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Today’s menu

Normal Seminar

One plate meal

Today’s Seminar

Buffet

In the Buffet dishes, I use the same spice

Axion Birefringence
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◼ QCD axion

– Strong CP problem:

– One of the solutions is QCD axion:

◼ Axion-like particles by String Axiverse

“String theory predicts many ultralight axions”  

– ALPs have mass nonperturbatively, which is exponentially suppressed:

– ALP as Dark Matter:    10−22eV ≲ 𝑚𝜙

– ALP as Dark Energy:     𝑚𝜙 ≲ 𝐻0 ∼ 10−33eV
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Baker, et al. (2006) 

Marsh (2015) 

by the electric dipole moment of neutron

𝑚𝜙
2 ∝ 𝑒−𝑆inst𝜇4

𝑓2

(Conventional) motivation of ALPs

Peccei&Quinn. (1977)
Winberg(1978),Wilczek (1978)

Arvanitaki+ (2009)

Observational hints motivate the studies of ALP!



introduction

What characterizes ALPs?

ALP can be very light (𝑚 ≪≪ 1eV) by its shift sym.

ALP breaks parity

ALP may be coupled to photon!!

Useful to

Search for it
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Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

Axion-Photon Coupling
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introduction

New terms!

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

Photon:

Axion:

𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

𝜕𝑡
2 − 𝜕𝑖

2 +𝑚2 𝜙 = −𝑔 ሶ𝑨 ⋅ 𝛁 × 𝑨

Axion-Photon Coupling

Conventionally constant magnetic field is introduced



introduction

Assume constant Magnetic Field  𝑩𝟎

Photon:

Axion:

𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔𝑩𝟎
ሶ𝜙

𝜕𝑡
2 − 𝜕𝑖

2 +𝑚2 𝜙 = −𝑔𝑩𝟎 ⋅ ሶ𝑨

Axion-Photon Conversion

𝑩𝟎



introduction

Axion Helioscope

Experiments with AP conversion



introduction

Axion Helioscope

Experiments with 𝑎𝛾 conversion

[Irastorza&Redondo(2018)]
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New idea

How can we detect

Axion like particles?



introduction

New terms!

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

Photon:

Axion:

𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

𝜕𝑡
2 − 𝜕𝑖

2 +𝑚2 𝜙 = −𝑔 ሶ𝑨 ⋅ 𝛁 × 𝑨

Axion-Photon Coupling

Anything other than magnetic fields?



introduction

Assume background DM axion:  𝜙(𝑡) = 𝜙0 cos 𝑚𝑡

Photon EoM: 𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

Birefringence

−𝑚𝜙0 sin 𝑚𝑡

[Harari & Sikivie, Phys. Lett. B 289, 67 (1992)]



introduction

Assume background DM axion:  𝜙(𝑡) = 𝜙0 cos 𝑚𝑡

Photon EoM: 𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

Birefringence

−𝑚𝜙0 sin 𝑚𝑡

Dispersion relations of Left/Right Pol. are modified

𝜔𝐿,𝑅
2 = 𝑘2 1 ± 𝑔𝜙0

𝑚

𝑘
sin 𝑚𝑡

Speed of light changes depending on polarization!

𝑖𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅

[Harari & Sikivie, Phys. Lett. B 289, 67 (1992)]



New Observation

Another consequence: Rotation of liner pol. Plane

Birefringence

Linear pol. Photon can be 
decomposed into circular pol.

With ADM BG
phase velocity
are different,

polarization
plane rotates

𝑡 + 𝑇𝑡



New Observation

Rotation angle synchronizes with Axion

Birefringence

Motion of the linear polarization plane

𝑉(𝜙)

𝜙
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New Observation

Rotation angle synchronizes with Axion

Birefringence

Motion of the linear polarization plane

𝑉(𝜙)

𝜙

𝜃
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The standard cosmology
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◼ Dark Energy (DE)

• Measuring the current Hubble parameter 
indicates the accelerated expansion.

