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1. Introduction

An axion enjoys a (discrete) shift symmetry,
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which implies the existence of degenerate
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The properties of the axion is characterized by mass n, and
decay constant f,.

If the axion is very light and it has only feeble interactions, it may
play an important role in cosmology (DM, DE, ).



Axion couplings to the SM particles:
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— F F" = —=gpnndF F*. ¢, = O(1) in most

e Photons L4, = 1

models, but model-
Axion coupled to photons is often AANANAS, dependent.
referred to as ALP. ¢

cf. clockwork axion,
Higaki et al 1603.02090

s fhar;ged,_ Farina et al 1611.09855
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Searching for axion/ALP
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https://cajohare.github.io/AxionLimits/



Cosmic birefringence (CB) due to ALP
Carrol, astro-ph/9806099
Lue, et al, astro-ph/9812088

The polarization plane of CMB gets rotated
If the ALP moves after the recombination (isotropic CB),

or if it has fluctuations (anisotropic CB).
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Hint of isotropic CB?
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8 = / dQ®(Q) = 0.35 £ 0.14 deg

Minami, Komatsu, Phys. Rev. Lett. 125, 221301 httos://ohysics.aps.ora/articles/vi3/s149



What we did | »
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eWe show that ALP domain walls can induce both isotropic and
anisotropic CB.

eThe CMB polarization is either not rotated at all or rotated by a
fixed angle, depending on the vacuum at the last scattering.
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2. Cosmic birefringence

The axion dynamics rotates the polarization plane of linearly
polarized light through the axion-photon coupling.
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CMB photons are polarized (dominated by E-mode)

Color: CMB temperature
Texture: direction of polarization



Last scattering surface (LSS) é\ Z



Last scattering surface (LSS)
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Last scattering surface (LSS)
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CMB constraints on the CB




CMB constraints on the CB

Isotropic CB

]_ https://physics.aps.org/articles/v13/s149
= — /dﬂ B(Q) = 0.35+ 0.14 deg ” e

Minami, Komatsu, Phys. Rev. Lett. 125, 221301
47T
from Planck 18 pol. data

based on a new method that uses both the CMB and Galactic foreground
to distinguish between CB (f) and detector orientation miscalibration («).

Minami et al, PTEP 2019 O83EO02 , Minami PTEP 2020 063E01, Minami and Komatsu PTEP 2020 103E02

cf. The reported isotropic CB in the past:
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CMB constraints on the CB

Anisotropic CB

L(L —|— ]_)CL gqb’y’y Hlnf L https://physics.aps.org/articles/v13/s149
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for a scale-invariant CB; e.g. the axion

fluctuation l |
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generated during inflation.
Jpyy AP 0 L(L+1) .
(Reca” o = m# ) 5. Ci*=Acs x 10 [rad?].
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N.B. The limit mainly comes from low multipole L <100. Multipole L
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- eThe hint of the isotropic CB: 3 = 1 /dﬂ ()
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! eThe ALP prediction: ®(Q2) ~ 0.42c, ( %dayz;?‘ss(m) deg
$

The ALP must have moved by A¢ = O(wfy) for ¢, = O(1)
after recombination
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- eThe hint of the isotropic CB: 8 = o /dﬂ d(£2)

;h . . oday Q
" eThe ALP prediction: ®(Q) ~ 0.42¢, ((bt d YQW?LSS( )> deg
b

The ALP must have moved by A¢ = O(wfy) for ¢, = O(1)
after recombination

The interpretation in terms of a homogeneous
ALP was studied in e.g. Fujita et al 2011.11894

We study the ALP domain wall connecting the
two adjacent vacua separated by A¢ =27 f, .




