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* Awindow for ultralight DM
{

Many indirect evidences!!

R (x 1000 1y)
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Wave-like ' Particle
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\ Structure formation Galaxy rotation curve Gravitational Iensi - BIIt Iuter “
Vast discovery space (107%2eV ~10%7eV) for the DM: 90 orders of magnitude!!
107*%eV eV keV GeV' trom WIMPs to PBH
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If non-thermally produced, mp,, < eV is allowed for bosons.

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



* How do they behave?

~

Local DM Halo ODM = 0.4 GeV/cm3

Sextans

> ﬁDM = 10_6 GeV/cm3
Higher density in DM halo!

w/ large de Broglie wavelength

> occupation number >> 1
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* How do they behave?

~

Local DM Halo ODM = 0.4 GeV/cm3

Sextans

> ﬁDM = 10_6 GeV/cm3
Higher density in DM halo!

w/ large de Broglie wavelength

> occupation number >> 1

- Mass & frequency relation: - Coherence time:
_ foMm 27

m=4.1x10"13 eV = — ~0.3
(102Hz mu?
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D(t, xp) X nearly monochromatic

behave as classical waves!

> solving small scale structure issue?

10—13 eV ForAtK 1

day

~const. amplitude & phase
m
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* How do they behave?
D(t, xp) X nearly monochromatic

~

Local DM Halo ODM = 0.4 GeV/cm3

Sextans

> ﬁDM = 10_6 GeV/cm3
Higher density in DM halo!

JI_> >

behave as classical waves!

w/ large de Broglie wavelength

> occupation number >> 1 _ .
> solving small scale structure issue?

- Mass & frequency relation: * Coherence time:
1 fDM B Ve 10—13 eV ForAt <t
m=4.1 x 10 eV {0°Hy T = ) ~ (.3 day - ~const. amplitude & phase

Formpy ~ 107 -107' eV, ULDM oscillations fall into GW-interferometer band!
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e ULDM search with GW interferometers

We can search for DM interaction with GW detector as itis!

Schematics of Michelson interferometer
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> phase modulation due to ULDMs
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e ULDM search with GW interferometers

We can search for DM interaction with GW detector as itis!

Schematics of M lson interferometer 4 spin-1 candidate: )
L Vs\ DARM - dark photon A, (from gauged Up(1))
' —
y\ LX Ly B . . ﬂA
coupling to fermions €peJpA,

1

1

1

1

Ly (1) \_ %
v - LIGO & Virgo puts tightest bound!

P.D.U
readout: ¢, (t) — ¢y (¢)

> phase modulation due to ULDMs
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e ULDM search with GW interferometers

We can search for DM interaction with GW detector as itis!

Schematics of Michelson interferometer 4 spin-1 candidate: I
L t .;| LDARML - dark photon A, (from gauged Up(1))
y i _
." |: X Y — coupling to fermions EDQISAM
oy (t) J
: v - LIGO & Virgo puts tightest bound!
: additional optics?
A 2|
Laser| Z R

D fspin—O candidate: (from string, Upy (1), ...)
- ; [ ] [ ] [ ]
LX - axion(-like) particle a
P.D.@ 5 — coupling to photon gayaFm,F‘“’ y
readout: ¢, (t) — ¢y (¢)
- polarization based axion search
> phase modulation due to ULDMs , ,
for dilatonic DM, see also... S. M. Vermeulen+ 2021
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DM interactions with laser interferometers

* Axion-like-DM & photon interaction typical experiment:

I
I .
xion hoton
coherently oscillating axion : EIXI0 photo
a(t) = agcos(mgt + ) w/ LD g—aF JF#v = birefringent medium |
4 : magnetic
|:> phase velocity: cg/, = 1+ gg,a(t)/2k | field
e o e e e e e e e e
ik Oscillatory rotation of polarization angle:
T SO t In our case
/ N . s-pol
| 00 = kj dt (¢, — cg) X ggyaomgL sin(my(t — L/2)) 1
\\ / t_L -‘... -"..'
‘¥ (my,L < 1) I

