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• A window for ultralight DM
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90 orders of magnitude!!

GeVkeV from WIMPs to PBHeV

Excluded...

10!""eV 

ParticleWave-like
Fermionic

Thermally produced

If non-thermally produced, 𝑚!" ≲ eV is allowed for bosons.

𝑚#$

Vast discovery space (10!""eV ~10#$eV) for the DM: 

Many indirect evidences!!

Structure formation Galaxy rotation curve Gravitational lensing Bullet clusterStructure formation Galaxy rotation curve Gravitational lensing Bullet clusterStructure formation Galaxy rotation curve Gravitational lensing Bullet clusterStructure formation Galaxy rotation curve Gravitational lensing Bullet cluster
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• How do they behave?

Local DM Halo 𝜌%& = 0.4 GeV/cm'

≫ 𝜌̅%& ≈ 10!# GeV/cm'

Higher density in DM halo!

→ occupation number ≫ 1

w/ large de Broglie wavelength

2/13

“Gravitational Wave Interferometer as Ultralight Dark Matter Detector”                                Jun’ya Kume (University of Helsinki)



• How do they behave?

→ solving small scale structure issue?

Local DM Halo

behave as classical waves!

𝜌%& = 0.4 GeV/cm'

≫ 𝜌̅%& ≈ 10!# GeV/cm'

Higher density in DM halo!

→ occupation number ≫ 1

𝑡
w/ large de Broglie wavelength

※nearly monochromaticΦ(𝑡, 𝑥#)
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・Mass & frequency relation:

≃const. amplitude & phase
For Δt ≪ 𝜏

・Coherence time:



• How do they behave?

For 𝒎𝑫𝑴 ∼ 𝟏𝟎%𝟏𝟒 - 𝟏𝟎%𝟏𝟏 eV, ULDM oscillations fall into GW-interferometer band!

→ solving small scale structure issue?

Local DM Halo

behave as classical waves!

𝜌%& = 0.4 GeV/cm'

≫ 𝜌̅%& ≈ 10!# GeV/cm'

Higher density in DM halo!

→ occupation number ≫ 1

Φ(𝑡, 𝑥#)

𝑡
w/ large de Broglie wavelength

・Mass & frequency relation:

≃const. amplitude & phase
For Δt ≪ 𝜏

・Coherence time:

※nearly monochromatic
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• ULDM search with GW interferometers

readout: 𝜙$ 𝑡 − 𝜙% 𝑡

free-fall test masses

�����

Laser

P. D.

DARM

!! "

!"(")

Schematics of Michelson interferometer

We can search for DM interaction with GW detector as it is!

→ phase modulation due to ULDMs
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• ULDM search with GW interferometers

readout: 𝜙$ 𝑡 − 𝜙% 𝑡

Laser

P. D.

DARM

!! "

!"(")

Schematics of Michelson interferometer

We can search for DM interaction with GW detector as it is!

→ phase modulation due to ULDMs

!!"#!"$"

spin-1 candidate:

− coupling to fermions

・dark photon $" (from gauged #!(1))

- LIGO & Virgo puts tightest bound!
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• ULDM search with GW interferometers

readout: 𝜙$ 𝑡 − 𝜙% 𝑡

Laser

P. D.

DARM

!! "

!"(")

Schematics of Michelson interferometer

We can search for DM interaction with GW detector as it is!

→ phase modulation due to ULDMs

!!"#!"$"

spin-1 candidate:

− coupling to fermions

・dark photon $" (from gauged #!(1))

- polarization based axion search

additional optics?

!!""##$#$#$

spin-0 candidate:

・axion(-like) particle "
− coupling to photon

(from string, %!"(1), ...)

