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Lin, 1904.07915

We focus on ultralight DM (ULDM) with mass in  eV ~  eV, 

which has a Compton frequency in  mHz ~  Hz (sensitive band of detectors).
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Wave description of ULDM

For ULDM particle with mass  and velocity 

,     

Large occupation number in a de Broglie volume 

A wave (or classical field) description is a good approximation.

The field is modeled as a superposition of plane waves

.

m ⃗v

fc =
m
2π

≈ 2.42 × ( m
10−17 eV ) mHz λdB =

2π
m | ⃗v |

≈ 1.24 × 1011 ( 10−3

| ⃗v | ) ( 10−17 eV
m ) km .

λ3
dB

N ∼ 7.6 × 1064 ( ρDM

0.4GeV ⋅ cm−3 ) ( 10−17eV
m )

4

.

ϕ(t, ⃗x) ∝ ∑⃗
v

ei(ωt − ⃗k ⋅ ⃗x + θ ⃗v)
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Field configuration at a fixed time
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 ϕ(ti, ⃗x) = ϕ0(ti, ⃗x)cos (mti + θ(ti, ⃗x))

The size of interference pattern is set by the coherence length .

Simulated with velocity distribution   with .

λc =
2π
mσ

f( ⃗v) =
1

(2πσ2)3/2
e− ⃗v2/2σ2 σ ∼ 10−3
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Statistical properties of ULDM field
Two-point correlation function of the field (Gaussian random field):

,

where , ,  denotes ensemble average.

The power spectral density of the field is defined as .

Rϕ(τ, ⃗d) := ⟨ϕ(x)ϕ(x′￼)⟩ =
ρ

m2 ∫ d3v f( ⃗v) cos m (1 +
v2

2 ) τ − m ⃗v ⋅ ⃗d

τ = t′￼− t ⃗d = ⃗x′￼− ⃗x ⟨⋯⟩

Sϕ( f ) = ∫
∞

−∞
dτ e−i2πfτ Rϕ(τ, 0⃗)
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fc = m/2π



Probing DM with GWs (indirect) and GW detectors (direct)

Indirect: GWs as a messenger carrying information about DM,

e.g. 1. The presence of DM modifies the evolution of binary systems and emitted GWs.

2. Some DM involved processes produce GWs directly.

3…..

Direct: DM directly interacts with GW detectors. No GWs!

ULDM background 

detector
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Why GW interferometers can be used to search for ULDM?

Interferometers measure light distance between test masses with a high precision ( ).10−21

1. Test mass’s motion 2. Light’s propagation
t

x1(t) x2(t)

Δt

x

x2(t)x2(t′￼)“dark charge”

t

x1(t) x2(t)

Δt

x

laser
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The Lagrangian is given by

     ,

where  is the ULDM,  the  or  current,  the dimensionless coupling strength.

The equation of motion of test mass is

     ,

where  and  the  or  charge and mass of test mass.

Then, the laser frequency fluctuation arising from the relative motion between test masses is

     ,

where  and  are position vectors of the test masses and .

ℒ = −
1
4

FμνFμν +
1
2

m2
AAνAν − ϵeJνAν

Aμ Jν B B − L ϵ

⃗a(t, ⃗x) = ϵe
q
M

∂t
⃗A (t, ⃗x)

q M B B − L

yrs(t) ∝ ̂nrs ⋅ ( ⃗A (t, ⃗xr) − ⃗A (ts, ⃗xs))
⃗xr ⃗xs ̂nrs = ( ⃗xr − ⃗xs)/ | ⃗xr − ⃗xs |

Example: a vector ULDM coupled with the baryon number (B)
or baryon minus lepton number (B-L)



Space-based GW interferometer

Credit: M.Otto



Time-delay interferometry (TDI)

Credit: M.Otto

Tinto, Dhurandhar, Living review

The Michelson channel: ,

where  is the time-delay operation.

X(t) = [y13 + y31,2′￼
+ y12,22′￼

+ y21,322′￼] − [y12 + y21,3 + y13,3′￼3 + y31,2′￼3′￼3]
y(t)rs,ij′￼

= y(t − Li − Lj′￼
)



Yu, Yao, Tang, Wu, 2307.09197

Response function of TDI channel
 quantifies how much the power of the field is transferred into the signal.R



Noise performance 
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Projected sensitivity on the coupling , ϵB−L ℒ = −
1
4

FμνFμν +
1
2

m2
AAνAν − ϵeJνAν

Yu, Yao, Tang, Wu, 2307.09197

Sensitivity := The coupling strength yielding a signal power equal to that of noise.
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Orbital modulation 
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GWs and ULDM exhibit distinct modulation patterns, which can be used to distinguish two 

types of signals.
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Conclusion

1. Although designed for GW detection, GW interferometers are also sensitive to other physical 

processes, such as ultralight dark matter. Powerful constraints and projected sensitivity have 

been obtained in this way. 

2.   While existing studies have shown that ULDM can induce signals in detectors, a thorough 

investigation of how different ULDM models leave their imprints and of the full signal 

characterization is still lacking.



Thanks for your attention!
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Field evolution at a fixed point ϕ(t, ⃗xi) = ϕ0(t, ⃗xi)cos (mt + θ(t, ⃗xi))

The amplitude and phase fluctuate stochastically over the coherence time .τc = 2π/mσ2 ≃ 106f −1
c
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