/
\
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carrier

laser frequency
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DM interactions with laser interferometers

* Axion-like-DM & photon interaction typical experiment:

I
I .
xion hoton
coherently oscillating axion : EIXI0 photo
a(t) = agcos(mgt + ) w/ LD g—aF JF#v = birefringent medium |
4 : magnetic
|:> phase velocity: cg/, = 1% gg,a(t)/2k | field
e o e e e e e e e e
ik Oscillatory rotation of polarization angle:
T SO t In our case
/ N . s-pol
| 00 = kj dt (¢, — cg) X ggyaomgL sin(my(t — L/2)) 1
\\ / t_L -‘... -"..'
‘¥ (my,L < 1) I

PLLS

We need a longer path length! f

sidebands
'°c, ,-’. o
carrier

!
\
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> GW interferometer...?

laser frequency
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* Using an arm cavity of GW interferometer

Naively, it’s not efficient with cavity...
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* Using an arm cavity of GW interferometer

Naively, it’s not efficient with cavity...
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[ ii) using transmission port ]
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* Using an arm cavity of GW interferometer o (K. Nagano+2021)

Naively, it’s not efficient with cavity... 16710
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> 04¢c KAGRA data being analyzed!!

[ ii) using transmission port ]
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* Vector DM & matter interaction ~N
Coupling to the SM: Up (1) current From tests of equivalence principle
1 1 Couplingto SM: €5 < 10723
L=—-F"F  +-m4A"A, —eped* A J
4 HY 2 4 H D~ # (S. Schlamminger+ 2008, T. A. Wagner+ 2009)
ex.)D =B,B — L
+ Lorentz gauge + SHM (iS¢ =~ 1073)
A=A cos[wt — k- 3_3'] with kK = muv K w
3 temporal component suppressed by 119¢al >
> oscillating ”dark” electric force on SM matter | <:|
. . . ~ test : M, Ch :
Can we probe it with GW interferometer? () o8 ma? ar‘(ée @
5%
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* Yes, but it’s not so simple... 4 )
‘ L — 3km ‘ almost same response
arm —
/T A=2T/mpv ~ 103—10'"m - R > arm length change
” ; e &= & 6(Ly — Ly) very small...

J

coherent wave-length > separation between mirrors

mass (eV/c?)
10—13 10—12 10—11

Still, LIGO-Virgo detectors are sensitive to

o 10740 —— Cross correlatio .
NE . BSD B(l),,mOdel
very small difference of ULDM phases!! v —— E5t-Wash /
= 1079 ---- MICROSCOPE
8’ 10-43 BSD limits +10
. _ _ o
tightest bounds form, ~ 10712 ~ 107 ev Sowl N
D 1045 | |
S0l s
O 1074 e
10-%8 ——ry
10! 102 103

frequency (Hz)
(LVK Collaboration 2022)
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* Yes, but it’s not so simple... 4 )
‘ P = Sl ‘ almost same response
arm —
/T A=2T/mpv ~ 103—10'"m - R > arm length change
< ; = &= & 6(Ly — Ly) very small...

)

coherent wave-length > separation between mirrors

mass (eV/c?)
10713 10712 1o~

Still, LIGO-Virgo detectors are sensitive to

o 10740 —C lati
N§ 12_41 _______ B;CI)DSS correlatio B (1)Iﬁm0del
very small difference of ULDM phases!! 2 —— Ett-Wash /
= 102 ---- MICROSCOPE
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: —12 -11 o
tightest bounds form, ~ 10 ~ 107" eV = -y
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KAGRA has a unique strength!! 1048 —
frequency (Hz)
\

(LVK Collaboration 2022)
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* VDM search in KAGRA: auxiliary DoFs

room ‘temp. cryo‘genic
Sapphire: 5lx/y
Y-a

~

fused Silica:

QB QL
2e-2L ~ 0.501

"‘S';}?“ g =)
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Sl e wemon | FOrlowmass Ug_; (1),
1 1 SNa” » === KAGRA MICH .
0LyicH = 5(l$ — ly) e U AN \ --wcrarrct | KAGRA is the best!!
E === KAGRA SRCL
Auxiliary channels .+« aLIGO DARM

0Lpror = 8[(la +1y)/2 + 1) T M U= BTt

vector dark matter mass m, (eV)
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signal in Fourier space

le—45

* Asignal we’re looking for...

