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Axion search
with the observations of 
photon’s birefringence effect
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What is axion?

QCD axion

<latexit sha1_base64="e/28PYCX8tPKkJeAt+L8aOzJCcw="></latexit>
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fa
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1012GeV

fa

◆

Ø Suggested to solve strong CP problem
Ø Mass & decay constant are related to each other in QCD energy scale

Axion-like particle (ALP)

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

<latexit sha1_base64="SjN4ih3UrdnrY1mROGo+Q1rgoOU="></latexit>

109 GeV . fa . 1012GeV

(typical) QCD axion window

Peccei & Quinn (1977); Weinberg, Wilczek (1978); …

Svrcek & Witten (2006); Arvanitaki+ (2010); …

↑Main focus of this talk 
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Axion as dark matter, dark energy

Cosmological axion background <latexit sha1_base64="nAu9rY/Kb2gENBgVgkMh7QpLy5w="></latexit>
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ma . H0 ⇠ 10�33eVAxion dark energy mass:

Ultralight axion DM mass (roughly):
<latexit sha1_base64="iltTpnVp+ujaex4Au3Zj/K+Cfzw="></latexit>

10�22eV . ma . eV

<latexit sha1_base64="XE8Mt0Mgz5O/NAWoZoMnCUdNWWY="></latexit>

⇢a / a�3, Pa / sin(2mat) ⇠ 0→

Evolution:

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

n Axion generically couples to photon via the topological term

n Axion is converted into photon under the background magnetic field 
     (“axion-photon conversion” or “Primakoff effect”)

a : axion

� : photon

B : magnetic field
<latexit sha1_base64="OVtWiG3tcWk+WMKFlxB00RnYhvo="></latexit>

ga�
4

aFµ⌫ F̃
µ⌫ = ga�aE ·B

<latexit sha1_base64="X8TUyTGzEyphurVJHrZ7uBf+enc="></latexit>
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Overview of Target Spaces

Solar Helioscopes

DM Haloscopes→

QCD Axio
n Band

Astrophysical Obs. (X,γ-rays, supernovae)
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New search methods for axions without 
using external magnetic field

-Photon’s birefringence effect-

Axion as a birefringent material

Credit: higgstan.com



7 / 28

Photon’s birefringence by axion
Carroll, Field & Jackiw (1990); Harari & Sikivie (1992); Carroll (1998); …

<latexit sha1_base64="B8frMVOZ7KvBGRRA3R4CJp9xz/k="></latexit>
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4
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<latexit sha1_base64="DGJExm2+tqT22sPScnRJrq4AXyk="></latexit>

cL > cR

Ø Axion differentiates the phase velocities of circular-polarized photon

→ leading to the rotation of 
linear-polarization direction

Axion behaves as a birefringent material in our universe

<latexit sha1_base64="jatRwKh3Hi1vVE1zTVKYDDqhhKo="></latexit>
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Dispersion relation: 
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Photon’s birefringence by axion DM

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

<latexit sha1_base64="jL5RQgOkSZMxvmXBRYNH2WOXgo4="></latexit>

fc =
ma

2⇡
' 2.4Hz

⇣ ma

10�14eV

⌘

Ø Possible to observe by several experimental/astrophysical approaches!
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Probing axions with birefringence

10-33 10-22 10-6
ma [eV]

gψγ [GeV-1]

QCD axion DMFuzzy DMDark energy

Experimental search

Astrophysical search

Credit: EHT

Credit: Y. Minami

Credit: Y. Urakawa

CMB search

(Axion mass)

KAGRA

<latexit sha1_base64="IomODucyJ+NHWkciqcT/nOCiw4Q="></latexit>

(tosc ⇠ ms� hour)
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(tosc ⇠ hour� year)
<latexit sha1_base64="U5Bjc+TfpOJqLxVNifHyHjU00F4="></latexit>

(tosc � year)

Credit: ESO

DANCE
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Experimental birefringence search

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

n By separating the polarized state of the light that comes out, we can explore 
the ALP dark matter!