- LIGO & Virgo puts tightest bound!

for dilatonic DM, see also... S. M. Vermeulen+ 2021
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• Axion-like-DM & photon interaction

DM interactions with laser interferometers

4/13

ℒ ⊃
𝑔()
4
𝑎𝐹*+ ;𝐹*+w/

coherently oscillating axion

≃ birefringent medium𝑎 𝑡 = 𝑎,cos(𝑚(𝑡 + 𝜙)

𝑐-// ≃ 1 ± 𝑔()𝑎̇ 𝑡 /2𝑘phase velocity:

Oscillatory rotation of polarization angle:

𝛿𝜃 = 𝑘+
(%)

(
𝑑𝑡 𝑐) − 𝑐* ∝ 𝑔+,𝑎-𝑚+𝐿 sin(𝑚+(𝑡 − 𝐿/2))

(𝑚&𝐿 ≪ 1)

typical experiment:

In our case:
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• Axion-like-DM & photon interaction

DM interactions with laser interferometers

typical experiment:

We need a longer path length! 

ℒ ⊃
𝑔()
4
𝑎𝐹*+ ;𝐹*+w/

coherently oscillating axion

≃ birefringent medium𝑎 𝑡 = 𝑎,cos(𝑚(𝑡 + 𝜙)

𝑐-// ≃ 1 ± 𝑔()𝑎̇ 𝑡 /2𝑘phase velocity:

→ GW interferometer...?

Oscillatory rotation of polarization angle:

𝛿𝜃 = 𝑘+
(%)

(
𝑑𝑡 𝑐) − 𝑐* ∝ 𝑔+,𝑎-𝑚+𝐿 sin(𝑚+(𝑡 − 𝐿/2))

(𝑚&𝐿 ≪ 1)

In our case:
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• Using an arm cavity of GW interferometer
Naïvely, it’s not efficient with cavity...

L/R flipped

“Gravitational Wave Interferometer as Ultralight Dark Matter Detector”                                Jun’ya Kume (University of Helsinki)



5/13

• Using an arm cavity of GW interferometer
Naïvely, it’s not eHicient with cavity...

L/R flipped

But we can have chances:

ii) using transmission port

i) For specific
axion mass
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• Using an arm cavity of GW interferometer

i)GW detection port (dashed-line)
ii)X/Y-arm end (solid-line)

Naïvely, it’s not efficient with cavity...

L/R flipped

But we can have chances:

ii) using transmission port

i) For specific
axion mass

(K. Nagano+ 2021)
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→ O4c KAGRA data being analyzed!!



• Vector DM & matter interaction
Coupling to the SM: 𝑈!(1) current

ex.) 𝐷 = 𝐵, 𝐵 − 𝐿

with 𝑘 = 𝑚.𝑣 ≪ 𝜔

→ oscillating ”dark” electric force on SM matter

(S. Schlamminger+ 2008, T. A. Wagner+ 2009)

From tests of equivalence principle
Coupling to SM: 𝜖! ≲ 10%/0

𝛿𝑥⃗

test mass: 𝑀, Charge: 𝑄'

𝐹⃗ = −𝜖#𝑒𝑄#
̇⃗𝐴
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・Lorentz gauge + SHM (𝑣%&01230 ≈ 10!')

※ temporal component suppressed by 𝑣()*+,-*

Can we probe it with GW interferometer?🤔



(LVK Collaboration 2022)

𝑈. 1 model

!⃗
almost same response

→ arm length change
& 𝛿(𝐿/ − 𝐿0) very small...

tightest bounds for 𝑚𝐴 ∼ 10−12 ∼ 10−11 eV

7/13

108�1010km
<latexit sha1_base64="l08HO5mP9A1RQa4x/bB8dT8Khn0="></latexit><latexit sha1_base64="l08HO5mP9A1RQa4x/bB8dT8Khn0="></latexit><latexit sha1_base64="l08HO5mP9A1RQa4x/bB8dT8Khn0="></latexit><latexit sha1_base64="l08HO5mP9A1RQa4x/bB8dT8Khn0="></latexit>

“Gravitational Wave Interferometer as Ultralight Dark Matter Detector”                                Jun’ya Kume (University of Helsinki)

・Yes, but it’s not so simple...

coherent wave-length ≫ separation between mirrors

Still, LIGO-Virgo detectors are sensitive to 
very small difference of ULDM phases!!



