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Out l ine

● Background：GW detector and spin-2 ultral ight dark matter (ULDM)

● GW detect ion

● Space-based GW detectors

● Using GW detectors to probe ULDM

● Spin-2 ULDM: possible candidate of dark matter

● Our work：Using space-based GW detectors to probe spin-2 ULDM

● Change of arm length due to i ts coupl ing with matter

● Applying t ime delay interferometry (TDI) algor i thm to calculate sensit iv i t ies

● Strong constraint  on spin-2 ULDM
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Background:  GW Astronomy

● Ground-based GW detectors (~100Hz)

● LIGO、Virgo、KAGRA

● Space-based GW detectors (mHz)

● LISA、Tai j i、TianQin

● Pulsar Timing Arrays (nHz)

● NanoGrav、PPTA、EPTA、CPTA

   InPTA

● CMB B-mode polarization (10 -15  Hz)

● BICEP、Simons、AliCPT

Image from https://lisa.nasa.gov/
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G. Agazie et al, [NANOGrav], Astrophys. J. Lett.,2023

J. Antoniadis et al, [EPTA], Astron. Astrophys., 2023

D. J. Reardon et al, [PPTA], Astrophys. J. Lett., 2023

Heng Xu et al, [CPTA], Res.Astron.Astrophys., 2023

● Evidence for stochastic

   GW background

● Observation of the

   Hell ings-Downs curve
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Background:  Pulsar  Timing Array  (PTA)



● Various projects in preparation: LISA, Taij i ,  TianQin

● Expanding our detection range to low-frequency GWs 
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Background:  Space-based GW Detectors

Image from lisa.nasa.gov Y. Gong, et al, Nature Astron. 5, no.9, 881 (2021)



Background:  U l t ra l ight  Dark  Mat ter  (ULDM)

● Other physical effects may affect GW detectors

● Ultralight dark matter
● The mass range of ULDM is compatible with GW detectors: � = 2��

 10 - 2 2  eV：nHz：PTA (A .  Khmeln i t sky,  V.  Rubakov ,  JCAP 02 ,  019  (2014) )

 10 - 1 8~10 - 1 6  eV：0.1mHz~1Hz：LISA、Tai j i
    ( J iang-Chuan Yu,  Yue-Hu i  Yao ,  Yong Tang,  Yue-L iang  Wu,  Phys .  Rev.  D  108 ,  no .8 ,  8  (2023) )

 10 - 1 3~10 - 11  eV：~100Hz：LIGO、Virgo、KAGRA
    (A .  P ie rce ,  K .  R i les ,  Yue  Zhao,  Phys .  Rev.  Le t t .  1 2 1 ,  n o . 6 ,  0 6 1 1 0 2  ( 2 0 1 8 ) )

● Small  scale problems of ΛCDM may be resolved by ULDM

● Early research on axion, ALP. Later:  dark photon, spin-2 ULDM

● Indirect detect ion：effects on binary inspiral  (eg. dynamic fr ict ion)
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E. G. M. Ferreira, Astron. Astrophys. Rev. 29, no.1, 7 (2021)



● Theoretical origin: bimetric gravity (a generalization of dRGT massive gravity)
   (S.  F.  Hassan,  R.  A.  Rosen,  JHEP 02 ,  126 (2012))

 Mass spectrum: 1 massless graviton + 1 massive graviton

 The massive graviton: possible candidate for dark matter

● Probing spin-2 ULDM with GW detectors based on:

 Coupling with ordinary matter (J .  M.  Armaleo,  D.  L.  Nacir ,  F.  R.  Urban,  JCAP 09 ,  031 (2020))

 Gravitational effects (Yu-Mei  Wu,  Zu-Cheng Chen,  Qing-Guo Huang,  JCAP 09 ,  021 (2023))

● GW detectors can be used to probe spin-2 ULDM
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Background:  Spin-2  ULDM



Background:  Spin-2  ULDM

● Derived directly from modif ied gravity

● Spin-2 ULDM comes from the extra spin-2 degrees of freedom in bimetric gravity

● The action of bimetric gravity

● Perturbative expansion:

● Mass eigenstates by l inear combinations of the two metrics: 
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Background:  Spin-2  ULDM

● Resummation gives back to GR and addit ional spin-2 ULDM

where              is the Fierz-Pauli lagrangian for spin-2 ULDM
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Our  Prev ious  Work:  Ef fects  o f  Sp in-2  ULDM on PTAs 

● The presence of spin-2 ULDM deforms the 

Hell ings-Downs curve
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RG Cai, JR Zhang and YL Zhang, Phys. Rev. D 110, no.4, 044052 (2024)

R. Arjona, S. Nesseris and S. Kuroyanagi, arXiv:2412.12975



O u r  Wo rk :  P ro b in g  Sp in - 2  U L D M  U s in g  Sp a c e - b a s e d  G W  D e t e c t o rs  

● Space-based GW detectors are powerful tools 

for probing spin-2 ULDM.

● Asymmetric t ime delay interferometry (TDI) 

channels have better response.

● Strong constraints for    :  around 10 -10
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JR Zhang, J Chen, HS Jiao, RG Cai and YL Zhang, Phys. Rev. D 112, no.6, 064030 (2025).



Spin-2  ULDM

● Treating spin-2 ULDM as a coherent classical f ield:

● The field of spin-2 ULDM can be written as
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Change of  Arm Length

● Trick: work with

● Geodesic equations for photons 

● Frequency shift of the photon

● Change of arm length
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Time Delay  In ter ferometry  (TDI )

● In realist ic situation, TDI is needed to reduce laser frequency noise

● Using TDI to construct the virtual equal arm interferometer

● Michelson: (1→2→1) - (1→3→1)

● Michelson X(YZ): (1→2→1→3→1) - (1→3→1→2→1)

● AET: 

● Sagnac          :  (1→3→2→1) - (1→2→3→1)

● Different TDI channels give different responses for spin-2 ULDM 14/18

Detector 1 Detector 2

Detector 3

Sagnac combination



Response Funct ion  and Sensi t iv i ty  (S ing le  L ink)

● Decomposit ion of the signal

● Detector tensor                                            

● Transfer funtion

● Antenna pattern function

● Response function

● Sensit ivity                ,          :  one-sided noise spectral density      15/18



Sensi t iv i ty  Curves

● Asymmetric TDI channels show 

similar sensit ivit ies

● Asymmetric channels have better 

sensit ivit ies compared with 

symmetric channels

JR Zhang, J Chen, HS Jiao, RG Cai and YL Zhang, Phys. Rev. D 112, no.6, 064030 (2025).



Constra in ts  for  Spin-2  ULDM

● Space-based GW detectors exhibit remarkable sensit ivity to spin-2 ULDM
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Sensitivity curves Constraints on
JR Zhang, J Chen, HS Jiao, RG Cai and YL Zhang, Phys. Rev. D 112, no.6, 064030 (2025).



Summary

● Probing spin-2 ultral ight dark matter with space-based GW detectors

● GW detectors can be used to probe ul tral ight dark matter

● Candidate of dark matter:  spin-2 ULDM

● Space-based GW detectors offer unique detectabi l i ty for spin-2 ULDM

● Asymmetr ic t ime delay interferometry (TDI) channels have better sensit iv i ty

● Strong constraints (               )  can be put on spin-2 ULDM based on space-based GW 

detectors
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Thank you for listening!