Resonant cavity experiment
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Axion DM search with GW detectors

n sensitive to
<latexit sha1_base64="wAdzg7qYBGQfBtUPiYbBwRLPlt4="></latexit>

10�17eV . ma . 10�11eV

(~mHz) (~kHz)

n Assuming 

• Axion is 100% in DM
• 1-year observation
• shot noise is primary

Nagano, Nakatsuka, Morisaki, Fujita, Michimura, IO (2021)

n Complemental search 
by installing  
polarization optics at 
different ports

Nagano, Fujita, Michimura & IO (2019);… 
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Axion DM search with KAGRA

n The polarization optics have been installed at 3-km arm cavity transmission of KAGRA.

n Ready for first data taking in O4 run (starting in May 2023)
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Bowtie ring cavity method

Photo Detector

n A bowtie-like mirror configuration 
can prevent the linear polarization 
from flipping

IO, Fujita, Michimura (2018);…

Credit: Yuka Oshima

n As a demerit of linear cavity, 
the sensitivity is lost by a 
parity-flipping effect on the 
reflection of mirror

In the case of GW laser-interferometers…
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DANCE: Dark matter Axion search with riNg Cavity Experiment

n New table-top experimental 
project to search for axion DM 
with an optical ring (bowtie-like) 
cavity

Michimura+ (2019);…

n First-step prototype experiment

Dance Act-1 (Tokyo University)

Design goal
Round-trip: 1m
Laser power: 1W
Finesse: 3000
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Design sensitivity of DANCE

Oshima+ (2021)

Assuming…

ü quantum shot noise

ü 1-year observation

ü Axion is 100% in DM
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First results of DANCE (May, 2021)
Oshima, Fujimoto, Kume, Morisaki, Nagano, Fujita, IO, Nishizawa, Michimura, Ando (2023)

n Observed for 2 weeks, and analyzed 
two sets of continuous 24-hour data

ü reduce classical noises
ü Improve the experimental parameters

Takidera+, in progress

n Rotation angle of linear polarization:

We need to…

Laser power: 0.2 W → 1 W
Observation time: 24 hour → 1 year
Resonant freq. difference: 3MHz → 0 Hz
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Astrophysical birefringence search

Ø Protoplanetary disk

n A couple of axion DM searches with birefringence:

Fujita, Tazaki, Toma (2019);

AB Aurigae

Hashimomto+ (2011)

Ø Strong gravitational lenses
Basu, Goswami, Schwarz, Urakawa (2021);

Credit: Y. Urakawa

Ø Pulsar polarimetry
Castillo+ (2022);

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

M87 (EHT)

(Note: search for axion cloud around spinning BH)

<latexit sha1_base64="yVlXLMaeqIYgy5RUh8wI/P4Jg3w="></latexit>

10�22eV . ma . 10�18eVn Sensitive to 

(~years) (~hours)
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Birefringence in CMB

Planck 2018

Credit: Wayne Hu

E-mode v.s. B-mode
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<latexit sha1_base64="3OxAUOq5+vx8GSpy6Dr7G9B85U0="></latexit>
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sin(4�)

⇣
CEE,CMB

` � CBB,CMB
`
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+ cos(4�)CEB,CMB
`

Generation EB correlation function

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

Credit: Y. Minami

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

n Parity-violating interaction

<latexit sha1_base64="R5Lf4GF7CaZiWZXcdkC0G/elpaU="></latexit>

Lint =
1

4
ga�'Fµ⌫ F̃

µ⌫e.g.

produces the parity-odd EB correlation 

↑ measured value

Non-zero <EB> has been detected. 
But, not reliable estimates due to the miscalibration of instrumental angle “α” .

