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QCD axion as dark matter candidate

® Motivated by Pecccei-Quinn mechanism peccei and Quinn (1977)
as a solution of the strong CP problem

® Spontaneous breaking of continuous Peccei-Quinn symmetry at

87 =00 e 108_11G6V “axion decay constant”

® Nambu-Goldstone theorem

— emergence of the (massless) particle = axion
Weinberg(1978), Wilczek(1978)

® Axion has a small mass (QCD effect)
— pseudo-Nambu-Golstone boson




Axions in the inflationary universe: two scenarios
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® Pre-inflationary PQ symmetry breaking
® Severe isocurvature constraints

® Tuning of the initial field value (“anthropic window”)

® Post-inflationary PQ symmetry breaking « this talk

® Formation of topological defects o



How axions are produced !

If PQ symmetry is broken after inflation,

there are three contributions

(I) Re-alignment mechanism

Via) T > 1GeV (2) Radiation from strings  (3) Collapse of string-wall systems
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® TJotal abundance is sum of all these contributions
® All these effects have to be quantitatively taken into account
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Re-alignment mechanism

Axion field starts to oscillate Wantz and Shellard (2009)

T e (Tose) &~ 3H (Thse)
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m, < 3H
axion is frozen

Temperature dependence of axion
mass is important

ma(T)Fa T X(T)

Recently, the lattice calculations
of X in full QCD became available

axion number N,
1s conserved

my, ~ 3H
axion starts rolling,

turns into pressureless matter.
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Axionic string and axionic domain wall

Peccei-Quinn field (complex scalar field)

eza(a:)/n a(r):axion field | F, = n/Npw

String formation 1" S Iy, Domain wall formation 7' S 1GeV

Spontaneous breaking of U(l)ra QCD effect

V(@) = 2 - 1) En (1 - cos(a/n)

strings attached

coordinate space Jd by domain walls
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® Domain wall number Npw

Domain wall problem

® Npw degenerate vacua
BN
AT,
Via) = > (1 — cos(Npwa/n))
Npw
Npw :integer determined by QCD anomaly
® |f Npw = I, string-wall systems are unstable [Now=| g
® C(Collapse soon after the formation string
® |f Npw > |, string-wall systems are stable ~r X
® coming to overclose the universe
Zel'dovich, Kobzarev and Okun (1975)
® We may avoid this problem by introducing

an explicit symmetry breaking term sikivie (1982)
(walls become unstable)

o — .
azm (1 — cos(Npwa/n)) —|En°(®e~* + h.c.)
NDW
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Domain wall problem

® Domain wall number Npw

® |f Npw = I, string-wall systems are unstable

Npw degenerate vacua

Via) =

m?2n?
= 3
1DAYY

(1 — cos(Npwa/n))

Npw :integer determined by QCD anomaly

® C(Collapse soon after the formation

® |f Npw > [, string-wall systems are stable

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

We may avoid this problem by introducing
an explicit symmetry breaking term sikivie (1982)
(walls become unstable)
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Production of axions in the early universe

(post-inflationary PQ symmetry breaking scenario)

Inflation

> PQ symmetry breaking
ISl Hitalliaar Formation of strings

T < 1GeV

QCD phase transition
* Axion acquires a mass
* Formation of domain walls

Now = | Nbow > |
soon after String-wall networks exist
formation for a long time
Collapse of string-wall systems Annihilation of domain walls

before they overclose the universe
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Production of axions in the early universe

(post-inflationary PQ symmetry breaking scenario)

Inflation

(i) Radiation from strings

PQ symmetry breaking

T<F,~108"1gev I Formation of strings $a,string

(i) Coherent oscillation
(re-alignment mechanism)

QCD phase transition Qo
* Axion acquires a mass
* Formation of domain walls

A

T < 1GeV

N

(iii) Wall decay
Qa,dec

Now = | Nbow > |
soon after String-wall networks exist
formation for a long time
Collapse of string-wall systems Annihilation of domain walls

v .
before they overclose the universe
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Numerical simulation : Npw = |

Hiramatsu, Kawasaki, KS and Sekiguchi (2012)

® Solve the classical field equations on lattice

® Number of grids in simulation box: N3 = 5123




Spectrum of radiated axions
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Hiramatsu, Kawasaki, KS and Sekiguchi (2012)
Kawasaki, KS and Sekiguchi (2015)

20
comoving wavenumber k

Contribution to relic abundance
Pa (tdecay) R(tdecay)

Pa (ttoday) =il g (Wa) ( R(ttoday)

Pa (tdecay) ~ Pdefects (tdecay)

;
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Axion dark matter abundance (Npw = |)

® Re-alignment mechanism Borsanyi et al. (2016), Ballesteros, Redondo, Ringwald and Tamarit (2016)

P 1.165
1010 GeV

Qureath” ~ (3.8 £0.6) x 1077

® Production from string-wall systems
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Models with Npw > |

Hiramatsu, Kawasaki, KS and Sekiguchi (201 3),
Kawasaki, KS and Sekiguchi (2015), Ringwald and KS (2016)

® Domain walls are long-lived and decay due to the explicit symmetry
breaking term PR TR, (CI)@‘“S i h.c.)

