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GW Observatories

Tabletop laser interferometer



We hunt Ultralight Dark Matter

with laser technologies

GW Observatories

Tabletop laser interferometer
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Outline
Introduction to DM search1

Axion  (coll. w/ C03)2

Vector DM  (coll. w/ A01,02)3

Summary4



Dark Matter

7 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



DM Search I

8

Existence of DM is confirmed

only through its gravitational interaction

Structure formation Galaxy rotation curve Gravitational lensing Bullet cluster

DM is something gravitating



DM Search II

9

Unsatisfied… We want to identify DM!

1
Assume a DM model

with additional interaction
2

Search for

its signal

WIMP 

case

WIMP scatters with nuclei Underground experiment
(Xenon 1T)



DM Candidates
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Bosons Neutrino

WIMPModified

gravity

PBH Other



DM Candidates
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Bosons Neutrino

WIMP

PBH Other

Modified

gravity



DM density
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WIMP

Dense

Sparce ҧ𝜌DM ≈ 10−6GeV/cm3

𝜌DM
local = 0.3GeV/cm3



DM density
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WIMP “Wave” DM

Wave-like DM is also a good candidate!

Dense

Sparce Quiet

Amplified
𝑬

𝑚𝐴𝑡

𝑬

0 2𝜋

0 2𝜋

𝑚𝐴𝑡



Axion Vector WIMP
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DM search
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Axion DM

16

Ultralight wave-like DM oscillates: 𝜙 = 𝜙0 cos(𝑚𝜙𝑡)

(a.k.a. ALP DM)

3 propeties.  ADM is

1

2

3

Scalar :  no direction

Parity violating :  Left & right become asymmetric

Coupled to photons :  ℒin𝑡 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹𝜇𝜈 (Chern-Simons coupling)



Photon in ADM

17
ADM  =  Birefringent media

EoM for photon with ADM 𝜙 is

𝜕𝑡
2 − ∇2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨 𝜙 = 𝜙0 cos(𝑚𝜙𝑡)

Dispersion relations of left/right polarization are modified as

𝜔𝐿,𝑅
2 = 𝑐2𝑘2 1 ± 𝑔𝜙0

𝑚

𝑘
sin 𝑚𝑡 (𝑖෡𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅)

Speed of light changes depending on circular polarization!

Additional Interaction

live in ADM



Optical Rotation by ADM

18

Linearly polarized photons traveling in ADM rotates its pol. plane

𝜃

𝜃 ≃ 𝑔𝜙0 sin 𝑚𝐿/2
𝑚𝐿≪1

10−14
𝑔

10−12GeV−1
𝐿

3km

Rotation angle 𝜃 for light path 𝐿 is (𝜌DM
local = 𝑚𝜙

2𝜙0
2/2 ≈ 0.3GeV/cm3)

Signal is small! So we need

1 2 3Long light path High sensitivity Long runtime

𝜃
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DM search



Linear Polarized Laser is used

Very Long Baseline

(aLIGO: 4km)

Photon reflects many times

(aLIGO: typically 500 times)

Very high sensitivity

(aLIGO: 10−20m/ Hz)

20

GW interferometer is ideal!!

Designed to run

for years



Measure ADM signal

21

Measure the s-polarized light induced by ADM birefringence

Originally

P-polarized

Nagano, TF, Obata & Michimura 

PRL123,111301(2019)



Measure ADM signal
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Measure the s-polarized light induced by ADM birefringence

Optical

rotation

Nagano, TF, Obata & Michimura 

PRL123,111301(2019)



Measure ADM signal
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Measure the s-polarized light induced by ADM birefringence

S-polarization

produced by 

ADM

Nagano, TF, Obata & Michimura 

PRL123,111301(2019)



Measure ADM signal
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Measure the s-polarized light induced by ADM birefringence

Adding a photodetector at port (a) or (b) makes KAGRA an ADM detector.

