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Dark matter search with a GW detector
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Dark matter search with a laser interferometer

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

» A new approach with a Gravitational wave detector
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Wave nature predominates due to low mass from H. Na
Number density: ©(10*") /cm® — particles are bosons '

Forms a field with freguencx proportional to mass

A

as a superposition of many waves RUARRAAAR

0’ 107420 107440
mi

The amplitude of the field changes stochastically

A N 02.
Ai(t) = VN Z cos | 2mfpwm | 1 - (;n) t — 27 f[pMU(in) * T
n=1

We assumed

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

MpMUy;, fDM time
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Gravitational wave detector

Laser Michelson interferometer varm Test mass
Observe the change In the difference mirron
between the lengths of the two arms. A
Laser o
AL N 10_23 source
L X arm
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[1412294418-1412380818, state: Observing]
IGWN gravitational-wave strain

= GEO600

m Hanford

= Livingston
= \irgo

10-19 -

10—20_:

10—21_:

10-22 -

=

l“m -
I Y

T, ‘_’_4".'

L s Rt

10 | 100 | 1000
Frequency [Hz]

it

.&-—

10-23_:

GW amplitude spectral density [strain/Vv Hz]




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

Interaction between DPDM and detector

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Lagrangian of DPDM (p=BorB-1L)

1 1 Jr : U(1)p current

La=—7FuwF" + §m2AMA“ —eepJhA,

mpn - mass of DM

: Qp-1r  J0.501 (silica) in LIGO, Virgo
' 0.510 (sapphire) in KAGRA :

’ 53_;3(]57:?) p— —QEDQ_]\;/ dt’fY(t/,j’) .........................................................................

signal frequency ~ Compton frequency
proportional to DM mass

€€p : Coupling Constant
The parameter characterizing
the magnitude of the interaction ox(t, X)
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Sighal generated in the detector

h(t) = ha(t) + ha(t)

h, : Signal by the finite light-traveling time effect [S. Morisaki, et.al, (2021)]

h, : Signal appearing as a result of the phase difference of DPDM field
(Including the space derivative)

ho (1) = _ fpe QD ZA n-e)(n-k;) "'. “- -'. “"

— (m - ei)(n - k;)) cos(w;(t — L) + ¢;)

hi(t)  mpmL ] ( MpM ) h, IS dominant In
21 x 100 Hz the lower mass regions
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Sighal generated in the detector

h(t) = hi(t) + ha(2)
hy : Sic (2021)]

hy : S i
’ 0 The magnitude and direction of itk

the relative velocity between DM and detectors
ho(t) = are important for lower mass DPDM search!!!

|
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|
|
| |

|
J S
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| |
| 1
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hi(t)  mpmL o] ( MpM ) h, IS dominant In
21 x 100 Hz the lower mass regions
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DM halo

Galactic
Center

R

v . relative motion of
© the Solar system

Note on the relative velocity

DM distribute isotropically around GC
Velocity distribution follows the Standard Halo

Model: 3l
fSHM(U)d (Y
1 (T4 Tn)?
T ()32 Y Shai P
T‘-UVH _ Uvir

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.



Data Analysis
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Detection of dark matter and constraints ~

. . R Ald(f5 )
Detection of the signal from dark matter p(f) = Z TS 1)
Incoherently sum up the spectra to detect non-Gaussian power excess.

Then, test whether the signal originates from DM T T TT T

(harrowband spectra, persistency)

Strength w i

Estimation of the upper bound
, the data
If there's no power excess, M
we can set the upper limit on the coupling constant. ,

Frequency [HZz]

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

/



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

Estimation of upper bound and Likelihood

Frequentist method (confidence level B8%)

5, Pobs o7 Estimate 95% upper bound %%
1 = o7
100 0 L{p(f)le™)dp with observed value p .

The likelihood function L£(p(f)|¢””) (detection statistic: £)
Upper bound estimation is affected by two terms;

Amplitude fluctuation The relative motion
| P (quantity relative to the power

of the signal) varies along with the
direction of the relative motion
IN the lower mass search.

