
Distinguishing between dark-matter interactions with
gravitational-wave detectors

Andrew L. Miller ,1,* Francesca Badaracco ,1,† and Cristiano Palomba2,‡
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Ground-based gravitational-wave interferometers could directly probe the existence of ultralight dark
matter [Oð10−14–10−11Þ eV=c2] that couples to standard model particles in the detectors. Recently, many
techniques have been developed to extract a variety of potential dark-matter signals from noisy
gravitational-wave data; however, little effort has gone into ways to distinguish between types of dark
matter that could directly interact with the interferometers. In this work, we employ the Wiener filter to
follow-up candidate dark-matter interaction signals. The filter captures the stochastic nature of these signals
and, in simulations, successfully identifies which type of dark matter interacts with the interferometers. The
power of this method to distinguish between different types of dark matter comes from different coupling
mechanisms that result in different power spectra, as well as different correlations between detectors spread
across the Earth. We apply the Wiener filter to outliers that remained in the LIGO/Virgo/KAGRA search for
dark photons in data from the most recent observing (O3) [R. Abbott et al. (LIGO Scientific, Virgo,
KAGRA Collaborations), Phys. Rev. D 105, 063030 (2022)] and show that they are consistent with noise
disturbances. Our proof-of-concept analysis demonstrates that the Wiener filter can be a powerful
technique to confirm or deny the presence of dark-matter interaction signals in gravitational-wave data and
distinguish between scalar and vector dark-matter interactions.
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I. INTRODUCTION

The existence of dark matter has puzzled scientists for
the last few decades. While ample evidence supports an
invisible type of matter that moves the stars in our Galaxy
around faster than we would expect based on visible matter
[1], that gravitationally lenses light in the Bullet cluster [2]
and that explains anisotropies in the cosmic microwave
background power spectrum [3], the underlying nature of
dark matter has eluded our understanding. Theories of
beyond standard model physics allow dark matter to have a
mass as light as ∼10−22 eV=c2 or as heavy as ∼1 PeV=c2

[4]. Additionally, dark matter could be macroscopic and
composed in part or completely of primordial black holes
[5]. To search for dark matter in such a wide parameter
space, different experiments have been designed, some that
probe dark matter via its direct interaction (scattering) with
standard model particles [6–8] and others that look for dark
matter indirectly via electromagnetic signatures resulting
from the annihilation or decay of dark-matter particles [9].
Though not constructed for the specific reason to detect

dark matter, gravitational-wave interferometers, such as

LIGO [10], Virgo [11], and KAGRA [12], offer an
innovative and competitive way to search for ultralight
dark matter in the mass range Oð10−14–10−11Þ eV=c2.
These detectors rely on high-precision measurements of
the positions of the mirrors in each arm of the laser
interferometer that would follow a path in spacetime carved
out by a passing gravitational wave [13]. In our work,
though, we do not look for a signature of gravitational
waves, but for one of a direct interaction of dark-matter
particles with components of the gravitational-wave inter-
ferometers. Thus, LIGO, Virgo, and KAGRA become
similar to particle physics, direct-detection experiments.
Recently, searches for different types of scalar and vector

ultralight dark matter have been performed. The analysis of
GEO600 data [14] using a logarithmic frequency axis
power spectral density method [15,16] yielded competitive
constraints on scalar, dilaton dark matter [17–20] that
could have coupled to electrons and photons in the beam
splitter [21]. Furthermore, constraints on vector dark
matter, i.e., dark photons, were placed using data from
the first [22] and third [23] observing runs of advanced
LIGO/Virgo that surpassed upper limits from the Eöt-Wash
[24] and MICROSCOPE [25] experiments by a few orders
of magnitude at frequencies between ∼100–1000 Hz
(4 × 10−13– 4 × 10−12 eV=c2). The existence of ultralight
dark matter has also been constrained by searching for
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gravitational waves from depleting boson clouds around
black holes [26–32] and by analyzing mergers, e.g.,
GW190521 [33], which was shown to be consistent with
the merger of complex vector boson stars [34].
Though the field of direct dark-matter detection with

gravitational-wave interferometers is blossoming, a key
question remains unanswered: in the event of a detection,
will it be possible to distinguish among different ultralight
dark-matter interaction models? As explained in the next
section, dark matter could be composed of scalar or vector
particles that would both leave similar imprints on gravi-
tational-wave interferometers. Current analysis methods
based on cross-correlation [35] and excess power [36]
allow for the detection of a dark-matter particle but cannot
determine which dark-matter particle has actually been
observed because these methods match their analysis
coherence times to the coherence time of the ultralight
dark-matter signal. This finite coherence time arises
because individual particles in the dark-matter wave packet
travel with slightly different velocities that follow a
Maxwell-Boltzmann distribution centered about the virial
velocity v0 of dark matter: v0 ¼ 220 km=s.1 In this work,
we propose a new method based on the Wiener filter [37] to
distinguish among the different types of interactions using
their similar but distinct power spectra.