↑usually assume 0(β is assumed to be constant)
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Isotropic cosmic birefringence (ICB)

<latexit sha1_base64="C4SgAWyzjd5zuoaeQ0KB2HUW/Fg="></latexit>

� = 0.35± 0.14 deg (2.4�)

(Planck PR3)Minami, Komatsu (2020);

Eskilt & Komatsu (2022);
<latexit sha1_base64="s/3wipXXiRvH0Kd32v8ryIagVIQ="></latexit>

� = 0.34± 0.09 deg (3.6�)

(Planck/WMAP)

(upgrade!)
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n Linear polarization rotation is potentially caused by the axion-photon interaction

calibrate the systematic angle by using the polarizations from the galactic foregrounds:
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ICB from cosmological axion background 
<latexit sha1_base64="A8ExrAzgJ9dotsUUz5Bx+pFQk+g="></latexit>

� =
ga�
2

��
Time evolution of axion with different mass

Lee, Hotinli, Kamionkowski (2022) 

Constraints on the axion-photon coupling

Fujita, Murai, Nakatsuka & Tsujikawa (2020);…

Dark energy ←

<latexit sha1_base64="Gz1fktb62cGOFwoIvy0fMAGiq+o="></latexit>
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(
0.69 (m . 10�33eV)

6⇥ 10�3h�2 (10�32eV . m . 10�25eV)

Hlozek+ (2015)

Fujita, Murai, Nakatsuka & Tsujikawa (2020);…
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Any other explanations on ICB?

Beck & Wielebinski

n Faraday rotation due to (cosmological) magnetic field and free electron:

<latexit sha1_base64="iQtXiL2p4xJLBIMGwSdE7rnoxAQ="></latexit>
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n Via loop-interactions, neutrino-antineutrino background asymmetry 
could provide a difference of photon’s propagation between two helicities.

Karl & Novikov (2004);
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Rotation angle at horizon size

Dvornikov&Semikoz (2021);

<latexit sha1_base64="ypHJjd0FXTUjqEkq8XngUShmD9Y="></latexit>

� = �/(`/`H)

Faraday rotation in IGMF
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(B = 1nG)

Neutrino gas in vacuum

Neutrino gas  in electric plasma

<latexit sha1_base64="OsXyTYZRWvqBsr8qqq5zCPrmCtI="></latexit>
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Planck/WMAP:
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Another important observational fact
Eskilt (2022);

(Planck DR4 polarization maps)

<latexit sha1_base64="7q7NEPjQUytoYs3OIU+oMDl3spw="></latexit>
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⌫0 = 150GHz
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n For a nearly full-sky measurement, 

n Consistent with 
frequency-independent

n Constraint on a frequency-dependence of the birefringence angle β:
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ICB from effective Lagrangian approach

Credit: Y. Minami

n To explain this, we need to consider:

n On a cosmological background

the rotation angle is given by its field displacement

(present) (last scattering surface)

<latexit sha1_base64="AC5ucap1ngVWiSAAQicLw2OnKsM="></latexit>
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Õ = Õ(@) ! Õ(!)n If , it leads to a frequency-dependent birefringence
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Why axion is necessary to explain ICB?
Nakai, Namba, IO, Qiu, Saito (2023);

SMEFT is hard to explain ICB → Need for a new (light) particle

Chern Simons-type effective operator:

n Homogeneous & neutral background: Higgs, quark/gluons, neutrino 

is possible to explain measured ICB angle in the EFT of Standard Model (SMEFT)?

ü Higgs vev, quark/gluon condensates: time-independent in CMB epoch → no ICB

ü How about cosmic neutrino background?

(too small)
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10-32 10-27 10-22 10-17 10-12 10-7
ma[eV]

10-20

10-18

10-16

10-14

10-12

10-10

gaγ [GeV-1]

Summary Overview

DANCE Act-1
LIDA

M87 (EHT)

Strong lense
(SKA)

Pulsars (SKA)

CMB (S4)
Protoplanetary 
disk (AB Aur)

CAST (solar axion helioscope)

ICB (Planck, WMAP)
(3.6σ)

KAGRA

QCD Axion

DANCECMB

Astrophysical

Experimental
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Thank you very much!


