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® Properties of the QCD axion

® Cosmological aspects of axion dark matter
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Strong CP problem and axion

® Strong CP problem

® Quantum chromodynamics (QCD) allows a CP violating term:

Pt || LI L it
ST

Physical observable: @ = § + arg det M,

® Non-observation of neutron electric dipole moment implies




Axion as a Nambu-Goldstone boson

® Axions can be identified as
Nambu-Goldstone bosons arising from
breaking of global symmetry.
(Peccei-Quinn (PQ) symmetry)

® Hidden scalar field:
1

O(z) = 72 wpg + p(x)] e2(*)/vPa

Massive modulus, massless phase:

M, ~ VpQ, Mg =70

® |nteractions with standard model particles are
suppressed by a large symmetry breaking scale.

UPQ > Velectroweak ~ 0(100) GeV
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Properties of the axion

Axions can couple to gluons via

s Q -
L = @ 6
Sl

Ja o< UpQ :axion decay constant

Below the QCD scale Aqcp ~ O(100 MeV),
topological charge fluctuations in QCD vacuum
induce the potential energy:

Via)eond L) (1 — COS %) , x(T'—=0) ~ Aé}CD

(a) = 0 at the minimum, solving strong CP problem
Mass of QCD axions m, ~ A{cp/Fa:

i 102 GeV
ma:mf \/ZQG,ueV( -

fo 142z i
Tiny coupling with matter + non-thermal production

) i = (1 AR3)

— good candidate of cold dark matter
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Axion mass from cosmology

012 GeV

a

diie afaa ma26,ueV

® Assuming that axions explain 100% of CDM
abundance, we can estimate their “typical mass”.

® Predictions strongly depend on the early history of




Pre-inflationary PQ symmetry breaking scenario

® How the spatial distribution of
an angular field

a(x)
o) = 22

i ! restoration
evolves over time ! :

Pre-inflationary PQ symmetry breaking scenario
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® The size of the patch of
universe in which g takes
a certain value 6, can be

much larger than the Hubble radius
at the present time.

® Relic axion abundance
depends on f, and initial angle 6,.
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Pre-inflationary PQ symmetry breaking scenario

® Re-alignment mechanism:
Axion field starts to oscillate
at

g (Tosc) ~ SH(TOSC)

Severe constraints from
isocurvature fluctuations if
inflationary scale is sufficiently high.

Tensors |
/// Isocurvature
// fluctuations

« Current data
«-— Planck

log(f./GeV)

log(H;/GeV)

Hamann, Hannestad, Raffelt and Wong (2009)




Post-inflationary PQ symmetry breaking scenario

Post-inflationary PQ symmetry breaking scenario

end of inflation

PQ symmetry
restoration

____ PQ symmetry
. breaking

QCD phase

after QCD
phase transition

® Present observable universe contains many different patches with different values of 6, .
® Topological defects (strings and domain walls) are formed.

® Relic axion density should be estimated by summing over all possible field configurations.
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AXxionic string

® Peccei-Quinn field (complex scalar field)

W ‘(I)‘eia(x)/va

a(x) :axion field

® Spontaneous breaking of global U(l)pq symmetry

V(®) = A (@2 ”12;@)

field space coordinate space
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AXxionic domain wall

® Mass of the axion (QCD effect; 7' < 1GeV)

2

WA — (cI>|2 U;@) +EnZU%Q(1 — cos(a/va))J

coordinate space

Strings attached by domain walls.

TUPQ 27TUPQ

field space
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Domain wall problem

® Domain wall number Npw

® Npw degenerate vacua

m2v2
V(a) — ]\6;2 ) <1 . COS (NDW&>>
DALY

Npw :integer determined by QCD anomaly

® If Npw = |, string-wall systems are unstable.

® They collapse soon after the formation.

® If Npw > |, string-wall systems are stable.

® coming to overclose the universe.
Zel'dovich, Kobzarev and Okun (1975)

® VVe may avoid this problem by introducing
an energy bias (walls become unstable). sivie (1992)

m2v2 N-
A — a’2 PQ (1 — COS ( DWa)) + AVWhias
Npw UPQ

lifts degenerate vacua 12/20



Domain wall problem

® Domain wall number Npw

® Npw degenerate vacua

m2v2
V(a) — ]\6;2 ) <1 . COS (NDW&>>
DALY

Npw :integer determined by QCD anomaly

® If Npw = |, string-wall systems are unstable.

® They collapse soon after the formation.

® If Npw > |, string-wall systems are stable.

® coming to overclose the universe.
Zel'dovich, Kobzarev and Okun (1975)

® VVe may avoid this problem by introducing
an energy bias (walls become unstable). sivie (1992)

m2v2 N-
A — a’2 PQ (1 — COS ( DWa)) + AVWhias
Npw UPQ

lifts degenerate vacua 12/20



Numerical simulation : Npw = |

Hiramatsu, Kawasaki, KS, and Sekiguchi (2012), Kawasaki, KS, and Sekiguchi (2015)
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® Spectrum of radiated axions is estimated based on the field theoretic lattice simulations.

