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Dark matter search with a GW detector



Dark matter search with a laser interferometer
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Expected mass region searched 
with the ground based detector

Mass of dark matter（ ）GeV/c2

10010−1010−2010−30

Ultra-light DM Light 
Particle
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WIMPs

DM with  
higher mass

（ ）10−14 ∼ 10−11 eV/c2

XENON1T experiment

Experiment with  
an accelerator

Ultra-light dark matter is motivated by high energy theory, cosmology, etc...

A new approach with a Gravitational wave detector
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The amplitude of the field  
formed by ULDM 
from H. Nakatsuka et. al., (2023)
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Ultra-Light Dark Matter
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•Wave nature predominates due to low mass 
•Number density:  　　　         → particles are bosons 
•Forms a field with frequency proportional to mass 
as a superposition of many waves 

•The amplitude of the field changes stochastically

fDM ∼
m
2π

= 242 Hz ( m
10−12 eV )

𝒪(1020) /cm3
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Coherent 
time

We assumed  
Dark Photon (a vector dark matter) 
as the dark matter model  
to be searched.

mDM < 1 eV/c2
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Gravitational wave detector
• Laser Michelson interferometer 
• Observe the change in the difference  
between the lengths of the two arms. 

• Arm length: 4 km (LIGO, Virgo), 3 km(KAGRA)

KAGRA
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Interaction between DPDM and detector
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•Lagrangian of DPDM (                    )

signal frequency  Compton frequency 
                             proportional to DM mass

∼
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: Coupling Constant
The parameter characterizing  
the magnitude of the interaction 
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Signal generated in the detector
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h(t) = h1(t) + h2(t)

h1 :
h2 :
Signal by the finite light-traveling time effect [S. Morisaki, et.al, (2021)] 
Signal appearing as a result of the phase difference of DPDM field 
(Including the space derivative)

 is dominant in  
the lower mass regions
h2
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Signal generated in the detector
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h(t) = h1(t) + h2(t)

h1 :
h2 :
Signal by the finite light-traveling time effect [S. Morisaki, et.al, (2021)] 
Signal appearing as a result of the phase difference between 2 mirrors 
(Including the space derivative)

 is dominant in  
the lower mass regions
h2
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The magnitude and direction of  
the relative velocity between DM and detectors 
are important for lower mass DPDM search!!!
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• DM distribute isotropically around GC 
• Velocity distribution follows the Standard Halo 
Model: 

• Proper motion of the Solar system  
causes a bias in the velocity dispersion 
→ Directional dependence of signal                         
magnitude! 

• For the relative velocity, we only considered  
the velocity between the galactic center and 
the solar system's barycenter.

Note on the relative velocity
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Data Analysis
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Detection of dark matter and constraints 
Detection of the signal from dark matter

To appropriately estimate the upper limits,  
we must address specific features of DPDM

Frequency [Hz]

Strength 
of 

the data

Incoherently sum up the spectra to detect non-Gaussian power excess. 
Then, test whether the signal originates from DM 
(narrowband spectra, persistency)

Estimation of the upper bound 
If there's no power excess,  
we can set the upper limit on the coupling constant.If no signal seems to be originated  

from dark matter, estimate the upper bound

Threshold
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Amplitude fluctuation The relative motion 
   (quantity relative to the power 
of the signal) varies along with the 
direction of the relative motion  
in the lower mass search.

•The likelihood function ρ(detection statistic:    )

Estimate 95% upper bound   
with observed value 

ϵ95%

ρobs
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Estimation of upper bound and Likelihood
•Frequentist method（confidence level β%）
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Upper bound estimation is affected by two terms;

Not considered in previous studies!!!
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Simulated signal of DM
10 Hz

A
m
pl
itu
de

Time 14

• Estimate the upper bound of the coupling constants 
• Compare the results in different directions of relative velocity

Analysis -Settings-

Carry out the analysis using the methods introduced so far 

Apply the method for the simulated data and analyze as described below:

• Detector: LIGO (Hanford) 
• DM model: U(1)B−L gauge boson

Conditions

Design sensitivity 
of LIGO
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• Tested against 100 simulated data 
• Estimate upper bound from each data with various confidence level:  
•    % out of all       will be below        . 

