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Who is 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, 𝛿𝑚 ∝ amplitude pert. 𝛿𝜙(𝑡, 𝒙)

𝑉(𝜙)

𝜙

In this talk, we make no assumption on its production & evolution.



introduction

What characterizes ADM?

ADM can be very light. (10−22eV ≲ 𝑚)

ADM breaks parity

ADM may be coupled to photon!!

Useful to

Search for DM
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Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

Axion-Photon Coupling
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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
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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
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Axion Helioscope

Experiments with AP conversion
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Axion Helioscope

Experiments with AP conversion

[Irastorza&Redondo(2018)]



Current constraint

𝒈

𝒎

Target space
in our project

(Possible region for ALPs DM)
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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?



New experiment

What if Axion is Dark Matter?
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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)]
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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!

𝑖෡𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅

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



New Observation

Rotation angle is ~10−2 for largest coupling 𝑔

Birefringence

How can we observe this?

In astro, we don’t know the initial
polarization plane. Can’t measure 𝜃…

Ξ ≡ 𝑚𝑇/2 ≈ 102(𝑇/10pc)𝑚22



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



Fedderke+ PRD100,015040(2019)

After our paper, the “first” paper on 
ADM constraint from CMB appeared!



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.



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

PPD has the biggest potential

Forecast

of future

ADM

Search
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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 experiment

World’s first

GW & ADM

Observatory



New grant

Era of non-WIMP DM!

Prof. Hitoshi Murayama

We applied for a big grant
(Comprehensive study of the huge discovery space in dark matter).

14M USD/ 4yr in total

1.5M USD/ 4yr for our proposal!

Will be announced in this fall…
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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)]



New experiment : DANCE

[Obata, TF, Michimura(2018)]

We can improve the

constraint by several

Orders of magnitude!



COPYRIGHT

57

Our proposal was

featured in

Nature Photonics.



58

DANCE Act.1 has started!

We finished constructing

prototype experiment (Act.1) 

in U. Tokyo. (Ando lab.)

The first test result

was obtained 2 month ago

We got a grant (35kUSD/yr)

last year and started with

a 1m-size prototype.



Current Status of DANCE Act-1

Design sensitivity

of the prototype

Current sensitivity

The first test result



Recent Proposals for ADM Search



ABRACADABRA Projected Sensitivity

[Ouellet+(2018)]



ABRACADABRA Prototype Sensitivity

[Ouellet+(2018)]



Recent Proposals for ADM Search



Next talk

Even better way!?
[Berlin+(2020)]
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Summary

Axion has been constrained by 𝑎 ↔ 𝛾 conversion

The same coupling causes Birefringence w/ ADM

Optical ring cavity and GW interferometer are 

sensitive to ADM with 10−16 < 𝑚 < 10−12eV

Observations of protoplanetary disks are useful

to search for ultralight ADM (𝑚 ~ 10−22eV) 

CMB Birefringence probes ALP Dark energy
TF, Minami, Murai, Nakatsuka[2008.02473]



Thank you！

Fin