VUV UVD

0’ 107420 107440
mi

__________________________________

—————————————————————————————————————



Analysis -Settings-
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o d(t) = n(t) + eurue X 11

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

Estimate the upper bound of the coupling constants

Compare the results in different directions of relative velocity

Conditions
Detector: LIGO (Hanford)

DM model: U(1),_, gauge boson

444444

PSD [1/vHz]
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Design sensitivity
of LIGO

Simulated signal of DM
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Analysis -Results-

Tested against 100 simulated data
Estimate upper bound from each data with various confidence level: e

P % out of all €.
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B%

10.1 Hz, 12.0 hours

will be below €trye.
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Analysis -Results-

Tested against 100 simulated data
BY%

Estimate upper bound from each data with various confidence level: e
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Plot with true direction & perpendicular direction to the true;

Resu ItS perp_z: with largest z-component Earth's

erp X: lying in the x-y plane*™ :
perp_x: lying Y P axis

Injected coupling constant: e =2 x 1072 Vernal
: equinox

Signhal frequency: 10.1 Hz
Upper bounds are properly estimated
INn the proper condition.
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Results

Fraction of simulations

Injected coupling constant: e =2 x 107

Signal frequency: b0 Hz
The effect of direction of v Is barely observable.

50.0 Hz, 0.5 hours
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Summary of Results and Future Work

Summary

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.
Future work
Analysis of real data

Construct the detection statistic
with the optimal filtering method

Extension to other ULDM models

Detection Fraction

100 -

80 -

60 -

40 -

20 -

— |ncoherent sum
—— Optimal correlation

/
)

05 0% 107 108 105 108

Coupling constant

Tow
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The expected sensitivity

aLIGO
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DECIGO

LISA

Eot-Wash

- MICROSCOPE

10—26-

Coupling Constant
leB

10—27-

10_28 I I 1] I L] ] ] ]
10—19 10—18 10—17 10—16 10—15 10—14 10—13 10—12 10—11

ma (eV)

Mass of DM

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

10—10

Coherent length ~ 10° km

fom

Coherent field occurs

m
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The finite light-traveling time effect

h . . (cf. Morisaki et. al., Phys. Rev. D 103, L051702 (2021))
t °
™ ETM
T e I | e t
oL
i E ! n 1 T
TTr T T T 0 ety b B t + —
L 4
| 2
i i ettt o Bl t+—-T

Optical path length : L + 20L  XT: Period of the field
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Concrete way to get the likelihood

We utilize p as the detection statistic

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

CNaw (i)
— ZL: pi(f), ,Oz(f) chS(ft

I, : duration of chunks
S(f; 1) : one-sided PSD of each chunk

Fourier
transform

Each p; has the correlation depending on the direction of v,
S0 we cannot obtain the likelihood analytically.

We generated 10° p by simulation and then
use the distribution as the likelihood Z(p(f)]e).



(h(f, to)h(f, t1))

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

The correlation of the signal

Each p, has the correlation depending on the direction of v

10 Hz

N
N

N
-

-
Ui

—
-

—— n,,: True Value
—— Ny, : perp_x

—— ny_: perp_z

12.0 24.0 36.0 48.0
Time Separation (t; — tp) [hours]

60.0

Fourier
transform

d(f; t) = n(f;t,) + h(f: ;)
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The simulation of £ = =y ——
Nchunk 250
p(f) = 2 pilf);
o AU = a8 + h(f 1)
,O(f) _ 4‘d(f7tz)‘ _ 1:2_
T TaS(5t) PREEET  sembu o

DM signals: generated as random
value of multivariate normal dist. §;
with O mean and variance;

Coo Co1 Con
Cio0 €11 Cln
Cov(f) = .
. Cz’j
Cno Cni .. Cpn

0.5 1.0 1.5 2.0 2.5

- P
Detector noise:

Gaussian random number with
O mean and 1 variance.

(no correlation between chunks)

pi(foMm; €p)
— ./\/Z-2 + 2epRe[N/S;] + 6%52-2
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The coordinate and relative velocity

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

Earth's

axis
Vernal
equinox

Z

The amplitude of relative velosity
230 ~ 240 [km/s]

X

Y
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Correlation function

<h*(f to)h1(f; t1

o2 A2T2,)3
AT v v1r( ) sin’ (7 f L) Vz/v31r+2“ifDM(t1_t°)di(to)d1,z'(t1) (I(zy) — I(z-)),

8/mV3 (7 fL)?
10 Hz
<h’*(fa to)ha(f; t1 35 - 5 True Val
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2.2 42 2,5 o)
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Simulated signals
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Longer observation time

Signal frequency: 10.1 Hz
Observation for 18, 24 hours

10.1 Hz, 18.0 hours

Confidence level

10.1 Hz, 24.0 hours

Confidence level
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Analysis for higher frequency signal

100 Hz
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