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Two characteristic scales:

[ fo @ decay constant mq = A°/f, : mass ]
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When people say axion...

QCD axion Peccei & Quinn (1977); Weinberg, Wilczek (1978); ...

» Suggested to solve strong CP problem
» Mass & decay constant are related to QCD energy scale

Adcp
Ja

meq =

1012GeV) QCD axion window (& - < 1))

=0 peV ( fa 10° GeV < £, < 10'2GeV

Axion-like particle (ALP) svrcek & witten (2006); Arvanitaki+ (2010); ..

» Predicted by theories beyond the standard model (e.g. string theory)
» Mass & decay constant are treated as independent parameters
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Features of axion

1. Small mass (compared with WIMP)

Adep 107GeV
Mg =
Ja fa

2. Weakly coupled to the standard model (respecting shift-sym.)

~ 6 peV ( ) < GeV, TeV

Lint :%gpFWFW Axion-photon (most popular)

+igan O, 0(NY*v5N)  Axion-nucleon
+igaeOpp(e7" v5€) Axion-electron

Z — .
—|—§gdgpN0'MV’y5NF“V Axion-nucleon EDM

coupling strength : g x 1/f, < (\@GF)l/Q ~ 10 3CeV L

Fermi coupling constant
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Features of axion

3. Scalar dark matter, quintessence V()

. . . 2 [ )
Evolution: © + 3H Y +m,p =0 \/> ’
me > H
o~ a 320, cos(mgt) > paoxa >, P, ocsin(2mgt) ~ 0

Axion DM mass window (&> £ V)): 10~ %%eV 5 My 5 eV

Note: behaves as a classical field (different from the particle DM such as WIMP)

my, < H

© >~ const. Axion quintessence: m, < Hy ~ 10" °°eV
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Conventional Axion Search

da V Axion-photon conversion (Primakoff effect)
PR — _) — —
a : axion
~ : photon
e B : magnetic field

Axion is converted into photon under the background magnetic field

EX) L=9.26m
. . Sunset ", ‘\ Sunrise
Axion helioscope

system
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New search methods for
axion dark matter

(without using background magnet)
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Cosmic birefringence

Carroll, Field & Jackiw (1990); Harari & Sikivie (1992); Carroll (1998); ...

Axion behaves as a birefringent material in our universe

» Axion differentiates the phase velocities of circular-polarized photon

1 RIN
. W /
Dispersion relation: AE/R + wi/RAE/R =0, CL/R = IIJ%/R — \/1 + ga;sﬁ

>

m /\ — leading to the rotation of
U linear-polarization direction
Cr, > CR
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Birefringence by axion DM

1 2 1 2 2 1 2 1 2 1 2
2mz<p(t) sl 2n72<p<t) 2mch<t> 2mch(t)

\
\'/ o(t) \ ]/ o(t) \/ o(t) \\/ o(t) \'/ o)

» Axion DM induces the polarization rotation oscillating in time
with a frequency of axion mass:

» Possible to observe by several experimental/astrophysical approaches! 10/33



(1) Resonant cavity experiments

10, Fujita & Michimura (2018); Nagano, Fujita, Michimura & 10 (2019); ...

Laser

Fl P-pol.
—
sl (L)

! Iry, L
i PDrefl 1
SR

De!t'ection port (b) Detection port (a)

B The presence of axion dark matter acts on the laser in the resonator,
creating a new polarization state.

B By separating the polarized state of the light that comes out, we can explore

|
the ALP dark matter! 11/33



(1) Resonant cavity experiments

DANCE: Dark matter Axion search with riNg Cavity Experiment

Y. Oshima, H. Fujimoto, H. Wang, Y. Michimura, M. Ando
T. Fujita, J. Kume, K. Nagano, H. Nakatsuka, A. Nishizawa, S. Morisaki, 10

DANCE Act-1 (prototye)

Frequency [Hz]
Laser 102 10! 10° 10! 102 10° 10* 105 105 107

107 5 | | 1 | | | | 1 |
1 ABRA-
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-11

10 7 SN1987A

1072 4 NGC1275

Far \
138,

107" 3 DANCE Act-1
JL=1m, Prane=1W, F=3 x 10%)

-

fl ~
Credit: Yuka Oshima Photo Detector

B A bowtie-like mirror configuration
can sustain the rotational
orientation of photon polarization

DANCE
(L=10 m, Pyans = 100 W, 7= 10%)

Axion-photon coupling ga, [GeV ]

107 10 10 10 10 102 10" 10 10° 10° 10’ 12 /33
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(1) Resonant cavity experiment