II. DARK-MATTER INTERACTION MODELS

Different types of dark matter would leave
different signatures in gravitational-wave interferometers.
Regardless of the type of dark matter, certain properties
collectively characterize the nature of the signal [38].
First, the occupation number of ultralight dark matter is
gigantic, Oð1050Þ, which implies that the wave functions
of individual dark-matter particles overlap. Second, ultra-
light dark matter is cold, so the velocities of these dark-
matter particles follow a Maxwell-Boltzmann distribution,
centered about the virial velocity. Third, dark matter
behaves as a classical sinusoidal field within its coherence
time, oscillating at a frequency that is proportional to the
dark-matter mass. Fourth, when observing for longer
than a coherence time, ultralight dark matter will not
oscillate at a fixed frequency but rather about that
frequency, with stochastic frequency variations Δf=f ∼
Oðv20=c2Þ ∼ 10−6 [35].
In the following subsections, we describe the differences

between ultralight scalar and vector dark matter and the
specific ways in which these particles would generate a
signal in gravitational-wave detectors.

A. Scalar dark matter

Models for scalar, spin-0 dark matter have received
a lot of attention over the last few decades. Examples
of these particles include the QCD axion [39–42], which
appears naturally as a pseudo Nambu-Goldstone boson
of a spontaneous global Uð1Þ symmetry breaking that
also solves the strong charge-parity (CP) problem,
and the dilaton, which can occur in multidimensional
theories [43–48].
Axions could alter the phase velocities of circularly

polarized photons in the laser beams traveling down each
arm of the detector [49]. Such a signal would actually be
visible in other channels aside from the canonical gravi-
tational-wave one [50] and would require additional but
simplistic optical components to measure the optical path
difference between p- and s-polarized light. In practice,
linearly polarized light (p) is inputted, and the axion causes
polarization modulations, producing s-polarized light.
Linearly polarized light can be expressed as a superposition
of circularly polarized light.
On the other hand, dilatonlike dark matter [17–19] could

change the mass of the electron and other physical con-
stants, causing oscillations in the Bohr radius of atoms in
various components of the interferometer [20]. In particu-
lar, the size and index of refraction of the beam splitter
would oscillate over time; thus, light rays returning to the
beam splitter from the interferometer cavities would tra-
verse slightly different distances on the surface of the beam
splitter, leading to a differential strain.
Such a scalar ultralight dark-matter field ϕ can be written

as [21,48,51]

ϕðt; r⃗Þ ¼
�
ℏ

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mϕc

�
cosðωϕt − k⃗ϕ · r⃗Þ; ð1Þ

where t is time, r⃗ is a position vector, ℏ is Planck’s reduced
constant, c is the speed of light, ωϕ ¼ ðmϕc2Þ=ℏ is the

angular Compton frequency, k⃗ϕ ¼ ðmϕv⃗obsÞ=ℏ is the wave
vector,mϕ is the mass of the field, and v⃗obs is the velocity of
the dark matter relative to the observer.
The Lagrangian Lint for this scalar field is [21]

Lint ⊃
ϕ

Λγ

FμνFμν

4
−

ϕ

Λe
meψ̄eψe; ð2Þ

where Fμν ¼ ∂μAν − ∂νAμ is the electromagnetic field
tensor, ψe and ψ̄e are the standard-model electron field
and its Dirac conjugate, and Λγ and Λe denote the scalar
dark-matter coupling parameters to the photon and elec-
tron, respectively.
Such couplings would cause changes in the index of

refraction and sizes of materials and would lead to a
differential displacement δðLx − LyÞ on gravitational-wave
interferometers given by [20]

1This quantity is the velocity at which dark matter orbits the
center of our Galaxy.
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δðLx − LyÞ ≈
�

1

Λγ
þ 1

Λe

��
nlℏ

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mϕc

�
cos ðωobstÞ; ð3Þ

where n and l are the index of refraction and length of the
beam splitter, respectively.