Analysis -Results-

<latexit sha1_base64="NrOCRTP7GxHWS2t/tve6Gj+nlRk="></latexit>

1� �

100
=

Z ⇢obs

0
L(⇢(f)|✏�%)d⇢

<latexit sha1_base64="IveuvwFV0LC869NHS9UbFGmiZhM="></latexit>✏true
<latexit sha1_base64="gjh8Uz7XwE4CM2XjXYx5V7WXW+Q="></latexit>

✏�%est

<latexit sha1_base64="gjh8Uz7XwE4CM2XjXYx5V7WXW+Q="></latexit>

✏�%est

β

Fraction of 
the number of  

  

Confidence level: β
100

<latexit sha1_base64="MSL9RUQiIqDfTCx1P9CYBQirzL8="></latexit>

L(⇢; ✏)

ρobs

for           <latexit sha1_base64="Ce92X4Ai5b5poPK1/UjG7dMa6tk="></latexit>✏ = ✏1

for           <latexit sha1_base64="ku7YzOv5VKIlfjm5i3h4AXwMrYk="></latexit>✏ = ✏2
<latexit sha1_base64="MTn+PYtlrAGiOMzHJSLv7n3Mcp4="></latexit>

✏�%est � ✏true



Takumi Fujimori (Osaka Metropolitan Univ.) 2024/10/15 Workshop on Cosmic Indicators of Dark Matter 2024 

• Tested against 100 simulated data 
• Estimate upper bound from each data with various confidence level:  
•    % out of all       will be below        . <latexit sha1_base64="IveuvwFV0LC869NHS9UbFGmiZhM="></latexit>✏true
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• Injected coupling constant:  
• Signal frequency: 10.1 Hz 
• Upper bounds are properly estimated 
 in the proper condition.

ϵ = 2 × 10−20

Results
Z

X

Y

Earth's 
axis

Vernal 
equinox

The sun

Plot with true direction & perpendicular direction to the true; 
perp_z: with largest z-component 
perp_x: lying in the x-y plane**
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• Injected coupling constant:  
• Signal frequency: 50 Hz 
• The effect of direction of  is barely observable.

ϵ = 2 × 10−20

⃗v⊙

Results
Z

X

Y

Earth's 
axis

Vernal 
equinox

The sun
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• Described about the DPDM search with a gravitational wave detector and 
 the effect of the relative velocity. 

• The relative velocity has to be considered in the analysis. 
• Confirmed that the upper bound of the coupling constant is appropriately 
estimated in the lower-frequency region. 

• Analysis of real data 
• Construct the detection statistic 
with the optimal filtering method 

• Extension to other ULDM models

Summary of Results and Future Work
Summary

Future work

Coupling constant
De
te
ct
io
n 
Fr
ac
tio
n
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The expected sensitivity

S. Morisaki et. al., Phys. Rev. D 103, 051702 (2021)

C
ou
pl
in
g 
C
on
st
an
t

Mass of DM

fDM ∼
m
2π

= 242 Hz ( m
10−12 eV )

Coherent field occurs

Coherent length ∼ 109 km
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The finite light-traveling time effect
(cf. Morisaki et. al., Phys. Rev. D 103, L051702 (2021))htime :

Laser

Optical path length Period of the field
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Concrete way to get the likelihood
•We utilize   as the detection statisticρ
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Tch :
S( f; ti) :

duration of chunks
one-sided PSD of each chunk

…we separate the data into 30min. chunks and FT by each chunk

Each  has the correlation depending on the direction of . 
So we cannot obtain the likelihood analytically.

ρi ⃗v⊙

We generated   by simulation and then  
use the distribution as the likelihood .

105 ρ
ℒ(ρ( f ) |ϵ)

Fourier 
transform
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The correlation of the signal
Each  has the correlation depending on the direction of ρi ⃗v⊙

Fourier 
transform

d̃( f; ti) = ñ( f; ti) + h̃( f; ti)
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The simulation of

d̃( f; ti) = ñ( f; ti) + h̃( f; ti)

Detector 
noise

Signal  
from DM
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DM signals: generated as random 
value of multivariate normal dist.  
with 0 mean and variance; 
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Detector noise: 
Gaussian random number with 
0 mean and 1 variance. 
（no correlation between chunks）
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The coordinate and relative velocity

[ 0.463, -0.496, 0.735]
Real direction of relative velocity

The amplitude of relative velosity
230 ∼ 240 [km/s]
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Correlation function
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Simulated signals
10 Hz 20 Hz 50 Hz

100 Hz 200 Hz 300 Hz
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• Signal frequency: 10.1 Hz 
• Observation for 18, 24 hours

Longer observation time
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• 100 Hz

Analysis for higher frequency signal

UNDER 
CONSTRUCTION