• Dynamics : constant or scalar potential 𝑉(𝜙)
which slowly rolling 

𝑤 ≡
ሶ𝜙2−2𝑉 𝜙

ሶ𝜙2+2𝑉 𝜙
, −1 ≤ 𝑤 < −0.95 (95% C.L.)

credit:WMAP

Energy component of current universe

, [Planck2018]

◼ ΛCDM Paradigm

• All the cosmological observations are
explained by the DE+DM universe. 
(but for the Hubble tension)



Review of Cosmic Birefringence 
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“cosmic birefringence angle β”

New signal?
“finding β = 0.35 ± 0.14 deg (68% C.L.), which excludes β = 0 at 99.2% C.L.
This corresponds to the statistical significance of 2.4σ.”

What is Cosmic Birefringence ? 
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◼ Polarization signal in Cosmic Microwave Background (CMB)

E-mode   /
Parity Even

B-mode
Parity Odd

𝑧
𝑥

𝑦

Polarized photon

Birefringent material

Credit: ESA

cosmic birefringence  =  polarization rotation signal How to measure ?

Polarization rotated !!

◼ Birefringent material rotates direction of polarization

Review of Cosmic Birefringence 



◼ With Cosmic Birefringence,
• Mixing E-mode to B-mode

• Parity violating 𝐸𝑙𝐵𝑙′ is produced 

𝐸𝑙𝐵𝑙 =
1

2
𝐸𝑙𝐸𝑙 − 𝐵𝑙𝐵𝑙 sin 4𝛽

27

◼ W/o cosmic birefringence, parity is conserved, 

• Parity of

• P 𝐸𝑙𝐵𝑙′ = − 𝐸𝑙𝐵𝑙′ , so when parity is conserved,

𝐸𝑙𝐵𝑙′ = P 𝐸𝑙𝐵𝑙′ = 0

Credit: ESA

ቆ
B−mode: P 𝐵 = −𝐵

E−mode: P 𝐸 = +𝐸

→
𝛽

Credit: Y.Minami/KEK

𝜷

𝐸

𝐵

Parity transformation

Minami&Komatsu reported rotation angle 
𝛽 = 0.35 ± 0.14 deg

Polarization rotation

Review of Cosmic Birefringence 



CMB Birefringence

How to explain

this observation?



◼ Axion-Photon coupling
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Harari&Sikivie (1992) 

𝛽

Polarization of Initial photon Observed polarization

𝜙𝑓𝜙𝑖

Δ𝜙

Ԧ𝐴
Ԧ𝐴

Axion causes CMB Biref.

Polarization rotation angle

𝛽 =
𝑔

2
∫ d𝜂

d𝜙

d 𝜂
=
𝑔

2
𝜙𝑓 − 𝜙𝑖

Lighter
Axion

◼ Different mass range

What kind of axion can
reproduce the observed β?



◼ How to calculate Cosmic Birefringence: 

• In this talk, focus on background motion.

𝜙(𝑡, 𝑥) = ത𝜙 𝑡 + 𝛿𝜙(𝑡, 𝑥)

• If 𝑉 𝜙 = 𝑚2𝜙2/2, background field dynamics is governed by axion mass 𝑚

ሷത𝜙 + 3𝐻 ሶത𝜙 + 𝑚2 ത𝜙 = 0 ,   H: Hubble expansion rate 

• Axion-photon coupling

𝑔 = 2 𝛽 ത𝜙 𝑡0 − ത𝜙 𝑡LSS
−1 , β = 0.35 deg 

30

𝜙

V(𝜙)
𝜙 𝑡LSS

𝜙 𝑡obs

Hereafter, we write ത𝜙 as 𝜙.

Determine axion-photon coupling 𝑔 for a given 𝑚

Axion causes CMB Biref.

(perturbations 𝛿𝜙 result in anisotropic birefringence signal:  
Pospelov, et.al., (2008),   Caldwell, et.al., (2011) )



• Model:  𝑉 = 𝑚2𝜙2/2

31

𝑚 ∶ axion mass

Ω𝜙: present energy fraction

Axion causes CMB Biref.