Case of a homogeneous ALP
Fujita et al 2011.11894

Veos(¢) = m? f2[1 — cos(¢p/f)] with f = M. 10-12

In their setup, there are four free
parameters:

(1)mass m |

(2)decay constant f — fixed to be O
the Planck mass in the right figure. =

(3) axion-photon coupling g (or ¢,)

(4) The ALP abundance Q, (or initial
misalignment angle)

Jmin
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10721 |
Note that the mass is lighter than 10736 1073 10732 1030 10" 10726

~ 102V ~ H, ¢ in most region. m/[eV]



~ *The hint of the isotropic CB: 5 = E/dﬂ P(Q) =0.35+0.14 deg

{ oday Y,
! eThe ALP prediction: ®(Q2) ~ 0.42¢, (¢t d YQWJ?LSS( )) deg
¢

The ALP must have moved by A¢ = O(wfy) for ¢, = O(1)
after recombination

The interpretation in terms of a homogeneous
ALP was studied in e.g. FUJIta et al 2011.11894

1: We study the ALP domain waII cortnectmg the a
!H two adJacent vacua separated by Aqb = 27Tf¢ f;







3. ALP domain walls without strings

Let us consider the axion potential a "~ Before ogcllation
6 S e e
V(¢) — m?bfi (1 _|_ COS f_ § ------ After oseillation
¢ A
and focus on the adjacent minima,
2.0
¢r = —7fy and Pr = +7fy.
<r< 1.5}
If both vacua are populated in the =10
early Universe with 0.3 <p;, $0.7, 0.5
infinite domain wall (w/o strings) will 0.0

appear when H ~ my 2 Hi gs-
Specific scenarios to obtain 60 = O(1) will be described later.



3. ALP domain walls without strings

Let us consider the axion potential

V(p) =mif; (1 + cos Z) oL =

and focus on the adjacent minima,
¢r = —7fy and Pr = +7fy.

If both vacua are populated in the
early Universe with 0.3 <p;, $0.7,
infinite domain wall (w/o strings) will

appear when H ~ my, 2 H gs.
Specific scenarios to obtain 60 = O(1) will be described later.




Scaling solution of domain walls

The scaling solution is such that the
Hubble horizon contains on average
about one wall:
O'DwH_2
H—3

~ m¢f£H

ODW =2 8m¢f£

tension of DW for the cosine potential

PDW ™~

which decreases more slowly than
matter, and there is a CMB bound on
stable domain walls,

Zeldovich, Kobzarev, Okun " 74, Sousa and Avelino, 1507.01064.

Press, Ryden, Spergel " 89




Various bounds and future sen5|t|V|ty reach

Excluded by SN1987A IV

o

o Fermi-LAT reach O+ reach

> 107" |
D)
O,
£

°0 10-15
Domaln-wall problem

c, =1 107 r-29 126 1n-23 20 17
v N 10 10 10 10 10
9ovy = F m¢[ev] FT and Yin 2012.11576
? Note that the mass is heavier than ~ 107%eV ~ H,




KiloByte CB from ALP domain walls
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KiloByte CB from ALP domain walls
% PLss = PL

' Domain wall

% dLss = PR
¢Earth — qu \/\/

‘ A o — 0
\/\/ e ? 042, (¢t - YZWZLSS( ) ) deg




KiloByte CB from ALP domain walls

WAV
% Prss = @1,

' Domain wall

% ¢Lss = Pr
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There will be O(103-4) domains on the LSS, and the CMB polarization from each
domain is either not rotated at all or rotated by a fixed angle, & ~ 0.42¢, deg -
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KBCB from ALP domain walls

Blue: & = () Orange: ® ~ 0.42c, deg

N.B. This figure is NOT a result of numerical simulations, but just a mock sample.



Predictions of KBCB

Isotropic CB o
Excluded by SN1987A
10-14
BKBCB ~ (.21 C~ de g: I———————— B ———— o —
- ;Fermi-LAT reach IAXO+ reach

) Lo qQtsp e

independent of m;, and f,. & Akscs=021¢, deg

s 10'15} 3 Gy = 1l
Recall ¢ = % ~ 0.42¢, (%day%;f“sm)) deg P 9oy = 15 |
¢ 1 0_17|' | | | | | | | | I‘Dom‘ain-wall prob‘lem
1072° 10720 1073 10720 10717

me [CV]

cf. Bops = 0.35 = 0.14 deg. can be

Minami, Komatsu, Phys. Rev. Lett. 125, 221301 . . . .
The predicted isotropic CB is the same over

explained for ¢y = O(l) . the viable parameter space (green triangle).