351 2
— 3.0 Af ~|MyVppm
N¢ E 25
¢(t,7) = 0¢N¢_1/2 Zcos (m(1 + v7/2)t + m; - T+ 6;) 2
i=1 g 15
8' 1.0
narrow width: Af ~ fova, ~ 107f. with fe =my/2m @ os
A~ 0.0 ' ' i T
I:{} similar to Continuous GW search (& ~0.0005 0.0000 0.0005 0.0010
Frequency (Hz) +2e2
I ULDM statistics matters in various aspects!!
signalin time domain * Gaussian but (h*(f,t)h(f,t')) # 0fort = t’
le—24
151
- e 7\ SNRo TH* for Ty > T = 21/mir?
= 1\ /\ [ A / /\ /\ * Amplitude ambiguity for Tio < T
C 001 0
%_05_ . > needs to be marginalized out in placing bounds
e - (Nakatsuka, Morisaki, Fujita, JK+ 2023)
. A Y
e e o0 30000 20000 =oroo correlated!! * Chucked data T, < T looses signal coherence
Time (s)
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* Incoherent sum: CW-inspired simple approach Je=ts

w
wn

Af ~my vlz)M

)

accounting for the ULDM spectral feature:

N
wn

N
o

Spectrum (1/Hz

©
wn

AR WA S

chfnSfc(1+lﬁ321_)2) TS(fn; tz)

0.0 1

oy ~0.0005 0.0000 0.0005 0.0010
- chunk the data, collect power excess within Af Frequency (Hz) +2e2

- construct L(p|ep) by simulating p = p,,2 + €py.s + €%pg2

- numerical likelihood naturally accounts for ULDM statistics

-p X Ttt/f forTior > 7T

- amplitude randomness for Ty < T
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p realizations for a given €

a

* Incoherent sum: CW-inspired simple approach —
I
accounting for the ULDM spectral feature: I

p(fe) = ipz'(.fc) pi(fe) = > e i

chfnSfc(1+lﬁ321_)2) TS(fn; tz)

Vo

- chunk the data, collect power excess within Af Pp%(€) = Pobs

- construct L(p|ep) by simulating p = p,,z + €pp.s + €pg2

- numerical likelihood naturally accounts for ULDM statistics

-p X Ttt/f forTige > 7

- amplitude randomness for Ty < T
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p realizations for a given €

a

* Incoherent sum: CW-inspired simple approach —
I
accounting for the ULDM spectral feature: I

p(fe) = ipz'(.fc) pi(fe) = > e i

fo<ustanagy L0 Uniti) p
— = >
- chunk the data, collect power excess within Af Pp%(€) = Pobs
- construct L(p|ep) by simulating p = p,,2 + €py.s + €2pg2 o malevie?]
- numerical likelihood naturally accounts for ULDM statistics 07 Lk 26; 4, JK as lead author) —— MICH
-p X Ttt/f forTior > 7T 10-16 —
- amplitude randomness for Ty, < T 2~ 10717
- applied to KAGRA O3GK data > KAGRA's first deliverable!! Ty 10-18. ’, | “‘ W |
10739, ”M“ i tu'”'ﬂ"m
10! 102 10°