On the lines, the rolling axion
explains the observed β!!



• Model:  𝑉 = 𝑚2𝜙2/2
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𝑚 ∶ axion mass

Ω𝜙: present energy fraction

Axion causes CMB Biref.

• Axion dark energy

On the lines, the rolling axion
explains the observed β!!

For 𝑚 < 10−33eV, 
we find Ω𝜙,max = ΩΛ.

The axion explains the current
accelerated expansion, too! 

• We also study cos potential



Hubble tension
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[A. G. Riess, et al. 2019]

Early Dark Energy (EDE) is scheme to alleviate “Hubble tension” problem.

◼ Discrepancy between:
• local astrophysical measurements at low redshifts (cosmic distance ladder)
• CMB and large scale structures 

How does EDE work?



Early dark energy alleviates 𝐻0 tension
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◼ EDE modify cosmology around last scattering.
• Reduce sound horizon at last scattering.
• Increase 𝐻0 estimated by CMB observation

𝐻0 ∼ 68 → (70 − 72)[km ⋅ s/Mpc]

◼ How to achieve the above dynamics?

• Before oscillation, V is almost constant
• After oscillation,  V decreases like or faster 

than radiation for n ≥ 2.

[Poulin+ 2018]

Energy fraction of each component Ω𝑋

roll down
(m ∼ H(t))

present Last scattering 

EDE modifies 
Hubble 

[Agrawal+ 2019]



Early dark energy alleviates tension
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◼ Required abundance of EDE
• 𝑎𝑐: scale factor to start oscillation
• 𝑓𝐸𝐷𝐸 𝑎𝑐 ≡ 𝜌𝜙(𝑎𝑐)/𝜌tot(𝑎𝑐): energy fraction at  𝑎𝑐

V. Poulin, et.al. (2018)

𝑎𝑐

𝑓𝐸𝐷𝐸 𝑎𝑐

Probability distribution by MCMC

V. Poulin, et.al. 2018

Does EDE produce cosmic birefringence?



Does EDE reproduce CMB Biref.?
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◼ Cosmic birefringence of EDE 

• Let 𝜙 have the CS coupling to photon 

• Convert (𝑓𝐸𝐷𝐸 , 𝑎𝑐) into (𝜙𝑖 , 𝑚𝜙)

by assuming 𝑓 = 𝑀𝑝𝑙

V. Poulin, et.al. 2018

Allowed mass range is limited for EDE.

𝑛 = 2
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𝑔 = 2 𝛽 𝜙 𝑡0 − 𝜙 𝐿𝑆𝑆
−1

(𝜙𝑖 , 𝑚) (𝑔,𝑚)

fine-tuning on 𝜙𝑖

𝛽 = 0.35 deg

chandra

The observed CMB birefringence

Does EDE reproduce CMB Biref.?
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n=3 case : 

n=2 case : 

EDE models typically constrained
𝑔 ∼ 10−20 − 10−17 GeV−1

Does EDE reproduce CMB Biref.?

◼ Other models
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• EDE model is expected to alleviate 

“Hubble tension problem”.

• ALP as EDE can explain reported rotation angle

𝛽 ∼ 0.35 deg.

• Typical coupling constant is expected to be

𝑔 ∼ 10−20 − 10−17 GeV−1,

which means following nontrivial relation:

𝑔 ∼ 𝑀𝑃𝑙
−1.

Summary of EDE as ALP



Future Prospect of ALP EDE
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In this talk, I focused on the background 𝜙(t).

◼ fluctuation modes 𝛿𝜙(𝑥, 𝑡)
• Hubble fluctuation during inflation
• gravitational growth of adiabatic perturbation

• 𝛿𝜙𝑜𝑏𝑠: another source of isotropic rotation angle
• 𝛿𝜙𝐿𝑆𝑆: direction dependent rotation angle 

(anisotropic cosmic birefringence)
Pospelov, et.al., (2008), Caldwell, et.al., (2011) 

𝛿𝛽(ො𝑛) =
𝑔

2
−𝛿𝜙𝐿𝑆𝑆( ො𝑛)

Predicted sensitivity of 
anisotropic birefringence
for EDE L.M.Capparelli, et.al.(2019) 

Anisotropic cosmic birefringence is useful 
tool to investigate axion-photon coupling.
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introduction

Who is Dark Matter?