® Total axion dark matter abundance including the contribution from string-wall system:s:

1.165
O Al el ( Ja )

1010 GeV

® Constraint on the axion mass: ‘ 5 (3,8_909) T
), < Qcpm > "
QCDMh2 ~ (.12 Mg < (06—15) x 10 Y%
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Effect of high string tension !

String density vs Tension

The dark-matter axion mass
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Institut fiur Kernphysik, Technische Universitat Darmstadt
Schlossgartenstrafle 2, D-64289 Darmstadt, Germany Time t/t.

® Alternative simulation method Kiaer and Moore, 1707.05566, 1708.07521
Realizing high string tension o In(vpg/H) ~ 50-70
that cannot be simulated in the conventional method (vpg/H < O(100) ).

® String density increases,
but the axion production becomes less efficient.

® Smaller axion DM mass:
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Models with Npw > |

Hiramatsu, Kawasaki, KS and Sekiguchi (201 3),
Kawasaki, KS and Sekiguchi (2015), Ringwald and KS (201 6)

® Domain walls are long-lived and decay due to the explicit symmetry

breaking term: i —Evf;Q (q)e—m T h.c.)

® The contribution from long-lived domain walls leads to the possibility
that axions explain CDM at lower F, or larger m,.

: ’ o ’ il
() he o d 6 Do N = -
Batx iy (10—52> (109 Gev>

® Several constraints on the explicit symmetry breaking term.
(Some (mild) tuning of parameters is required.)
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Search for axion dark matter

Search space in photon coupling g.~ ~ a/(27F,) vs.mass m,

| T 79/ f

Hi

10—13 O

1 0_14 // Axion DM
(post-inflationary scenario)

1071°

10710

10° 10 10% 102 102 10" 10°
m, [eV]

=




Axion and ALP dark matter




Axion and axion-like particles (ALPs)

® There might exist several axion-like field in low energy effective theory.
We generalize the previous considerations:

a4 = {a’l} = {CL, P’ 1 = 1,2, ... number of axion-like fields

® Couplings to gluons and photons now become

Ry e




Mass mixing between axion and ALP

Vmix(a,gp):m?pfz :1—008(;: | }i)

Level crossing behavior of mass eigenvalues when f, < f, and m, < m, .

Ho, KS and Takahashi, work in progress

Adiabatic conversion:
Dark matter (mostly the lighter eigenmode) is produced as QCD axion,
but behaves like ALP at the present time.

18/20



Prediction for ALP dark matter

Ho, KS and Takahashi, work in progress

Qpnvii? = 0.12

1. /(10" GeV)
= (3, 5, 10)

105 104 10-3 102 10~ 109
My /Mg

The ALP can become the main constituent of dark matter at f, < f,:

The coupling to photons can be enhanced.
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Summary

® Axion is a well motivated hypothetical particle and
a good candidate of dark matter.

® Predictions for dark matter strongly depend on
the early history of the universe.

® A variety of contributions from topological defects
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Behavior of mass eigenvalues (other cases)

For 1<K fo/fa < mg/my




Astrophysical and cosmological constraints

Ringwald and KS (2016)

White Dwarfs (gae)

WD cooling hint

i

DFSZ | (cos? B'=1)

Red Giants (gae) DFSZ I (cos” =0)

DFSZ 1,1l (cos? B=1/2)

SN1987A (gap.9an)

Horizontal Branch (gay)

® Astrophysical observations give lower (upper) bounds on F, (1)

® Dark matter abundance gives upper (lower) bounds on F, (1)
[and also a lower (upper) bound for DFSZ models]



Axion dark matter mass: summary

falGeV]
10 10"  10'%2 10" 1010 10° 108 10

tuned tuned

pl’e—inf_ 6 >0 dominant / subdominant 0 > subdominant

dominant

post—inf. (Npw = 1) overclosure (uncertainty?) subdominant

post—inf_ (NDW = 6) overclosure dominant / subdominant

10° 107 10°% 10° 10* 102 102 10 1
mgleV]

KS (2017)

® Pre-inflationary PQ symmetry breaking scenario :

Lower mass ranges, depending on initial misalignment angle

® Post-inflationary PQ symmetry breaking scenario (Npw = 1) :

Potentially large systematic uncertainty in numerical simulations

® Post-inflationary PQ symmetry breaking scenario (Npw > 1) :

Higher mass ranges due to the production from long-lived domain walls



Axion production from topological defects

Davis (1986); Harari and Sikivie (1987); Davis and Shellard (1989); Hagmann and Sikivie (1991);
Battye and Shellard (1994); Yamaguchi, Kawasaki, and Yokoyama (1999); Hagmann, Chang, and Sikivie (2001)

® Npw = I:
String-wall systems collapse soon after the formation of domain walls.
This happens around the time of QCD phase transition.