(LVK Collaboration 2022)

KAGRA has a unique strength!!

𝑈. 1 model

!⃗
almost same response

→ arm length change
& 𝛿(𝐿/ − 𝐿0) very small...

tightest bounds for 𝑚8 ∼ 10!9" ∼ 10!99 eV
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・Yes, but it’s not so simple...

coherent wave-length ≫ separation between mirrors

Still, LIGO-Virgo detectors are sensitive to 
very small di>erence of ULDM phases!!



• VDM search in KAGRA: auxiliary DoFs

fused Silica:
!!"!"
# ≃ 0.501

Sapphire:
!!"!"
#

≃ 0.51

※1 year obs. 
w/ design sensitivity
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(Y. Michimura+ 2020)

For low mass𝑈.!1(1),
KAGRA is the best!!  

signal in length change enhanced!

!"!/#
room temp. cryogenic
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• A signal we’re looking for...

9/13

with 𝑓2 = 𝑚3/2𝜋

Δ𝑓 ∼ 𝑚3𝑣'4"

narrow width: Δ𝑓 ∼ 𝑓2𝑣'4" ∼ 10!5𝑓2

similar to Continuous GW search
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signal in time domain

correlated!!

🤔

⚠ ULDM statistics matters in various aspects!!

signal in Fourier space

・SNR∝ 𝑇6+6
7/9 for 𝑇6+6 > 𝜏 ≡ 2𝜋/𝑚𝑣̅"

・Amplitude ambiguity for 𝑇6+6 < 𝜏

→ needs to be marginalized out in placing bounds
(Nakatsuka, Morisaki, Fujita, JK+ 2023)

・Chucked data 𝑇,: < 𝜏 looses signal coherence

・Gaussian but ℎ∗ 𝑓, 𝑡 ℎ 𝑓, 𝑡< ≠ 0 for 𝑡 ≠ 𝑡<



• Incoherent sum: CW-inspired simple approach
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Δ𝑓 ∼ 𝑚3𝑣'4"
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- chunk the data, collect power excess within Δ𝑓

accounting for the ULDM spectral feature:

- 𝜌 ∝ 𝑇6+6
7/9 for 𝑇6+6 > 𝜏

- amplitude randomness for 𝑇6+6 < 𝜏

- numerical likelihood naturally accounts for ULDM statistics

- construct ℒ 𝜌 𝜖' by simulating 𝜌 = 𝜌=! + 𝜖𝜌=⋅? + 𝜖"𝜌?!



• Incoherent sum: CW-inspired simple approach
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- chunk the data, collect power excess within Δ𝑓

- construct ℒ 𝜌 𝜖' by simulating 𝜌 = 𝜌=! + 𝜖𝜌=⋅? + 𝜖"𝜌?!

accounting for the ULDM spectral feature:

- 𝜌 ∝ 𝑇6+6
7/9 for 𝑇6+6 > 𝜏

- amplitude randomness for 𝑇6+6 < 𝜏

- numerical likelihood naturally accounts for ULDM statistics

𝜌 realizations for a given 𝜖

𝜌

𝜌@%(𝜖) = 𝜌BC?

・・・ ・・・



• Incoherent sum: CW-inspired simple approach
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- chunk the data, collect power excess within Δ𝑓

- applied to KAGRA O3GK data → KAGRA’s first deliverable!!

(LVK 2024, JK as lead author)

accounting for the ULDM spectral feature:

- 𝜌 ∝ 𝑇6+6
7/9 for 𝑇6+6 > 𝜏

- amplitude randomness for 𝑇6+6 < 𝜏

- numerical likelihood naturally accounts for ULDM statistics

𝜌 realizations for a given 𝜖

𝜌

𝜌@%(𝜖) = 𝜌BC?