We are up for axion DM search by real GW detectors!!! (~*mHz) (~kHz)

_--_:DetectionportZ sensitive to 10_176V 5 meg 5 10_116V

1
: : Nagano, Nakatsuka, Morisaki, Fujita, Michimura, 10 (2021)
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(2) Photoplanetary disk

Fujita, Tazaki & Toma (2019);
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(2) Photoplanetary disk

Normalized number

Fujita, Tazaki & Toma (2019);

Simulated
Hashimoto+11 —— |

-11

86 88 0
Angle [degree]

Observational data: o
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Target axion DM mass ranges

Quintessence Fuzzy DM QCD axion DM
1 1 1 ) ma [eV]
1033 10722 10~
[ CMB ] E Superradiance i

> Resonant cavity experiments
Photoplanetary disk (DANCE, GW detector)

BH Event Horizon Telescope Chen+ (2020,2021);

Gravitational strong lensing Basu+ (2021);
Finelli & Garaverni (2009); Lee, Liu & Ng (2014); ...

7.9 billion light-years
4.6 billion light-years

Telescope

s

Lensing galaxy bends the polarized light rays

Credit: EHT

Credit: Y. Urakawa 16 /33



Birefringence by axion guintessence

(Fukugita & Yanagida (1994); Friemann+ 1995; J.E.Kim 1999+; ...)

» Axion with mass smaller than current Hubble scale behaves as a quintessence

V(p)

V(p)

N

> @ 13.8 billion years

me < Hy ~ 107%%eV

g

» If axion is responsible for

m mwmmﬁsmﬁﬂk‘aﬂ’ ) - dark energy, it makes the

 EREER
B\

polarization plane of
CMB rotate from the
last-scattering-surface

Rotation angle:

B =209 = 222 (o — (fLss)
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Quadrupole
Anisotropy

CMB polarization map

Thomson
N 5 & Scattering

Linear
Credit: Wayne Hu Polarization
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Parity flip in polarization pattern

A

P. trans.

LS
_ -/ /
/7N |/_
| | N N\
N_/ — /|

Angular power spectra

Parity-even: C} 1, C;F, CPP, CFF

Parity-odd: C} 2, CFP

9

\4

sbom-8

| /
N\ N\
—\ |
/ 74
| \—

N\
/|\
/7 \

]
N_/

(parity-invariant theory, well measured)




<EB> from cosmic birefringence

Lue, Wang & Kamionkowski (1999); Feng+ (2005,2006); Liu, Lee & Ng (2006); ...

Parity-violating interaction

1 ~
€.8. /:'int — Zga'yQOF,uVFW/

produces the parity-odd EB correlation

. , .
EB,o L . EE,CMB BB,CMB
Credit: Y. Minami Cy ~ 9 sin(4/3) (Ce -y )

[
N measured value 4 COS(46)CéE’B,CMB

“Musually assume 0

History of measurements (WMAP, Planck, ACT,...)

Non-zero <EB> has been detected.
But, not reliable estimates due to the systematic uncertainty.
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<EB> from instrumental effect

Wu (2008); Miller (2009); Komatsu (2010); ...

& /{/a‘

Credit: I\/Iinérhi &7 Korﬁatsu

» Miscalibration of the polarization angle a also contributes to the birefringent signal

» The past measurements have detected the angle 9 — —|— 5
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How to break degeneracy of a &

Minami+ (2019); ...
Point: Intrinsic birefringence angle B is proportional to the path length of photon

(note: axion is assumed to be quintessence)

Birefringence angle from LSS (z ~ 1100):

Ocvp = a+ 0

Birefringence angle from galactic foregrounds:

Ore = o only
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Foreground-based a-calibration

Minami & Komatsu (2020);

calibrate a by using the polarized emission from the galactic foregrounds
and measures the intrinsic birefringence angle B by Planck 2018 polarization data

I Angles Results (deg)
)H HK 3 0.35 £0.14
Q100 —0.28 £0.13
| 143 007 &=0.12
JJJ LLL Q217 —0.07 £0.11
& Q353 —0.09 £ 0.11

Ak B =0.35 4 0.14 deg (68% C.L.)
/ Jﬂi (excludes the null result at 99.2% C.L.)

Tantalizing hint of new physics!
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Implication for the axion search

Fujita, Minami, Murai & Nakatsuka (2020); ...