® The relic axion density is given by

}%(tdeca )
Pa (ttoday) = MyNg (tdecay) R(ttodaz) R(t) : scale factor

3

h n, (t ) ) pa(tdecay) " pdefects(tdecay)
. where a\ldecay <l2a(tdecay)> <l§a(tdecay)>




Annihilation mechanism of domain walls

The energy bias acts as a pressure force Pv on the wall
v A‘/bia,s

Annihilation occurs when the tension P17 becomes comparable with the pressure Pv

R :curvature radius of walls

pr ~ Owai/R ~ mavpq/Niw R

Owal] : surface mass density of walls
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Production of axions in the early universe

(post-inflationary PQ symmetry breaking scenario)

(p)reheating

restoration of PQ symmetry inflaton domination

radiation domination

PQ symmetry breaking, formation of strings PQ phase transition

e Bl il Gl

axion production form strings: Q, string

T 5 1 GeV formation of domain walls, realignment production of axions: Q, rea

collapse of string—wall systems: Q 4ec QCD phase transition
(Npw > 1)

radiation domination

matter domination




Numerical simulation : Npw >

Hiramatsu, Kawasaki, KS and Sekiguchi (201 3)
Kawasaki, KS and Sekiguchi (2015)

® 81922 163842 327682 (2D) — decay time of domain walls

Npw = 6, AVhias/2vpgq = 6 x 107°

® 5|23 (3D) — spectrum of radiated axions




Evolution of long-lived domain walls

o
® Walls obey scaling solutionif = =0 pPwall = A—

® Decay time (estimated from the condition HUPQ > Ao /t)

AU pressure tension

e — &
5 d_xUPQ[l — cos(2mN/Npw )|

® (J;is determined from numerical simulation
A/V(E)
AAE =10

G O % ]_ 10% criterion, exact scaling

N = 8192, Npyy = 2 —3—
tdec N =8192, Npy = 3
N =8192, Npyy = 4 ——
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Constraints

® CP violation

The higher dimensional operator shifts the minimum of the potential
and spoils the original Peccei-Quinn solution to the strong CP problem.

- N
Niglh= (& >
- T Mg, sin Ap
Fres i) < oule
Fa i 9 N2|9|N]§)V\;2 F N_2M A
a
me (\/§)N—2 Mp, P1 COS ApD

where Ap Arg g




Constraints on the energy bias ( = on the coefficient g )

9| NDw ( F, )M ; ( a ) g
N vpocos | N— + A LD ——®" 4+ h.c.
: (V2)N-2 \ Mp, PQ i MY

Loopholes appear if the order of the operator is N =9 or 10,
but some tuning of the phase parameter A, is required.

With a mild tuning, axions can explain total dark matter abundance
in the small F, range.

Ringwald and KS (2016)
N =9

- I
CP violation

= T T T T T T T T T B A A

T L L L L L L L L L L e e e

Log,g fa [GeV]




Constraints on the energy bias ( = on the coefficient g )

9| NDw ( F, )M ; ( a ) g
N vpocos | N— + A LD ——®" 4+ h.c.
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N =9 = 10

I | | ‘ | I
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Radiation of axions

® Compute power spectrum by using data of scalar field ® (¢, x
obtained by simulations

1 . * / 27 : 3 /

- (a(t, k)" a(t, k = S ) _k,t _
: 3. ikx - P

git ol doxets all sl ol o) T E(t’ X)
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Hiramatsu, Kawasaki, Sekiguchi, Yamaguchi and Yokoyama (201 I)

a,(aj : contains contamination
from defects ¢

Afree (x) : use masked data




Spectrum of axions

Npw = | Npw > |

Hiramatsu, Kawasaki, KS and Sekiguchi (2012) Hiramatsu, Kawasaki, KS and Sekiguchi (201 3)
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Technical limitations of lattice simulations

® Ve must consider two extremely different length scales.

® Width of string core

Js ~ (VAvpg) ™! = const.

e Hubble radius H ' ~ ¢ -1

® |n order to follow the time evolution correctly, we must maintain

05 > lattice spacing ox R




Global nature of strings

® String tension acquires a large logarithmic correction
due to the gradient energy:

cnenoge an oo > |10®]°

= - e e
length feid 0 “ |l or r Op

= D | idi ~ TUpq In B L




Simulations with auxiliary fields

Klaer and Moore, JCAPI10(2017)043 [arXiv:1707.05566]
Klaer and Moore, JCAPI1 1(2017)049 [arXiv:1708.07521]

Introduce two complex scalars and one U(1) gauge field:

1 : ;
—L = 7 P 410, — ig1eAu) 1% +1(9, — igzeA,) Baf

1)2 - ?}2 :
+ A <|<I>1\2 — ?> - <\<I>2\2 - ?> with @1 # ¢2

Among two phases 6; = Arg(®;) and 0y = Arg(®2), Oaxion = G201 — q102
one combination is eaten by A, ,and the other is
identified as massless axion with a decay constant

vV
el

String tension is given by that of gauge string:

T ~ 271v?

by

Tension becomes relatively high compared with T
the coupling of strings to axions (o F?): k= el