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

— —1/2 E —1/2
Qa,Wallhz > (009—017) X <1O_52> (109 éev) (fOI' NDW = 6)

® Several constraints on the explicit symmetry breaking parameter =

m) Poster presentation
“Axion dark matter in the post-inflationary Peccei-Quinn symmetry breaking scenario”
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Search for axion dark matter

VS. mass 17,

(27 Fy,)

~ af

Search space in photon coupling g,
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Mass ranges predicted in the post-inflationary PQ symmetry breaking

scenario can be probed by various future experimental studies
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Summary

® The scenario where PQ symmetry is broken after inflation
is investigated

® Radiation from string-wall systems gives additional
contribution to the CDM abundance

® Axion can be dominant component of dark matter if







Astrophysical and cosmological constraints

Ringwald and KS (2016)

White Dwarfs (gae)
WD cooling hint g

DFSZ I (cos? B'=1)

Red Giants (gae) DFSZ I (cos” B=0)

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

SN1987A (9ap,9an)

Horizontal Branch (ga,)

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

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

DFSZ models can explain CDM abundance at lower I, (higherm,)
due to the additional contribution from long-lived string-wall systems



Orpheus

Rybka, VWagner, Patel, Percival, Ramos and Brill (2015)
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® Open Fabry-Perot resonator and a series of current-carrying wire planes

® Searches for axion like particles in the 68.2-76.54eV mass range were
demonstrated

® Potentially searches in the mass range 40-400peV in the future



Npw > |:long-lived domain walls

Domain walls are long-lived
and decay due to the bias term

Viias (®) = —En°(Pe™*° + h.c.)

For small bias

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

Cosmology — large bias is favored

For large bias

Bias term shifts the minimum of the potential and might spoil
the original Peccei-Quinn solution to the strong CP problem
2N B i
m2 + 2ENZ F2 cos 6

0 = e A LY

) : phase of bias term

CP — small bias is favored
Consistent parameters !



Constraints

® Axion denSit)’ Qa,mis + Qa,string + Qa,dec < QCDM

e Neutron electric dipole moment (NEDM) 6 < 0.7 x 10~

® Astrophysical constraint (SNI1987A) F, > 4 x 108GeV

Npw = 6, exact scaling Npw = 6, deviation from scaling

10 : 1074 :
CP Violatién i CP violatiém .
106 ¢ | : 1046 |
10747 i SN 1987A e 4_ Qa > QCDM ] 10747 i SN 1987A > ‘_ Qa > QCDM
[ NEDM\ ] : NEDM\ |
6=10", ' =105,

10° 10'° 10 10'2

F,|GeV] F,|GeV]




Constraints

® Axion density Qg mis + Qastring + Qa.dec < QcDM

® Neutron electric dipole moment (NEDM) 0 < 0.7 x 10— 11

® Astrophysical constraint (SNI1987A) F, > 4 x 108GeV

Npw = 3, exact scaling Npw = 3, deviation from scaling

violation § : | i P violation




Numerical simulation

® Discretize the spatial coordinate .A *—&
o 5
DPoog | «—>
=4 i e DV = e g e i it v i o 7
X —  (i,5,k) , AT, AT, SR,
e R B
& 1.<I>010. L0k g o i
D)o B

VD (VD)




Numerical simulations: Npw = |

® Solve the classical EOM for complex scalar ® = ¢1 + 2¢o on 3D lattice

. . V2 A

¢1+3Ho1 — a—2¢1 = -1 (|®]° — n?) — §T2¢1 +m2n
. : V2 > 5 Al

¢2 +3H o — ﬁﬁbz — enl(E gT P2

® |nclude temperature dependence of axion mass Wantz & Shellard, PRD82, 123508 (2010)




Numerical simulations: Now > |

® Solve the classical EOM for complex scalar field

O =1 + 192
R & A
3Hd; — = —Ap1 (6} + 63 — n?) — 2
BRI T\ o S v e
Sy il
Vel — = —Ap2(6F + 0} — 1) — 2
¢2 + 3H po a2(t)¢2 P2(P1 + 3 — 1) Hcb
2
s T e
091 Npw
SR it

— (sin 6 cos Npw6 — Npw cos 6 sin Npw6)

G




Numerical simulations : Npw > 1

Hiramatsu, Kawasaki, KS and Sekiguchi (2012)
Kawasaki, KS and Sekiguchi (2015)

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

Npw =6, =6 x 107°

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




Initial Conditions (Npw = 1)

e Treat ¢1and ¢2 as two independent real scalar
fields with correlation function in the finite
temperature b = b1 + ido

(#ik)gs(K) = £ (2m)° 6k +K) 1,5

(i (k)i (K)) = Exng(2m)30®) (k + K') E, = Vk2 + m?
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Initial Conditions (Npw > 1)