Dark Matter

Cosmic pie chart

27%

5%

68%

Local DM Halo



We live inside a high density DM halo!

Cosmic pie chart

27%

5%

68%

Local DM Halo

ҧ𝜌DM ≈ 10−6GeV/cm3

𝜌DM
local = 0.3GeV/cm3

Dark Matter



introduction

DM candidates

Berton&Tait[1810.01668]

Scalar Neutrino

WIMPM-Gravity

PBH Other



introduction

DM candidates
Scalar DM

Berton&Tait[1810.01668]



introduction

Scalar Dark Matter (∋Axion & ALPs)

Different from particle DMs:  production & evolution

Oscillating Scalar Field:  𝑚 ≫ 𝐻

𝜙 = 𝑎/𝑎0
−
3
2 𝜙0 cos 𝑚𝑡 + 𝛿

𝜌𝜙 ∝ 𝑎−3

𝑉(𝜙)

𝜙

(In this talk, we don’t specify its production mechanism.)

What about

perturbation?



DM density

WIMP

Dense

Sparce ҧ𝜌DM ≈ 10−6GeV/cm3

𝜌DM
local = 0.3GeV/cm3



WIMP Scalar DM

Wave-like DM is also a good candidate!

Dense

Sparce Quiet

Amplified
𝝓

𝑚𝑡

𝝓

0 2𝜋

0 2𝜋

𝑚𝑡

DM density



Current constraint

𝒈

𝒎

Fuzzy
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QCD
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Ultra-light
Dark matter



Fuzzy dark matter

Core-cusp problem ADM resolves it!

N-body sim.⇒ cusp 

Observation⇒ core 

𝜌DM profile @ galaxy center

Schive et al. (2014) 

Uncertainty Principle

𝑝DM = 𝑚𝑣 ~ kpc−1
m

10−22eV

DM can’t condensate



Who’s popular?

52

3

47

288

689

94

262

720

1950

433

1050

2140
2860

1

10

100

1000

10000

2005 2010 2015 2020

WIMP DM

Axion DM

Vector DM

# of paper

The hit count of 

“XX dark matter”

in Google scholar

for every 5 years



New grant

Era of non-WIMP DM!

Prof. Hitoshi Murayama

Big grant for DM Search
(Comprehensive study of the huge discovery space in dark matter).

14M USD/ 4yr in total

1.5M USD/ 4yr for my team

You can apply for jobs
and open-solicited Research



CMB Birefringence

How to search for

Axion like DM?



New ALP searches



New ALP searches



New Observation

ProtoPlanetary Disk

Real data Artist’s image

Observations of PPD can be used!

PPD is a flattened gaseous object surrounding a young star.

PPDs are bright simply by scattering the central star’s light.



New Observation

Polarization of PPD

Scattered light should be polarized perpendicular
to the scattering plane (=this monitor).

Initial polarization

Plane is known!!



New Observation

Obsevation of PPD

We expect a concentric pattern of linear polarization.

[Hashimoto et al. APJL729:L17(2011)]

Our Simulation without Axion DM



New Observation

Axion DM rotates pol. plane?

Axion

Birefringence



New Observation

Axion DM rotates pol. plane?

Axion

Birefringence

𝜃 𝜃

Is this angle 90° or not?



New Observation

Obsevation of PPD

We expect a concentric pattern of linear polarization.

[Hashimoto et al. APJL729:L17(2011)]

AB Aurigae (160pc away)

Our Simulation without Axion DM Observation by SUBARU



New Observation

Obsevation of PPD

The observation data reveals

[Hashimoto et al. APJL729:L17(2011)]

𝜃 = 90°. 1 ± 0°. 2 Δ𝜃 < 5 × 10−3

Our simulation confirms
the effect of multiple
Scatterings is negligible.

