
Yusuke Manita (Kyoto U)

Distinguishing Ultralight Dark Matter Spin with 
Gravitational Wave Detectors

Cosmology from Home2023

2023/6/24 Sat.

Based on the ongoing work with H. Takeda, K. Aoki, T. Fujita, S. Mukohyama 



Yusuke Manita (Kyoto U) 2

Dark Matter Search with 
Gravitational Wave Detectors

GW detectors are devices that capture small variations in arm length with high precision. In 
principle, it can capture anything that changes their arm length. 

Ultralight dark matter may also interact with the GW detectors and change their arm length. 
So, it may leave a detectable signal in the GW detectors.

CONCEPT



Ultralight dark matter (ULDM) is a dark matter model with a tiny mass 
of about 10-22 -1 eV.

Boson ULDM consists 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 speed of DM is 
about 𝑣 ∼ 10!" .

ULDM is regarded as a classical wave oscillating at Compton 
wavelengths.

ULDM has a long coherent time scale.



ULDM within the mass range of 10-13 to 10-11 eV can be detectable in 
grand-based GW detectors.

Spin-1 Dark photon They leave a signal by pushing the mirrors through the 
new Coulomb force.

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

Spin-0 QCD axion, ALP, 
etc.

These particles leave a signal by fluctuating the 
fundamental constants such as fine structure constant.
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It seems challenging to distinguish between spin-1 and spin-2 ULDM 
with using the power spectrum at 𝒇 ≳ 𝟑𝟎𝐇𝐳.

𝑓 ≲ 30Hz 𝑓 ≳ 30Hz

Spin-0, spin-1, and spin-2 ULDM give a 
different power spectrum. 

While spin-0 and spin-1 ULDM give 
different power spectrums, the power 
spectrum of spin-1 and spin-2 ULDM 
are the same. 

Spin-0
Spin-1
Spin-2

0.000000 5.×10-6 0.000010 0.000015 0.000020
0.0

0.2

0.4

0.6

0.8

1.0

f-f0

P
h

f0=10Hz

Spin-0
Spin-1
Spin-2

0.00000 0.00005 0.00010 0.00015 0.00020
0.0

0.2

0.4

0.6

0.8

1.0

f-f0

P
h

f0=100Hz

N
or

m
al

iz
ed

 p
ow

er
 s

pe
ct

ru
m

N
or

m
al

iz
ed

 p
ow

er
 s

pe
ct

ru
m



Yusuke Manita (Kyoto U)

QUESTION

How can we distinguish spin-1 and spin-2 ULDM signals 
at 𝒇 > 𝟑𝟎𝐇𝐳? 

They can be distinguished by using cross-correlational analysis with 

multiple gravitational wave detectors.

ANSWER



Cross-correlation

Currently, there are 5 (or more) ground-based detectors in existence, 
thus 10 (or more) combinations of cross-correlations can be considered.

Credit Caltech/MIT/LIGO Lab

Cross-correlational signal

represent detectors.
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Difference in Overlap Reduction Function by ULDM Spin

Thanks to the difference in ORF, the cross-correlational analysis can 
identify the signal as spin-1 or spin-2.

The Overlap Reduction Function (ORF) is a quantity that represents 
the dependency of the Signal-to-Noise Ratio (SNR) on the position 
and direction of two detectors.

The ORF for spin-1 and spin-2 ULDM have different dependencies on the 
detector's position and angle. These difference arises from the finite time 
light traveling effect in spin-1 ULDM signal.

𝛾!" :	ORF
𝛼 :  C o u p l i n g  c o n s ta n t
𝒜 :  D im e n s io n le s s  c o n s ta n t
𝑇!"# :  O b s e r v a t i o n a l  t im e
𝜏 $!% :  C o h e r e n t  t im e
𝑆& ,( :  N o is e  p o w e r  s p e c t r u m

The figure is adopted from Nishizawa et al., 
Phys.Rev.D 79:082002 (2009)



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

Indicator of Distinguishability

Low frequency High frequency
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.



The current constraint of the coupling constant for spin-1 ULDM (U(1)B-L 
gauge boson) is reduced by about 2 orders of magnitude.

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.



Summary and outlook

We have considered a method to distinguish the spin of ULDM 
signal in the GW detectors.
• Multiple detectors may be able to distinguish spin-1 from spin-2 by differences in 

ORF at f>30 Hz.
• We also found that the constraint of the spin-1 ULDM (dark photon) by the LVK 

collaboration should be relaxed.

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


