurvature Fluctuations

e Axion acquires fluctuations during inflation
Hinf
2T

Pa == Pa(t) + 0pa(t, &) =

e Small fluctuation

oa = F,00, ~ — <5CL2> — F3<5‘9c21,> — (Hinf/Qﬂ-)Q

%[a(t) + da(t, 7)]* = %miFi 0. (t) + 604 (t, 7)]°

1 0pq 00,

e | arge fluctuation




4.1 Axion Isocurvature Fluctuations

e Axion fluctuations produced during
inflation contribute to CDM isocurvature

density perturbation CMB angular Power spectrum
# g — 5pCD|\/I B 35/07 _ Qa 5/0a

e [socurvature perturbations lead to
CMB angular power spectrum

e Stringent constraint on amplitude of isocurvature
isocurvature perturbation |

5 Pslko)
" Pe(ko) + Ps(ko)
ko = 0.002 Mpc™'
= \WMAP9 o = 0.002 Mpc " PLANCK 2015

Biso < 0.047 (95% CL) Biso < 0.033 (95% CL)




Axion isocurvature fluctuations

e Stringent constraints from CMB
Hikage, MK, Sekiguchi, T.Takahashi (2012)

power
spectrum

abundance

power
spectrum

F, = 10"GeV

10°  10° 10" 10" 10" 10" 10°  10° 10" 10" 10" 10"
Hubble scale during inflation H,; [GeV] Hubble scale during inflation H,; [GeV]

restoratic

misalignment angle during inflation 6
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Constraint from power spectrum is updated including Planck data

e Only low energy scale inflation models are allowed
High scale inflation (Hint >10'3GeV ) inconsistent with axion

. . I 0.41
e If axion is dark matter Hips < 2.2 x 107GeV .
f < . Y\ 1012 GeV




4.2 Suppress Isocurvature Perturbations

e Amplitude of isocurvature perturbations is determined by

fluctuations of misalignment angle 0pq 2(59a

50 _ Now (Hine\ 1 [ Hin Pa 0.
YTy om )  F, \ 2m

e |f PQ field has a large value during inflation effective PQ scale
becomes large

Npw [ Hinf
=l 00, ~
o (o)

w2 {1 5 e O

Ippress isocurvature perturbations

@

inde (1991)




e However, PQ field oscillates after inflation
= | arge fluctuations of PQ field through parametric resonance

This leads to non-thermal restoration of U(1)rq@ symmetry

A 2 2
Ve ~ S (127 = n*)* + A(|62[%)| @/ <|5<I>|‘>Z77
e Strings and domain walls are produced symmetry is restore

e To avoid defect formation, PQ field must settle down to the

minimum before the fluctuations fully develop
MK, Yanagida, Yoshino (2013)

e | ower bound on breaking scale n
—p- | 7 > 107D,
®, initial value of PQ field

o |f PQ potential is controlled by
Veq ~ 9> (n > 3)
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PQ field slowly roll down to the min. *



Model without cosmological problems

Moroi, Mukaida, Nakayama, Takimoto (2014)  Harigaya, Ibe, MK, Yanagida (2015)
e Potential 5
2 2 2 4

® During inflation

oy [ Hmt \M7(2x1075\ 1
e T ey N6

: dark matter
Field value can be as large as Planck

e Oscillation is driven by quartic term at

A4 2 % 105 |
Poeeq = 1019GeV
: . © (7 X 108) ( A6 ) ine=M, , Npw=0

H,=6x10"GeV (r=0.05)

e TJo avoid domain wall problem

107°
10° 107 10" 10'" 10'2 10" 10'* 10" 10'° 10"

®OSC—4 < 10477 F(«,/GGV

Y

> Axion dark matter is consistent high scale inflation
with r < 0.05 ( Hins < 6 x 10'° GeV )



5. Dark matter axion detection

® axion-photon interaction

1 B aC’

Jp— _Zga’waFquW = —ggyal - B A= omF,
C 0.97 KSVZ
~ 1 —0.36 DFSZ

o Maxwell equations




Microwave cavity Sikivie (1985)

e Axion field V2, = —wiy; O

1 .
a(t) = Ton /dwe_“"ta(w) /%%’d?’az = Vi

Al 4 a




® Time average of energy of |-mode

1 _ 2 4
(U;) = T/IEj(w,x)\zdwdS = oy 15 V—/ |+w4/Q2dw
!
U dtF(t)? = /dw\F(w)F] l wj =mg Q< 10°
1
e (Quality factor ~ QZT /dw\a(w)\2 = Q%*(a®)
s — (energy stored)
Aw (power loss)

® Axion-photon conversion rate




ADMX (Axion Dark-Matter eXperiment) Asztalos etal (2010)

] ] Axion Mass (ueV)
® /.61 magnetic field 03 3.4 3.45 3.5

e cylindrical copper-plated | - Warc >
microwave cavity (Q~10°) :

e SQUID microwave amplifier
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Frequency (MHz)

9,

® expected signal ~ 102 W
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8 T Magnet

Microwave
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ADMX phase 2
expected sensitivity

400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency (MHz)




IXAO ( International Axion Observatory )

® Solar axion

Total
Primakoff x 50
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® Axion-photon conversion
probability

Y
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Current limits and future perspectives
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6. Conclusion

e |[f PQ symmetry is broken after inflation, topological defects are
formed and axions from them give a significant contribution to

the CDM density of the universe and axion can be dark matter
for Fa ~ 5X107° GeV

e [or domain wall number > 2 there exist a serious domain wall
problem which can be avoided by introducing a bias term and
axon can be dark matter for lower PQ scales ( Fa ~ 3X10° —
1010GeV)

e |f PQ symmetry breaks before or during inflation, axion has
‘Isocurvature density perturbations which are stringently