Predictions of KBCB

Anisotropic CB

Expected to have a (broad) peak at a scale

-

corresponding to the Hubble horizon at LSS, | B =% 4 *i'*‘
8, AR .
and suppressed at larger and smaller scales. 9 X N A els
o AR ') /’\
L+t)Ce
L(L+1)Cy, B L(
~ 0.3 d
\/ o <0.3 deg> °5 A

cf. For a scale-invariant anisotropic CB,

O.ld% /\
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which mainly comes from low multipole L <100. L~ 100 >L.



4. Specific models for ALP domain
wall formation



4.1 A model with a negative Hubble mass

Suppose that the PQ symmetry is linearly | ‘i
realized as




4.1 A model with a negative Hubble mass

Suppose that the PQ symmetry is linearly t ‘i
realized as

¢ .
f

Jo it i
S = —¢ ‘¢ S ~J Hinfe Hi, ¢
V2 = N
(during inflation)

A
V(S) = —mB|S|? + JIS|t — HE |5

During inflation, the effective decay
constant can be as large as Hj,;, and the
axion acquires quantum fluctuations of

O(Hinf)-
50 = O(1)



4.2 A model with mixing b/w QCD axion and ALP

Consider two axions whose linear combinations become the QCD axion
and the ultralight ALP in the low energy.

2
Lo (P22 q,,,am fi o
Ga’ VGI(; : S: ¢ ngz/fz
S 2 (fl f2> g ‘ i \/56
QCD axion: — — %L1 %2 with f2= g2y g
fo 1 Jo
¢ Y1 P2
Ultralight ALP: —— = — — —
j fa f2 fl
If the ¢, acquires a periodic potential with ¢, — ¢, + 2apf,, the ultralight

ALP has a decay constant, f,= ifa :

pf



Suppose that S, develops a nonzero VEV after inflation, while S,
already has a VEV during inflation. Then, ¢,/f, randomly takes values
between —z and = (here N,y = 1 is assumed) and strings are formed.

Q. /5=
N
(/‘- —/-/"/q’z{ - = [
‘ [
, (
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=-{C [(9%
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S A
A\,P\‘

QGCD =0



Suppose that S, develops a nonzero VEV after inflation, while S,
already has a VEV during inflation. Then, ¢,/f, randomly takes values
between —z and = (here N,y = 1 is assumed) and strings are formed.

D./52
During the QCD phase transition, A

the QCD axion string-wall network

is formed and disappears soon #//
—_ , /7 -

because of Ny = 1. | 4

A part of fluctuations is left along ;. ( ) ©./¢
the ultralight ALP, & o I

b= — fagOQZ:ET(' f12 \

VIt+ f3 00 = (’)(1) A\lg\’ OB exiorn
it f1~f2~[fo

QGCD =0



7 WW&W{]OO UM “‘\\\ \X
// ///////ﬂ/ 1 I 701010 011\\% \\N\\\\\\\\
/ WW//MW 10111000 11011101 UVVTRR
A0 0110001 01100011 11111101 VR,
i mmoooo 11111100 10011100 MOV
5 s 0011
. Summary

1110010 11101101 0011101 i
SM (it 10010001 00101111 11110010 0010100t 100

(0110100110 11000101 11011010 11111 1001110100
“.f}WQ\ 010101 00100111 00010111 11010 NﬂW

- Axion domain walls w/o strings induce both isotropic and
anisotropic CB: KiloByte CB

”&\\‘\\\‘\WW\%\MH 1010101 10///’////////,,‘,
AN \\\N\W \%WOO 1001 1100 /ﬂ///////// w

It naturally explains the recent hint on the isotropic CB over a
wide range of the axion mass and axion-photon coupling

cf. ﬁobs = (.39 -

BkecB ~ 0.21¢, deg independent of m, and f,
+ 0.14 deg

- The predicted anisotropic CB has a peculiar feature determined

by the domains on the LSS: determined by domains on the LSS
which may be checked by future CMB observations