The width of the observed
angle histogram is not fully
explained….



New Observation

New constraint

Compared to the prediction, we obtain the best
constraint on 𝑔 of ultralight ADM (𝑚 ∼ 10−22eV)

𝒈

𝒎[𝐞𝐕]

[TF. Tazaki & Toma (2018)]

See also 1903.02666 for CMB



New Observation

New constraint

Compared to the prediction, we obtain the best
constraint on 𝑔 of ultralight ADM (𝑚 ∼ 10−22eV)

𝒈

𝒎[𝐞𝐕]

[TF. Tazaki & Toma (2018)]

Best bound on

Fuzzy DM

See also 1903.02666 for CMB



Chigusa, Moroi & Nakayama: PLB803,135288(2020)

PPD has the biggest potential

Forecast

of future

ADM

Search



New Observation

Never give up! 
We should pursue our approach.

[Van Boekel+(2017)]

We used old data (Hashimoto+ 2011) 
whose exposure time was 3mins.

Let's make our own observations of PPDs!

Now Subaru's detector is upgraded! 
Many PPDs have been found.

Applied for 萌芽 to hire postdoc analyzing data



Subaru Application

Kenji Toma
Tohoku Univ.

Ryo Tazaki
Amsterdam Univ.

Jun Hashimoto
Astrobiology center



Subaru Application

Kenji Toma
Tohoku Univ.

Ryo Tazaki
Amsterdam Univ.

Jun Hashimoto
Astrobiology center



Subaru Application

Kenji Toma
Tohoku Univ.

Ryo Tazaki
Amsterdam Univ.

Jun Hashimoto
Astrobiology center



Subaru Application

Kenji Toma
Tohoku Univ.

Ryo Tazaki
Amsterdam Univ.

Jun Hashimoto
Astrobiology center

Improve the sensitivity

By a factor of 10 !!



New ALP searches



New experiment

GW Laser

Interferometers



New experiment

Can we use GW interferometers

to search for Axion DM?



New experiment

Yes!! Because GW interferometer is

Linear Polarized Laser is used

Very Long Baseline
(aLIGO: 4km)

Photon reflects many times
(aLIGO: typically 500 times)

Designed to detect
tiny signals

[DeRocco &Hook (2018), 
Obata, TF, Michimura(2018)]



New Observation

Measure the other polarization component (horizontal)
by filtering the original pol. component (vertical)

𝑉(𝜙)

𝜙

𝜃

Only if  𝜃 ≠ 0
by ADM, we 
detect signal



New Experiment

Tiny signal compensated by long operation time

Coexist with GW observation

Additional instruments at the tail enable interferometers 
to probe ADM during the GW observation run 
without loosing any sensitivity to GWs Long Run!



New Experiment

Sensitivity Curve for 1 year run



New Experiment

Sensitivity Curve for 1 year run

What are these spikes?



If axion oscillation period is longer than 4km/c

rotation is cancelled and isn’t accumulated

New Experiment

Lost sensitivity

e.g. Right-handed

mode is faster



If axion oscillation period/2 = 4km/c,

rotation is accumulated.

New Experiment

Resonant point

Right-handed

mode is faster

𝜔𝐿,𝑅
2 = 𝑘2 1 ± 𝑔𝜙0

𝑚

𝑘
sin 𝑚𝑡

Then left-handed

mode gets faster

Rotation is addd!



New Experiment

Sensitivity Curve for 1 year run



New Experiment

Sensitivity Curve for 1 year run

Current generation
GW observatory
can put best limit

on 𝑔𝑎𝛾 or discover



New ALP searches



If axion oscillation period is longer than 4km/c

rotation is cancelled and isn’t accumulated

New Experiment

Lost sensitivity

e.g. Right-handed

mode is faster



New experiment : DANCE
[Obata, TF, Michimura(2018)]Dark matter Axion search with riNg Cavity Experiment
[Liu+(2018), ADBC experiment]

Bow-tie optical
ring cavity resonater

Double reflection
amplifies the signal

Frequency
Lock

Detector

Axion Signal

Half-wave plate

Pol. Splitter



New experiment : DANCE

[Obata, TF, Michimura(2018)]

We can improve the

constraint by several

Orders of magnitude!



