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Third chapter

Constraint on dark photon by LVK collabolation is not correct. 
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ULDM search in GW detectors

Ultralight dark matter (ULDM) can be searched by 
GW detectors.
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If ULDM directly couples to SM,

ULDM would leave oscillating signals 
in the GW detectors !

DM halo

2. ULDM is a 
wave-like dark 
matter model.

1. GW detectors 
are sensitive to 
small variations in 
their arms length. 

3.We are in DM 
halo.
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Ultralight dark matter

Ultralight dark matter (ULDM) is a dark matter model with a tiny mass 
around 10-22 -1 eV.
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Boson
ULDM is composed of bosonic particles because fermionic particles are not 
possible to be dense enough due to the Pauli blocking.

Non-
relativistic

ULDM is a non-relativistic wave because the local DM speed is about 𝑣 ∼ 10!" .

ULDM is Oscillate with Compton wavelength 
corresponding to tis mass.

ULDM has a long coherent time scale.

spin-0
spin-1
spin-2

Massive scalar f ield such as axion, di laton, moduli ,  etc.
Massive vector f ield. Dark photon.
Massive tensor f ield, i .e. ,  massive graviton. Based on bigravity or mult igravity.

Key features of ULDM
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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.
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Spin-0
Through its dilatonic coupling to SM, ULDM fluctuate 
the fundamental constants such as fine structure 
constant and fermion mass.
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Spin-1
It leaves a signal by pushing the mirrors through the 
Coulomb-like force.

Spin-2
Since it originates from the gravity sector, it universally 
couples to matter fields. 
Thus, it leaves a signal in GW detectors like GW.
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Generation of ULDM signal in GW detector

There are two types of origins for ULDM signals.
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Input
mirror

Arm of detector

End
mirror

Laser

The change in the round-
trip distance of the laser.

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.
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Motion of mirrors and signal

In the signals of spin-0 or spin-1 ULDM, 𝜹𝑳𝐭𝐢𝐦𝐞cannot be ignored.
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Spin-0 and spin-1Spin-2

for

Differential motion Common motion

neglegible
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Question

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

Overlap reduction function (ORF)
Power spectrum

SGWB
[A.Nishizawa, A. Taruya, 
K.Hayama, S. Kawamura, M. 
Sakagami, 2009]

Cross correlational signal
of two detectors
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Question

Can we distinguish spin of ULDM by the signal from GW detectors?
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We can distinguish the spin by using several cross correlation 
with multiple detectors. ORF is different for spin-1and spin-2.

Credit Caltech/MIT/LIGO Lab

Answer

Overlap reduction function (ORF)
Power spectrum
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Overlap Reduction Function in ULDM signal

ORF for 𝒉𝐭𝐢𝐦𝐞 and 𝒉𝐬𝐩𝐚𝐜𝐞 has different dependence on orientation and 
position of detectors.
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Spin-0 and spin-1Spin-2

ORF(space) ORF(space)

ORF(time)

KEY POINT
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Several cross-correlations
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Credit Caltech/MIT/LIGO Lab

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)
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Spin Distinguishability with ORF
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Case study
We suppose that a signal is detected 
through the cross-correlation analysis 
between LIGO-Livingston and LIGO-
Hanford:

Indicator of Distinguishability

Low mass High mass
Since the effective ORF for spin-1 and spin-2 
ULDM is the same, the distinguishability is low.

Since the finite time light traveling effect 
dominates, the distinguishability of spin is high.
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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.
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Usual ORF

The LVK collaboration paper applies the usual gravity 
wave ORFs.

This figure is adopted from R. Abbott et al. (LIGO Scientific 
Collaboration, Virgo Collaboration, and KAGRA 
Collaboration) Phys. Rev. D 105, 063030

Modified ORF 

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

(space)

(time)
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Summary
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SNR

18

Spin-0

Spin-1

Spin-2
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Spin-2 and spin-1
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Spin-0 and spin-1
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