Frequency[Hz]
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frequency (Hz)
10_20 191 192 1]3
* I[ncoherent sum: CW-inspired simple approach N 5
— 10771 \:
accounting for the ULDM spectral feature: Q’ﬂ 102\ ‘\"
.kl T4 N
. NCh . 4|J(fn; t2)|2 ?)— iz_ " ] "":"G"V;-c‘r‘lannel
p(fC) — ZPZ(fC) pZ(fC) — Z TS(f . t) o == RAGRA DATN
i Fo<Fn<fo(1+K202) no ® 107 _ B
10-26 — .H.. arylchlanlnlellil ".I.aLlfso.D‘Asl‘f,.
10—14 10—13 10—12 10—11
- chunk the data, collect power excess within Af vector dark matter mass mj (eV)
- construct L(p|ep) by simulating p = p,,z + €pp.s + €pg2 . malev/c?]
10~ 10~
- numerical likelihood naturally accounts for ULDM statistics 107 (LVK 2024, JK as lead author) —— MIcH
—— PRCL
- p X Ttl(-)/tll- fOI’ TtOt > T 10716
- amplitude randomness for Ty < T 2107
om
- applied to KAGRA O3GK data > KAGRA'’s first deliverable!! N 10718 ’, | |
: o 1075 I W h 1.|""N‘“””
Fort(m,) > T, = 1800s, summation of signal is degraded...
101 102 103

Frequency[Hz]
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* Optimal filtering: maximizing SNR of quadratic form (Morisaki, JK+ 2025)

- -
setting detection statistics: p = d K d e2s _Uncorrelated

and find X that maximizes SNR = ({p) — ()=o) /+/Var[p]le=o

% Incoherent sum: K = N "1 (inv. of noise covariance) f_g 00
o -
_,_I_ _1 13 D os
|:> optimal filtering: p=d'N""HN d 10
_ B 151 ! ! , !
where H = (h(f, to)h*(f', tsr))/os2 is ULDM signal covariance CoE m%??ne ?500 o
p coherently sums the signal over T!! fz_
ForT < 1, covariance matrix is much simplified: 1\ /\ /\ / A /\ /\ /
0 ~N
[ Hpg st & WCF — ) B (' — £, SOR(Es — tyr) J \ V \/ \/ j \/ \/ V
2 /

w: window function  R(ts — t¢r): analytic function (for SHM)

correlated!!
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Incoherent vs coherent : Re-analyze O3GK MICH data
with simulated KAGRA MICH data I
1.0 } I -13 mA[eV/Cz] -12
—— Coherent SNR (400s) 10 10
Incoherent sum (400s) ,:" I 1071 MICH
0.8 == Coherent SNR (100s) H !
= === Incoherent sum (100s) ; | 1016 —— PRCL TCh = 18OOS for OSGK
S
S |
L | > (0/Te)/* ~ 2.3
g ! w -18
.‘%)—3.0.4 : 10 at fDM ~ 20Hz
8 Teot = 10°s, 100Hz |
0.2 : I \
Tch = 1008( ) & 400s (dashed) | 10! 102 10°
I ency[Hz]
Ui T TV 02 |
| 1 — coherent
—— Coherent SNR — incoherent
Incoherent sum I === coherent_interp
| 6x 10720 1
10—21 ‘ ‘ . |
bounds improved by I 1
— A I
_ _ g // ~ 1 4_
£95% 1 = (t/Ten)" I
- I -20
—922 L 4x10 P
1 !
/””” I
/,”,” I
| 3x10720
10‘58_’;3 -2 T l \ 20.00 20.01 20.02 20.03 20.04 /
1
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Summary

* Ultralight bosonic fields are widely investigated as DM candidate

wave-like behavior and field covariance characterized by 7., 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 Ug_; (1) boson search

* ULDM search in KAGRA has already initiated!!
O3GK: first & simple end-to-end analysis for vector DM

Od4c: analysis with an improved search method (coherent sum), both for vector & ALP!!!
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- Analysis Flow (source code: kagra_dm_search)