・・・ ・・・

- construct ℒ 𝜌 𝜖' by simulating 𝜌 = 𝜌=! + 𝜖𝜌=⋅? + 𝜖"𝜌?!
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- chunk the data, collect power excess within Δ𝑓

- applied to KAGRA O3GK data → KAGRA’s first deliverable!!

accounting for the ULDM spectral feature:

- 𝜌 ∝ 𝑇6+6
7/9 for 𝑇6+6 > 𝜏

- amplitude randomness for 𝑇6+6 < 𝜏

For 𝝉 𝒎𝑨 > 𝑻,: = 1800s, summation of signal is degraded... 

- numerical likelihood naturally accounts for ULDM statistics

- construct ℒ 𝜌 𝜖' by simulating 𝜌 = 𝜌=! + 𝜖𝜌=⋅? + 𝜖"𝜌?!

(LVK 2024, JK as lead author)



• Optimal filtering: maximizing SNR of quadratic form

For 𝑇 ≪ 𝜏, covariance matrix is much simplified:

(Morisaki, JK+ 2025)

𝜌 = 𝑑2𝒦𝑑 uncorrelated

𝜌 = 𝑑2𝒩%3ℋ𝒩%3𝑑

setting detection statistics:

correlated!!

and find 𝒦 that maximizes SNR ≡ 𝜌 − 𝜌 |EF# / Var 𝜌 |EF#

optimal filtering:

※ Incoherent sum:  𝒦 = 𝒩"$ (inv. of noise covariance)

where ℋ ≡ Wℎ 𝑓, 𝑡G Wℎ∗ 𝑓<, 𝑡?" /𝜖" is ULDM signal covariance

ℋHG,H"G" ∝ X𝑤(𝑓 − 𝑓2 , 𝑆) X𝑤∗ 𝑓< − 𝑓2 , 𝑆< 𝑹(𝑡G − 𝑡G")

X𝑤: window function 𝑹(𝑡G − 𝑡G"): analytic function (for SHM)
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𝜌 coherently sums the signal over 𝑻6+6!!



𝑚() ≲ 10!7JeV, 𝜏 ≳ day

Incoherent vs coherent
with simulated KAGRA MICH data

𝑇%&% = 10's, 𝑓() = 100Hz
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𝑇*+ = 100s(solid) & 400s (dashed)

𝜖KLM

𝜖NO%
bounds improved by

∼ 𝜏/𝑇,: 7/9

→ 𝜏/𝑇*+ $/- ∼ 2.3

𝑇*+ = 1800s for O3GK

at  𝑓() ∼ 20Hz

Re-analyze O3GK MICH data
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Summary

• Ultralight bosonic fields are widely investigated as DM candidate 
wave-like behavior and field covariance characterized by 𝜏21: are universal nature!!

• Laser interferometers can probe those fields by measuring
Polarization rotation → @transmission/reflection port of GW interferometer 
Test-mass displacement → KAGRA’s auxiliary DoFs works for 𝑈;!/(1) boson search

• ULDM search in KAGRA has already initiated!!
O3GK: first & simple end-to-end analysis for vector DM
O4c: analysis with an improved search method (coherent sum), both for vector & ALP!!! 
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・Analysis Flow

Data production Upper limitSearch

“KAGRA Ultralight DM Search: Optimal Filtering”           Jun’ya Kume (University of Helsinki)

Veto

(source code: kagra_dm_search)

Producing inputs of our analysis code

※ reviewed at O3GK ※ reviewed at O3GK

・lalpulsar_MakeSFTs

newly implemented in coherent_analysis.py

(cf. LIGO-T040164)

・kagra_dm_estimate_asd (or estimate_asd.py)

running median method → mitigate narrow band outlier

options: window, chunk duration, frequency range, ...

