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Third chapter

Constraint on dark photon by LVK collabolation is not correct.

=B () i

Dark Photon

» arXiv:2105.13085 [gr-qc|: “Constraints on dark photon dark
matter using data from LIGO’s and Virgo’'s third observing
run”

» Based on possibility that dark matter interacts directly with the GW

F rom P rOf. interferometer.

» Assumes dark photon has some mass, and vector potential couples to
C y a baryon or (baryon — lepton) current via a term in the Lagrangian.
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ULDM search in GW detectors

Ultralight dark matter (ULDM) can be searched by
GW detectors.

1 . GW detectors

are sensitive to
small variations in
their arms length.

2.ULDMis a

wave-like dark
matter model.

3. We are in DM
halo.

If ULDM directly couples to SM,
ULDM would leave oscillating signals
in the GW detectors!

Yusuke Manita (Kyoto U)
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Ultralight dark matter

Ultralight dark matter (ULDM) is a dark matter model with a tiny mass
around 1022 -1 eV.

Key features of ULDM

Yusuke Manita (Kyoto U)

ULDM is composed of bosonic particles because fermionic particles are not
possible to be dense enough due to the Pauli blocking.

spin-0 Massive scalar field such as axion, dilaton, moduli, etc.
spin-1 Massive vector field. Dark photon.
spin-2 Massive tensor field, i.e., massive graviton. Based on bigravity or multigravity.

ULDM is a non-relativistic wave because the local DM speed is about v ~ 1073,

ULDM is Oscillate with Compton wavelength
corresponding to tis mass.
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ULDM has a long coherent time scale.
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Coupling between ULDM and SM

The coupling with SM depends on the spin. Thus, the way to generate
signals differs by its spin.

Through its dilatonic coupling to SM, ULDM fluctuate £ =2 {%Fww_%%wu
the fundamental constants such as fine structure )
constant and fermion mass. . Me€e — Z(dmi”wdg)mf%ﬁ

i=u,d

It leaves a signal by pushing the mirrors through the
Coulomb-like force. Ling = €peA,jh

Since it originates from the gravity sector, it universally o y
couples to matter fields. Ling = M—lq’z‘jTé‘f
Thus, it leaves a signal in GW detectors like GW. P
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Generation of ULDM signal in GW detector

There are two types of origins for ULDM signals.

The change in the round- 5[4 L 5L . 5L
— time + space

trip distance of the laser.

0Ltime = —0x_(t) +20x_(t — L) — dx_(t — 2L)

§Lepace = 2 (624 (t — L) — Sz_(t — L))

Finite time light traveling effect: This is caused by the
displacement of mirrors during the round-trip of the laser.

(Morisaki+,2021)

This is caused by the difference in displacement between
the input and end mirrors.

5CIZ_|_
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Motion of mirrors and signal

In the signals of spin-0 or spin-1 ULDM, §L;,c.cannot be ignored.

Differential motion Common motion
mirror mirror mirror mirror

+—

~ 0 L?
~ 0(dx)L

5Lspace v for m = 50Hz
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Question

Can we distinguish spin of ULDM by the signal from GW detectors?

The methods for separating non-tensorial polarizations in SGWB are not applicable.
This is because the frequency width of the signal is too narrow to distinguish the
differences in the ORF.

Cross correlational signal <iLa;Lb> — P(f)’)/ab(f)

of two detectors

!
[ Overlap reduction function (ORF)
Power spectrum

AIGO - LIGO(H1)

\\\/\ AWV VYV
AVA'ARA .

\/ [A.Nishizawa, A. Taruya,
K.Hayama, S. Kawamura, M.

Sakagami, 2009]

100

(d) longitudinal mode (f) vector-y mode
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Question

Can we distinguish spin of ULDM by the signal from GW detectors?

Answer

We can distinguish the spin by using several cross correlation
with multiple detectors. ORF is different for spin-1and spin-2.

(hahy) = P(f)yas ()

\% S A [ Overlap reduction function (ORF)
Gravit tipnalWave Observatories Powel’ SpeCtrum

ez
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Overlap Reduction Function in ULDM signal

ORF for hype and hgp, o has different dependence on orientation and
position of detectors.

<ﬁ:ime,aﬁtime,b> — 6%)Ptime(f)ra,b
ORF(time)

- - S
<hspace,ahspace,b> — 6Dpspamce(f)’yab
ORF(space)

<B:<,,Bb> = o P(f)Yab

ORF(space)

La(B,6,A) = cos? (

Yab (8,0, A) = cos™ (
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Several cross-correlations

Ideally, we can distinguish ULDM spin with three or more detectors.

Currently, there are 4 (or more) ground-based detectors (LVK), thus 6 (or
more) combinations of cross-correlations can be considered.,

ORF(space)| |ORF(time)

Detectors S8 ) A vig T'rg

KL  54.8912 28.5968 102.703 -0.280 0.620
e+ 1 A S IH  112.279 -79.7392 164.518 -0.150 -0.880
- e IL  128.472 35.8711 203.311 0.009 -0.500
W TN S IV 59.7883 42.8974 159.522 -0.570 -0.130
Opertos Ao 2 KH  72.3721 -88.2092 117.523 0.460 -0.450
N KL 99.2727 -135.139 160.223 -0.240 -0.450

KV 86.5230 31.6663 97.443 -0.360 0.690

HL  27.2233 -44.9735 241.550 -0.890 0.031

HV  79.6176 -28.856 144.217 -0.015 0.190

LV 76.7637 27.0677 172.467 -0.250 -0.012
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Spin Distinguishability with ORF

Indicator of Distinguishability
Aab — SNR(spm 1) SNR(Spln 2)

Case study

We suppose that a signal is detected
through the cross-correlation analysis
between LIGO-Livingston and LIGO-
Hanford:

SNRpg = SNR{E®™ = gNR{®2™2)

Since the effective ORF for spin-1 and spin-2 Since the finite time light traveling effect
ULDM is the same, the distinguishability is low. dominates, the distinguishability of spin is high.

YuSunc wiaiia \N\yuw u)
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Current constraint on spin-1 ULDM

The current constraint of the coupling constant for spin-1 ULDM

become around 30 times weaker.

vaur, = —0.89

The LVK collaboration paper applies the usual gravity

wave ORFs.

DIGEHFSHORES o
I'gr, = 0.031

We apply an ORF that accounts for finite-time light
travel effects.

5%

2
9
=
o
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coupling strength ¢
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Summary
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2v/202 fpcTeq AV g
\/Sn,I(%)Sn,J(%)
2v/2¢% fopTea (BrsTrs +C(1+ sQ%5p)717)

\/Sn,I(%)Sn,J(%) ,
(121)

Spin-2 SNR7f ~ , (120)

Spin-1 SNRp; =

2v/202 fspTeq(B; ;L1 + C'y1g)

/Bt (B)5mr () (122)

Spin-0 SNRF? ~

Yusuke Manita (Kyoto U)




Spin-2 and spin-1

A1y = |SNRY; — SNRY;

104
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Spin-0 and spin-1

Ay = |SNRPP — SNRF?|.
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