New experiment : DANCE

[Obata, TF, Michimura(2018)]

A prototype experiment is on-going in U. Tokyo!



New experiment : DANCE

We got a grant (35kUSD/yr)

last year and started with

a 50cm-size prototype.

We (2 students) work on

noise hunting and

1 postdoc will join in fall.

Long way to go to get

the ideal sensitivity, but

we’re proceeding!



New ALP searches
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a-γ conversion around NS

Darling (2020) put a new

limits on axion DM from

a magnetar (PSR J1745-2900)



a-γ conversion around NS

EoMs for a&γ in matrix form

𝑚𝛾
2 = 𝜔𝑝𝑙

2 = 4𝜋𝛼𝑛𝑒/𝑚𝑒

Same as neutrino oscillation!

Mixing
angle

sin 2𝜃 =
𝛽

𝛽2+ 𝑚𝛾
2−𝑚𝑎

2 2
(𝛽 ≡ 2𝑔𝐵𝜔)

Conversion is maximized at 𝑚𝛾 = 𝑚𝑎



a-γ conversion around NS

When 𝑚𝛾 = 𝑚𝑎?

At this sweet spot (surface), the most efficient

a-γ conversion occurs：

Notice 𝑚𝛾 ∝ 𝑛𝑒
1/2

𝑥

[Witte+(2021)]

NS

Large
𝑛𝑒

Small
𝑛𝑒𝒎𝜸 = 𝒎𝒂

ADM⇒radio wave



a-γ conversion around NS

Detailed studies are await to 

determine the spectrum, etc
[Witte+(2021)]

The sensitivity to ADM is unsettle…

[Hook+(2018)] [Safdi+(2019)] [Witte+(2021)]



Outline of Talk

1.   Introduction of ALPs

2.   ALP Dark Energy

3.   ALP Dark Matter

4.   QCD Axion Search by Astro. Obs.



Summary

ALPs are a well-motivated DM/DE candidate

Its coupling to photon causes Birefringence

CMB found cosmic birefringence 𝛽 = 0.35∘ ± 0.14∘.

It may indicate DE is ALP with 𝑚 ≲ 𝐻0 ≃ 10−33eV

Radio waves from neutron stars provide a new

probe of ADM in the QCD axion mass range

Observations of protoplanetary disks are useful

to search for ADM in Fuzzy DM range, 𝑚 ~ 10−22eV.

Laser experiments are sensitive to 10−17 < 𝑚/eV < 10−10



Thank you！

Fin
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New experiment

[Obata, TF, Michimura(2018)]

Rount-trip time in cavity
≃ axion oscillation period

Measurement time 1 year
≃ axion coherent time



Axion coherent time

If measurement time T is longer than axion coherent time 𝜏𝑎,
the sensitivity improves only slowly 

SNR ∝ 𝑇
𝜏𝑎 < 𝑇

𝜏𝑎𝑇
1/4

𝜏𝑎 =
2𝜋

𝑚𝑣2
≈ 1yr

10−16eV

𝑚

Therefore, for 𝑚 > 10−16eV, the sensitivity highly depends on 𝜏𝑎

People often discuss 𝜏𝑎 is (de Broglie wave length)/(relative velocity)



New Observation

Polarization of scattered light

Consider incoming radiation from 
the left being scattered by 90 
degrees out of the screen:

Since light cannot be polarized 
along its direction of motion, 
only one linear polarization state 
gets scattered.

[Credit: Weyne Hu’s homepage]
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New Observation

Long-term Obs of PPD

If we observe a PPD for longer time than 𝑚−1,

the periodic shift of 𝜃 should be detected.

ADM effect

Oscillates
in time