Tukey window with 𝑟 = 10!J, no overlap  → X𝑤 𝑓 ∼ 𝑇𝛿(𝑓)

MICH/PRCL DISPLACEMENT

polarization data SFT data (v3) ASD data read as SFT_ASD_Database class



・Analysis Flow

Data production Upper limitSearch
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Veto

SFT_ASD_Database & FrequencyRangeIndex -> analysis class: OnBinAnalytic

※ reviewed at O3GK ※ reviewed at O3GK

(source code: kagra_dm_search)

newly implemented in coherent_analysis.py

・compute_snrs

・search -> detection threshold at a given FAP

-> detection statistics 𝜌

## FrequencyRangeIndex -> binning info & job splitting (also reviewed at O3GK)
# class for 𝑇./0 ≪ 𝜏*&+ -> analytic expression of signal covariance

𝑑: stationary & Gaussian noise only → 𝜌 obeys “generalized chi2” dist.

Gaussian fit fitting tail

・saddle point approximation for CDF (Lugannai-Rice 1980)

・importance sampling of tailed distribution (e.g. Esscher 2007)
𝜌 realizations (noise only)



・Analysis Flow

Data production Upper limitSearch
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Veto

※ reviewed at O3GK ※ reviewed at O3GK

(source code: kagra_dm_search)

newly implemented in coherent_analysis.py

SFT_ASD_Database & FrequencyRangeIndex -> analysis class: OnBinAnalytic

・compute_snrs

・constrain -> frequentist upper limit on DM coupling at a given CL 

-> detection statistics 𝜌 𝜌 realizations for a given 𝜖

𝜌

𝜌@%(𝜖) = 𝜌BC?

・・・ ・・・

# same method as O3GK, but more expensive... 

simulate many realizations of 𝜌 𝑓2 , 𝜖 = 𝜌=! + 𝜖𝜌=⋅? + 𝜖"𝜌?!

→ find the value of 𝜖 where 𝛽% percentile of 𝜌

・interpolator_sample & interpolating_bounds

construct 𝜖@%(𝜌+PQ) from realizations at a given point, apply this interpolator for a given band



・Analysis Flow

Data production Upper limitSearch
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Veto

※ reviewed at O3GK ※ reviewed at O3GK

(source code: kagra_dm_search)

newly implemented in coherent_analysis.py

・Width of candidates
signal width must be Δ𝑓 ∼ 10!5𝑓2
→ veto peaks wider than the twice of 10!5𝑓2

Two methods used at O3GK will be applied:

・Persistency of signal
Signals can be distinguished from transient noise.
→ divide the data into two subsets & take coincidence

Final candidates will be summarized into a list  

※Plots from O3GK



※Axion-like-DM “targeted” interferometer

(Oshima, Fujimoto, JK+ 2023)

Dark matter Axion search with riNg Cavity Experiment 

Bow-tie cavity can accumulate the rotation!! First end-to-end analysis from test run

(I. Obata+ 2018)

24hours data

To be upgraded further!

finesse, longer round-trip, laser power, ... 
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• Stochasticity of ULDM field and its effect

(e.g. G. P. Centers+ 2020)

Fourier transformed field (over 𝑇):

narrow band spectra
due to velocity dispersion 𝑟=: Rayleigh dist.

𝜃=: uniform dist.

(Nakatsuka, Morisaki, Fujita, JK+ 2022)

For 𝑇 < 𝜏 ≡ 2𝜋/𝑚𝑣" (lighter mass w/ fixed 𝑇), 
randomness of amplitude loosens bound!

(※summation of the random phase → 2d random walk)

How it looks like in reality...

Upper bound prediction for axion search

For 𝑇 > 𝜏 (heavier mass w/ fixed 𝑇),
SNR slowly grows as 𝑇7/9 because of decoherence.

→ analysis pipeline needs to take into account these.
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