This ADM search is compatible with GW observation

S-polarization

produced by 

ADM

Nagano, TF, Obata & Michimura 

PRL123,111301(2019)



Status: KAGRA Axion Search

25

Nagano, TF, Obata & Michimura PRL123,111301(2019)

• Proposed in 2019

• Polarization optics installed in 2021

CAST

KAGRA in Kamioka, Gifu, Japan



Status: KAGRA Axion Search

26

Nagano, TF, Obata & Michimura PRL123,111301(2019)

• Proposed in 2019

• Polarization optics installed in 2021

• First data taken in June-Aug 2025

- Fujimori-kun is analyzing

• High frequency data in Feb 2026

- 1 MHz sampling, 10 minutes

- Kawaguchi-kun is checking data

and doing calibration
LIGO

KAGRA1

Astro

CAST

Please check their 

posters for details!



Status: KAGRA Axion Search
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Nagano, TF, Obata & Michimura PRL123,111301(2019)



Status: KAGRA Axion Search

28

Nagano, TF, Obata & Michimura PRL123,111301(2019)

• Proposed in 2019

• Polarization optics installed in 2021

• First data taken in June-Aug 2025

- Fujimori-kun is analyzing

• High frequency data in Feb 2026

- 1 MHz sampling, 10 minutes

- Kawaguchi-kun is checking data

and doing calibration

• Plan to improve the optics this year

before IR1

- x8 more power JGW-G2617250

LIGO

KAGRA1

Astro

CAST

KAGRA2

https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=17250
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=17250
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=17250
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DM search



30

DANCE

Obata, TF& Michimura PRL121, 161301 (2018)

Dark matter Axion search 

with riNg Cavity Experiment
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DANCE

Obata, TF& Michimura PRL121, 161301 (2018)

Dark matter Axion search 

with riNg Cavity Experiment
DANCE is running 

right here on the B1 floor!
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Status: DANCE
• Proposed in 2018

• First demonstration in 2021

~5 orders of magnitude

improvement since then

• Upgrade with higher power

(6 mW → 1 W) underway,

lead by Takidera-kun

Y. Oshima+, PRD 108, 072005 (2023)

H. Takidera+, PRD 112, 063048 (2025)

H. Fujimoto, PhD thesis (UTokyo 2025)

I. Obata, TF, Y. Michimura, PRL 121, 161301 (2018)

Stay tuned for

Taki’s talk next!

https://doi.org/10.1103/PhysRevD.108.072005
https://doi.org/10.1103/PhysRevD.108.072005
https://doi.org/10.1103/PhysRevD.108.072005
https://doi.org/10.1103/5pw8-zxmc
https://doi.org/10.1103/5pw8-zxmc
https://doi.org/10.1103/5pw8-zxmc
https://granite.phys.s.u-tokyo.ac.jp/theses/fujimoto_d.pdf
https://granite.phys.s.u-tokyo.ac.jp/theses/fujimoto_d.pdf
https://granite.phys.s.u-tokyo.ac.jp/theses/fujimoto_d.pdf
https://doi.org/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevLett.121.161301


Collaboration

with

C03-group

33



• Sensitivity ultimately limited by quantum shot noise

• This can be avoided with single photon detection

DANCE and Photon Counting

34

Example sensitivity 

improvement

Dark count rate: 10-6 Hz

Bandwidth: 1 Hz

Caveat: Envelope of

narrowband search is shown

CAST

Astro
Astrophysical

H. Ysu+, PRD 109, 095042 (2024)

S. M. Vermeulen+, PRX 15, 011034 

(2025)

https://doi.org/10.1103/PhysRevD.109.095042
https://doi.org/10.1103/PhysRevD.109.095042
https://doi.org/10.1103/PhysRevD.109.095042
https://doi.org/10.1103/PhysRevX.15.011034
https://doi.org/10.1103/PhysRevX.15.011034


DANCE Setup Now
• P-pol power change

monitored with a photodiode
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DANCE with Photon Counting
• Signal photon detected with 

a single-photon detector
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detection
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DANCE with Photon Counting
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DM search



Vector DM
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VDM  =  Electric wave with a mass

(a.k.a. Dark photon DM)

Theory :

Electric part : 𝑬 = − ሶ𝑨 ∼ 𝜔𝑨, Magnetic part : 𝑩 = 𝛁 × 𝑨 ∼ 𝑘𝑨,

Dispersion relation : 𝜔2 = 𝑘2 +𝑚𝐴
2 ≃ 𝑚𝐴

2 ≫ 𝑘2, 𝑘 = 𝑚𝐴𝑣, 𝑣DM
local ≈ 10−3𝑐

𝑬 ≃ 𝑬0 cos 𝑚𝐴𝑡 ≫ 𝑩

Electromagnetism

with a mass 

Electromagnetic wave!



