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introduction

Who is Dark Matter?



introduction

DM candidates

Berton&Tait[1810.01668]

Scalar Neutrino

WIMPM-Gravity

PBH Other
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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 gauge fields!

Useful to

Search for DM



introduction

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝛾𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈

Axion-Photon Coupling

Axion-Graviton Coupling

Interaction term:  ℒ𝜙𝑔 =
1

4
𝑔CS𝜙𝑅𝜇𝜈𝜌𝜎 ෨𝑅

𝜇𝜈𝜌𝜎

෨𝐹𝜇𝜈 ≡
1

2
𝜖𝜇𝜈𝜌𝜎𝐹𝜌𝜎

෨𝑅𝜇𝜈𝜌𝜎 ≡
1

2
𝜖𝜇𝜈𝛼𝛽𝑅 𝛼𝛽

𝜇𝜈
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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



Current constraint

𝒈

𝒎

Target space
in our project

(Possible region for ALPs DM)
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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



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!

𝑖෡𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅



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
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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.



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: 1911.09850

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, PRD 98, 035021 (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

Current generation
GW observatory
can put best limit

on 𝑔𝑎𝛾 or discover



New experiment

World’s first

GW & ADM

Observatory



40

DANCE Act.1 has started!

Prototype exp. (Act.1) is being

constructed in U. Tokyo. (Ando lab.)

The first result (1m, 3months)

will be obtained within a year

We got a grant (35kUSD/yr)

and applied for another one

to extend our experiment.



Recent Proposals for ADM Search
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Interaction term:  ℒ𝜙𝛾 =
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Previous Works

GW amplification
[Yoshida & Soda (2017)]

Oscillating axion

EoM for GWs

[arXiv:1708.09592v2]



Previous Works

GW amplification
[Yoshida & Soda (2017)]

Interaction term

Oscillating axion

EoM for GWs

Small parameter

[arXiv:1708.09592v2]



Previous Works

GW amplification
[Jung, Kim, Soda and Urakawa (2020)]

[arXiv:2003.02853]

Taking into account the axion coherence, the amplification becomes mild.

But they still claim a sharp resonant peak in GW spectrum is produced.



Our on-going work

Setup
[TF, Obata, Tanaka & Yamada in prep]

Oscillating axion

EoM for GWs

Action:

Axion amplitude

So far, the same as Kobe group.



Our on-going work

Analysis on resonance

Landau says a resonance is caused by the interaction

btw 2 opposite modes, 𝜔 ≈ 𝑚/2 and 𝜔 ≈ −𝑚/2.

Ansatz in the constant amplitude & phase case (𝜖 = 𝑐𝑜𝑛𝑠𝑡.)

EoM yields the dispersion relation

Resonant amplification within the band



Our on-going work

Wave packet

As more realistic GW signal, consider a Gaussian wave packet ∝ exp[−𝛿𝜔2/2𝐾2].

We know how a plane wave behaves:

Saddle point integral gives analytic results which respect the causality



Numerical results

Causal amplification

GW packet itself is not amplified much, 

but it gets a long growing tail behind it.



Numerical results

How we observe?

GW packet itself is not amplified much, 

but it gets a long growing tail behind it.



Previous Works

Axion Coherence
[TF, Obata, Tanaka & Yamada in prep]

Axion oscillation is NOT coherent over a scale 𝜆𝑐 ≈ 𝑚𝑣 −1.

𝜙 𝑡, 𝑥 = Φ 𝑥 cos 𝑚𝑡 + 𝛿 𝑥 and 𝛿 𝑥 varies

Phase 𝛿 𝑥

10𝑥/𝜆𝑐

A simple simulation inside Milky way galaxy (𝑣 ≈ 10−3)
In our formulation

𝜙0 𝑥 = Φ 𝑥 e𝑖𝛿 𝑥

Account for 𝜖 𝑥 ! 



Re-analysis on resonance

Ansatz in the varying amplitude & phase case (𝜖 ≠ 𝑐𝑜𝑛𝑠𝑡.)

EoM yields our master equation w.r.t. 𝑋 ≡ 𝐴′/𝐴

Our on-going work

We found a consistent analytic solution for 𝜖 ≪ 1

Evaluate it with a Gaussian 𝜖



Incoherent amplification

Our on-going work

Solid = Numerical
Dashed = Analytic

𝒞 ≈ 0.6

𝒞≫1
e3.25𝒞

controls the amplification. 

Analytic and numerical results are in good agreement



How large is C?

Our on-going work

Axion DM starts oscillating at 𝑚 = 𝐻 𝑡osc and then 𝜙 is homogeneous.

After that, the amplitude decreases and the incoherence develops.

Amplification is most efficient at 𝑡osc in the early universe!?

Require the backreaction not to alter the Axion DM dynamics.

GW Amplification ℎafter = 𝑒𝑁∗ℎbefore is mild 𝑁∗ < 10 at 𝐻 = 𝐻∗

Then we can estimate the parameter 𝒞 at present

No significant amplification by Axion DM….



Way out??

Our on-going work

If the axion is not DM, there may be a chance to have great amplifications.

Non-DM axion forms clouds

Axion has to start oscillating well after 𝑚 = 𝐻

Conditions

Preliminary estimate
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Summary

Axion DM may be coupled to photon & graviton

Photon coupling causes Birefringence

GW interferometer are sensitive to ADM 

with 10−16eV < m < 10−12eV

Observations of protoplanetary disks are useful

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

Graviton coupling causes GW amplification

GW packet itself is not enhanced but gets a amplified tail

Considering cosmology, ADM won’t cause significant amplification.



Thank you！

Fin