Data production Search Upper limit Veto

X reviewed at O3GK newly implemented in coherent_analysis.py X reviewed at 03GK

Producing inputs of our analysis code 10-%
104
* lalpulsar MakeSFTs (cf. LIGO-T040164) -
N 10~
options: window, chunk duration, frequency range, ... g .
- 107°Y 1
Tukey window withr = 1073, no overlap > Ww(f) ~ T6(f) S o
[~
wn

* kagra_dm_estimate_asd (orestimate_asd.py) 10-5¢ 4

—— data
10-3% 4 — rmunning-median

running median method > mitigate narrow band outlier

T 1
102 108

Frequency (Hz)

MICH/PRCL DISPLACEMENT
polarization data : SFT data (v3) : ASD data read as SFT_ASD Database class
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- Analysis Flow (source code: kagra_dm_search)

Data production Search Upper limit Veto
X reviewed at O3GK newly implemented in coherent_analysis.py % reviewed at 03GK

SFT _ASD_Database & FrequencyRangeIndex -> analysis class: OnBinAnalytic

# class for Tgeg K T¢on -> a@nalytic expression of signal covariance 2005

## FrequencyRangeIndex -> binning info & job splitting (also reviewed at O3GK) 10° 4

- compute_snrs ->detection statistics p 7 fitting tail

10-2 A

- search ->detection threshold at a given FAP

1073 5

d: stationary & Gaussian noise only > p obeys “generalized chi2” dist.

1074 3

I:> - saddle point approximation for CDF (Lugannai-Rice 1980) 107% 4

0.0 0.5 1.0 15 2.0 2.5 3.0

- importance sampling of tailed distribution (e.g. Esscher 2007) : : : : : - °\
p realizations (noise only)
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- Analysis Flow (source code: kagra_dm_search)

Data production Search Upper limit Veto

X reviewed at O3GK newly implemented in coherent_analysis.py % reviewed at 03GK

SFT _ASD_Database & FrequencyRangeIndex -> analysis class: OnBinAnalytic

- compute_snrs ->detection statistics p N p realizations for a given

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

|

|

l

|

simulate many realizations of p(f, €) = p,2 + €pp.s + €°p;2 |
> find the value of e where % percentile of p :

|

|

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

vo

|:> * interpolator_sample & interpolating bounds PB%(E) = Pobs

construct €0, (Pops) from realizations at a given point, apply this interpolator for a given band
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- Analysis Flow (source code: kagra_dm_search)

Data production Search Upper limit Veto
X reviewed at 03GK newly implemented in coherent_analysis.py X reviewed at 03GK

Two methods used at O3GK will be applied:

103

* Width of candidates

signal width must be Af ~ 107°f, .
3 Plots from O3GK
> veto peaks wider than the twice of 10“6fc |
— SNkl
i i 58.4 58.5 58.6 58.7 : 0 = SNR2
. PeI’SIStenCV of Slgnal Frequency[Hz] - threshold for subsets

--- total threshold

Signals can be distinguished from transient noise.

103

- divide the data into two subsets & take coincidence

I:> Final candidates will be summarized into a list

90 92 94 96 08 100
Frequency[Hz]
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¢ Axion-like-DM “targeted” interferometer

Bow-tie cavity can accumulate the rotation!! First end-to-end analysis from test run
Frequency [Hz]
frequency 102 107! 10° 10! 102 103 104 10° 106 107

=y
o

| ] 1 | | | ] U I
© © ~ o o S w N - (=]
1 1 1 1 1 1 1 1 1

—— This work
~—— Current shot noise
—— Final design

SE€rvo
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(Oshima, Fujimoto, JK+ 2023)
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Axion signal

To be upgraded further!
Dark matter Axion search with riNg Cavity Experiment

(I. Obata+ 2018)

finesse, longer round-trip, laser power, ...
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° Stochasticity of ULDM field and its effect (Nakatsuka, Morisaki, Fujita, JK+ 2022)
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Fourier transformed field (over T): . How it looks like in reality... _"‘;‘:fM
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> analysis pipeline needs to take into account these.
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