VDM Coupling

40

VDM  =  Electric wave with a mass

Theory : 𝐷 = 𝐵 or 𝐵 − 𝐿

Additional Interaction

Charge for VDM  =   B (baryon #) or    B-L (baryon # - Lepton #)

[Note: B(proton)=B(neutron)=L(electron)=1,  otherwise=0 ]

Coupling strength relative to electromagnetism : 𝜖𝐵 , 𝜖𝐵−𝐿 ≲ 10−23

Need to be extremely sensitive!



VDM acts on Mirrors

41

VDM (≈ electric wave) pushes mirrors, just as 𝐸 does electrons.

VDM : 𝑨 = 𝑨𝟎 sin 𝑚𝐴 𝑡 − 𝒗 ⋅ 𝒙

Force : 𝑭 = −𝜖𝐷𝑒𝑄𝐷 ሶ𝑨

Mirror : 𝛿𝒙 =
𝜖𝐷𝑒𝑄𝐷
𝑚𝐴𝑀

𝑨𝟎 sin 𝑚𝐴𝑡

mirror

𝑬 = − ሶ𝑨

𝐸



VDM acts on Mirrors

42

VDM (≈ electric wave) pushes mirrors, just as 𝐸 does electrons.

VDM : 𝑨 = 𝑨𝟎 sin 𝑚𝐴 𝑡 − 𝒗 ⋅ 𝒙

Force : 𝑭 = −𝜖𝐷𝑒𝑄𝐷 ሶ𝑨

Mirror : 𝛿𝒙 =
𝜖𝐷𝑒𝑄𝐷
𝑚𝐴𝑀

𝑨𝟎 sin 𝑚𝐴𝑡

VDM oscillates mirrors
oscillate

𝐸
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DM search



KAGRA will be the best

49
For B-L coupling, KAGRA goes beyond aLIGO

Michimura, TF, Morisaki, 

Nakatsuka and Obata 

PRD102, 102001(2020) 

KAGRA



Auxiliary channels

50

All mirrors in aLIGO are fused silica, but KAGRA uses sapphire mirrors.

Michimura, TF, Morisaki, 

Nakatsuka and Obata 

PRD102, 102001(2020) 

DARM : 𝛿 𝐿𝑥 − 𝐿𝑦

MICH : 𝛿 𝑙𝑥 − 𝑙𝑦

SRCL : 𝛿[ 𝑙𝑥 + 𝑙𝑦 /2 + 𝑙𝑠]

KAGRA measures

MICH & SRCL observe distance btw mirrors made of different material

VDM acts differently

Sapphire

fused silica
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photodiode

DARM

Vector field

ForceForce

Laser

This effect can be seen

only in KAGRA

that uses different 

mirror materials.

B-L charge 

Fused silica: 0.501

Sapphire: 0.510

VDM with B-L coupling 

differentiates mirror motion 

by 2%
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Status: KAGRA
• First Result! Using data from KAGRA 

O3GK run in 2020

• Still ~5 orders of magnitude worse 

than equivalence principle tests

• O4c data analysis ongoing
(LVK working group circulation of the paper started)

• New data from SRCL will be    

available from IR1
(KAGRA interferometer configuration will be new)

LIGO-Virgo-KAGRA, PRD 110, 042001 (2024)

(Paper written by J. Kume with 1800 authors!)

https://doi.org/10.1103/PhysRevD.110.042001
https://doi.org/10.1103/PhysRevD.110.042001
https://doi.org/10.1103/PhysRevD.110.042001
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Plan: LVK observation



Collaboration

with

A-groups

55



Ippei Obata

56

Other targets?