» From this relationship

B = %Adﬁ = %(qﬁo — (dLss))

we can constrain the
parameter space of axion-
photon coupling w.r.t.
axion mass

» Support the presence of
axion as dark energy

T
Z
<

S

m/HO
10°% 108 107% 1072 10Y 102 10* 106
| S L [ U [ [

B CAST
------------------------------- :-v------------ALPSH-------------------
---------------------------- bc \119817\ T —

10-12 1andra
------------------------------------------ Athena ====s=ssseacaaql.-

1015
Qy=10"° )
gt
Qy = Qprmex_4
10078 | ]
10740 1038 10736 10-3%¢ 10732 10°30 10-2¢
m[eV]

Credit: Fujita, Murai, Nakatsuka & Tsujikawa (2020)



Our study
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Reconsidering single-field model...

Friemann+ (1995); ...

V(p)
» Consider a nearly flat axion cosine potential

vomminie(2)] T

» To satisfy the constraint on EoS parameter, we get

0y \ 2 Hy\
fo =~ 14 Mp) ( 0 ) (M) > Mp

A

v
-
©-

0.69 0.1

requires a super-Planckian decay constant or a fine-tuning of initial axion displacement

» To get the measured B, a large anomaly coefficient is required

2
=S 4 ~ 3 p mg/Ho
9 om 1 S| = 2.3 % 10 (0.35deg>( 0.1 ) o
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Multiple axion model

Quintessence: Kim (1999)(2000), ... Inflation:  Kim, Nilles & Peloso (2005), ...
massless

massive > Flat direction can be realized by an alignment

of the potentials from multiple axions:

e.g.)

B g Fgo = Fyo

\ ;;V V(gb,x):A‘llll—cos(iwLL)]+A§l1—cos(i+i>}

with Fa _ b (exactly flat) (F; < Mp)

¢ For — Tor

Credit: Kappl+ (2014) » The misalignment can be characterized by
the deviation from the above condition

» Linear combinations of two-fields provide two (nearly) massless & massive direction

Dark energy Dark matter
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Alignment axion mode| (1) amw 210802150

» Consider the aligned cosine potentials:

B ¢ X 417 _ 9 X
V(g x) =M [1—608 (Fﬂ—'_p_xl)] 4 [1 COS(F¢2 i sz)]

For simplicity, we assume Fy1 = Fy1 = Fy, Fyo = F1(1 +¢)

» The misalignment of the potential is characterized by € <1

—nearly flatness

Credit: Kappl+ (2014)
e=20 e=0.1 e=0.3 28 /33



Alignment axion model (2) am: 210802150
§

» Then, two mass eigen bases can be found: w
_ Iy b — I _ Fa Iy N
F2+F3 F2 +F3 F2 + F F2 +F3
with mass
2 9 F2 F2
m22A—%€2 mQNM 4 m¢ LA} < > 1
3 F(g + F)?l ; P Fq% F§1 1 me . A2 F¢ FX1

(assuming that Ay > A,)
» In terms of (€, ), the cosine potential can be rewritten as

JF2 4+ F? 2+ F?
AT |1 — cos ; sz + A5 |1 — cos i * ¢

w_

2 §
FgFxa FoFxa JEF2+F2

29/33
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Alignment axion model (3) am: 210802150

4 JETE ] JEE :
Vv, &) ~A7] |1 —cos | ——=—1 + A5 |1 — cos P — £
! F,F 4 2 FyF 4 02 . 2
P+ x P+ x P;-%Ekl
_ 1—1
_Fg

» The effective field ranges (decay constants) of axions are obtained:

2 2
. YT Ea . FyF)\1
Fe ~ F,), ~
£ € ’ Y _F2%—PQ
¢ Xl

> Even if the original axion decay constants are sub-Planckian (F; < Mpy)

Fg > Mpyase — 0 (€ can act as dark energy!)
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Axion-photon couplings e 210802150

» The interactions of photon to the (original) axion fields are given by

a (¢ X ~
LD—|—+— )| F, ,F"
87 (Fcb’erva) -

» In terms of (Y, €), the effective coupling constants are obtained:

Vo2nF; T T €\Fyy Fyy)
o= 28— (Fe Ba) Feha
"o o B, T \Fyy  Fyy) FR+FY

» g &yis fixed by the measured birefringence angle f =0.35 £0.14

— also constrain the parameter space of gy as axion DM
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Parameter space of axion DM
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Summary & Outlook

e Axion is one of the promising candidates for the dark sector of
our universe.

* Photon’s birefringence measurements potentially develop a new
frontier of the axion search!

* A recent measurement of CMB birefringence gives us a tantalizing
hint of the axion physics, especially axion as a quintessence.

* Based on a multiple axion scenario, this observable can connect
the constraints on axion as dark energy and dark matter.
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