® Treat ¢1and ¢2 as two independent real
scalar fields with correlation function

(pi(k)pi(k')) = %(%)35(3)& i ich) b = P1 + icho

($i009i(1)) = 5@k +K)  (i=1,2)
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Map of the phase of PQ field

string:
width ~ F 1

green: true vacuum

=0



|dentification of defects

real space field space

D2

/3

String exists if A0 > 7




Evolution of string-wall systems

® After the production,
stings obey scaling solution

—
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pstrmg e t2 §15
L
g

“O(1) strings in a horizon volume”

o= 7'('772 In (\/Xnt/ \/E) : energy per length

o
o

conformal time t / T,

® Walls also obey scaling solution

O
Pwall = A ?

g ~ maFf : wall tension

area parameter A

® Scaling parameters

& A~ O(1)

contain relatively large uncertainties conformal time © / 7,




Evolution of long-lived domain walls

o
® Walls obey scaling solution if = = (0: pPwall = A?

® Decay time (estimated from the condition Zp* > Ao/t )
Ao pressure tension

tdec = C =
. “Zn4[1 — cos(2rN/Npw )]

® (;is determined from numerical simulation
A/V(E)
2IAE=T)

=] O . ]_ 10% criterion, exact scaling

. N = 8192, Npyy = 2 =
dec N = 8192, Npyy = 3

N=8192, NDW=4 I—E—I

N = 8192, Npy =5 —F—

N = 8192, Npy = 6
N = 16384, Npy =2 =-O)-=
N = 16384, Npy = 3
N = 16384, Npy = 4 =-O)-=
N = 16384, Npy =5 =~ (-~
N = 16384, Ny = 6

N=8192,2=0 =~
N=16384,2=0"
N = 8192, E = 0.00006
N = 16384, = = 0.00004 -
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—~
=
—
(@)
=
c
>
()
L
+—
S
o
£
=
@)
>
S~
©
()
—
<




Area parameter

® Area parameters increase for large Npw

O wall
A L

Pwall —

N =8192, Npyy =2 r—=—
N =8192, Np =3

N =8192, Npyy =4 —=—
N =8192, Npyy=5 r—=—

Npw A(r¢) (N = 8192, 74 = 160)

2 0.694 4+ 0.113 N = 8192, Npy, = 6
3 1.10 4 0.20 T N = 16384, Npy =2
o N = 16384, Npyy = 3
4 1.4140.13 ' N = 16384, Ny =4 -
5 1.84 +0.17 % N = 16384, Ny =5 - o -
6 2.24 +0.21 < N = 16384, Npy, = 6
Q N = 32768, Npy = 2
S N = 32768, Ny, = 3
% N = 32768, Npyy = 4
® Slightly increase with time ? N b
2(1-p)
T
A(T ) el i ( ) 0 50 100 150 200 250 300
Tform conformal time  (in the unit of n'1)
p = 0.92-0.93

® |t is not clear whether this slight increase continues in later times, so we
consider both two cases, “exact scaling” (p=1) and “deviation from
scaling” (p<lI)



String-wall contribution to CDM abundance

® On the mean energy (w,) of axions radiated from
string-wall systems

Case A Case B

(Wa) ~ Mq (Wa) ~ mq log(Fa/ma)

. Chang, Hagmann and Sikivie (1999)
Nagasawa and Kawasaki (1994)

® Spectrum is hard

C Radiat.ed a.xion is mildly relativistic dE/dk - ]./k
e Contribution for DM abundance
~ can be large * Contribution for DM abundance is

- subdominant



Radiation of axions

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

L a(t, 10" at, k) = L5 1) Pk 1




MENlER AR

Hiramatsu, Kawasaki, Sekiguchi, Yamaguchi and Yokoyama (201 I)

a,(aj) : contains contamination L

from defects ¢

(o (:c) : use masked data
~ only
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Computation of the power spectrum ()

® The moving defects can contaminate the spectrum
a(t,X) = afee(t, x) + (contamination from strings)

® |ntroduce window function

0 (near strings)

Wi(x) =

1 (elsewhere)
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Computation of the power spectrum (2)

® The true power spectrum is given by

%(dfree (t, k)*dfree(t, k/)> i (27‘(‘)3

® Define PPSE of Prec(k)

kz dk’ —1 N D/(1.!

1.2 5(3) (k s k,)Pfree(ka t)




Procedure to estimate the power spectrum

— t@ Initial time of the simulation

beginning to collapse
string identification

Y

masked map

V

i /,// evaluate P(k7t1)

. _:'___%__;_/

completion of collapse
string identification

(if it exists)

Y

masked map

S B evaluate P (k y td)

- tf final time of the simulation

shift P(k,t1)
into T = {4
and subtract it

from P(k, td)




Subtraction of pre-existing radiations

® Compute spectrum at two different times {1 and o

® Subtract contributions radiated before 1 t1:formation time of walls
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Ny = 3, masked immwu:
Npw = 3, unmasked
- Npw = 3, unmasked, w/o subtraction

]
comoving wavenumber k
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wa(k,t) = v/mZ + k?/R2(t)




Averaged axion energy

Dependence on k = Aqcp / Fu

- 0.18