Majoron DM with QED anomaly

can also be searched by GWD!
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DM search



Hiring!
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We
are

▪ One postdoc will come to U. Tokyo this winter

▪ Will work on DANCE&KAGRA and data analysis

▪ We want one more Assistant prof. or postdoc next year！



Thank You!
59



Search for

(low-energy)

Quantum

Gravity

60



Key Idea of BMV Proposals

61

• If gravity is quantum

Source mass Probe mass

Gravity induced 
entanglement

Newtonian potential 
act as an operator



Key Idea of BMV Proposals

62

• If gravity is quantum • If gravity is classical

Source mass Probe mass

Newtonian potential 
act as a c-number

Source mass Probe mass

Newtonian potential 
act as an operator

Gravity induced 
entanglement

Remains separable



What is the Best Oscillator?
• We computed the amount of entanglement for 

arbitrary quadratic potential

• Hamiltonian

Sign of potential

+1 for harmonic

0 for free-falling

-1 for inverted

Strength of gravitational 

coupling

Distance between

masses

63
TF, Y. Kaku, A. Matsumura, Y.Michimura

CQG 42, 165003 (2025)

Gravity

https://doi.org/10.1088/1361-6382/adf0bb
https://doi.org/10.1088/1361-6382/adf0bb
https://doi.org/10.1088/1361-6382/adf0bb


Inverted Oscillators are the Best
• Logarithmic negativity when 

Strength of gravitational 

coupling
Amount of 

decoherenc

e

Inverted oscillators 

are the best

Nothing 

interesting for λ1 ≠

λ2

Exponential growth 

of entanglement

64



Realization with Levitated Mirrors
• Switching between trap and anti-trap is easy with 

optically levitated mirrors

• Entanglement can be tested in horizontal motion

• Can be done similar with other systems

65

Entangle

Trap strongly 
to prepare 
narrow 
wavefunction

Switch to 
anti-trap

YM, Y. Kuwahara+, Optics Express 25, 13799 (2017)

Gravity

https://doi.org/10.1364/OE.25.013799


Example Setup
• To prepare 1 kHz anti-spring for 0.1 mg mirror

• Requires T < ~1 K and

P < ~10-17 Pa (as usual)

• ~1 kHz anti-spring can be created 

with intra-cavity power of ~30 kW

• Time to generate

PL = 30 kW
aL = 2 mm

for free-fall

for 

inverted

300 times faster

66



Fabricating Mirrors for Levitation
• To support the mass:

• Mirror needs to be curved, high reflectivity and low 

absorption. Our target now is:

φ 3 mm, 0.1 mm thick (~1.6 mg for fused silica)

Curvature RoC = ~30 mm convex

Reflectivity R > 99.95 %

Absorption A < ~0.5 ppm (LIGO, Virgo, KAGRA level)

• Experiment in ANU suggest higher absorption 

makes the system unstable (photothermal effects)
C. Gu+, New J. Phys. 25, 123051 (2023)

Roughly 1.5 kW of power is 
required to levitate 1 mg mirror

67

https://iopscience.iop.org/article/10.1088/1367-2630/ad1697
https://iopscience.iop.org/article/10.1088/1367-2630/ad1697
https://iopscience.iop.org/article/10.1088/1367-2630/ad1697
https://iopscience.iop.org/article/10.1088/1367-2630/ad1697


How to Make Tiny Mirrors

(1) Make 3 mm dia. lens (2) Coat

CRACKED!

(1) Make 1 inch dia.

0.1 mm thick disk

(2) Coat (bend due to 

stress)

(3) Cut into 3 mm dia.

2014 Approach (Company in Japan)

2020- Approach (2018-2024 ANR-JST CREST、
2025-2027 France- Japan JSPS Bilateral program)

68



Fabrication Status in LMA
• HR coating with amplitude transmittance

T=10 ppm (6.2 um thick)

• Cut into φ3 mm is tough

• Curvature was not 

enough O(10 cm)

• Now trying thinner

substrate (25 um) with

laser cutting
1/4 thick, 1/16 curvature

69
M. Croquette+, AVS Quantum Science 

5, 014403 (2023)

https://doi.org/10.1116/5.0128487
https://doi.org/10.1116/5.0128487
https://doi.org/10.1116/5.0128487
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