B. Vector dark matter

Dark matter could be composed of spin-1 particles,
which we denote as the dark photon. The relic abundance
of dark matter can be explained entirely by dark photons,
which could arise from the misalignment mechanism [52–
54], parametric resonance or the tachyonic instability of a
scalar field [55–58] or from cosmic string network decays
[59]. Dark photons could couple directly to baryon or
baryon-lepton number in the four primary interferometer
mirrors that serve as gravitational-wave test masses and
exert a “dark” force on the mirrors, causing quasisinusoidal
oscillations [35,36].
We formulate dark photons in a way analogous to

ordinary photons: as having a vector potential with an
associated dark electric field that causes a quasisinusoidal
force on the mirrors in the interferometers.
The vector potential for a single dark photon particle can

be written as

A⃗ ¼
�
ℏ

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mAc2

1ffiffiffiffiffi
ϵ0

p
�
sinðωAt − k⃗A · r⃗þϒÞ; ð4Þ

where ωA ¼ ðmAc2Þ=ℏ is the angular Compton frequency,
k⃗A ¼ ðmAv⃗obsÞ=ℏ is the wave vector, mA is the mass of the
vector field, ϵ0 is the permittivity of free space, and ϒ is a
random phase.
The Lagrangian L that characterizes the dark photon

coupling to a number current density Jμ of baryons or
baryons minus leptons is

L ¼ −
1

4μ0
FμνFμν þ

1

2μ0

�
mAc
ℏ

�
2

AμAμ − ϵeJμAμ; ð5Þ

where Fμν now indicates the dark electromagnetic field
tensor, μ0 is the magnetic permeability in vacuum,mA is the
dark photon mass, Aμ is the 4-vector potential of the dark
photon, e is the electric charge, and ϵ is the strength of the
particle/dark photon coupling normalized by the electro-
magnetic coupling constant.
Dark photons cause small motions of an interferometer’s

mirrors and lead to an observable effect in two ways. First,
the mirrors are well separated from each other and hence
experience slightly different dark photon dark-matter
phases. Such a phase difference leads to a differential
change of the arm length, suppressed by v0=c. This effect
is, in fact, a residual one: if the mirrors of current
gravitational-wave interferometers had different material
compositions from each other, then the signal induced from

dark photons coupling to baryon-lepton number would be
enhanced [60]. A simple relation between dark photon
parameters and the effective strain hD can be written as [35]

ffiffiffiffiffiffiffiffiffiffi
hh2Di

q
¼ C

q
M

v0
2πc2

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM
ϵ0

s
eϵ
f0

; ð6Þ

where q=M is the charge-to-mass ratio of the mirrors, f0 is
the frequency of the dark-matter particle, and C ¼ ffiffiffi

2
p

=3 is
a geometrical factor obtained by averaging over all possible
dark photon propagation and polarization directions.
Second, the common motion of the interferometer mirrors,
induced by the dark photon dark-matter background, can
lead to an observable signal because of the finite travel time
of the laser light in the interferometer arms. The light will
hit the mirrors at different times during their common
motions, and although the common motions do not change
the instantaneous arm length, they can lead to a longer
round-trip travel time for the light, equivalent to arm
lengthening, and therefore an apparent differential strain
[61]. Similarly to Eq. (6), the common motion induces an
observable signal with an effective strain hC as

ffiffiffiffiffiffiffiffiffi
hh2Ci

q
¼

ffiffiffi
3

p

2

ffiffiffiffiffiffiffiffiffiffi
hh2Di

q
2πf0L
v0

: ð7Þ

The interference between the two contributions to the strain
averages to zero over time, which means that the total
effective strain can be written as hh2totali ¼ hh2Di þ hh2Ci.

III. WIENER FILTERING

The Wiener filter has been applied in the context of
gravitational-wave data analysis before, specifically in
terms of reducing Newtonian noise [62], detecting a
stochastic gravitational-wave background [63], and han-
dling the presence of correlated noise [64–66]. Here,
however, we apply the Wiener filter to a new problem:
searching for ultralight dark matter.
Coherence times for ultralight dark matter in the mass

range considered here range from hours to days, which is
much less than the approximately one-year observation
time of a ground-based gravitational-wave detector. Thus,
standard ultralight dark-matter searches [21–23,35,36]
must restrict their analysis coherence times (that is, the
fast Fourier transform length TFFT) to match that of the
ultralight dark-matter coherence time and sum the power in
these individual chunks. While these methods ensure that
power remains within one frequency bin in each chunk,
they mask the stochastic nature of the signal; thus, all
ultralight dark-matter interactions with gravitational-wave
detectors would appear the same if detected by these
methods. Thus, we propose to use Wiener filtering to
extract different types of ultralight dark-matter signals from
LIGO/Virgo/KAGRA data.
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A. Method description

Typically, the Wiener filter can be used to estimate signal
parameters in the presence of noise, and its formulation is
the basis of least-square error applications (such as linear
prediction and adaptive filters). The Wiener filter coeffi-
cients are calculated by minimizing the mean squared error
between a finite impulse response (FIR) filter [Eq. (8)] and
the target signal. The least-square error filter theory
assumes that the signals are stationary processes [67].
We can linearly reconstruct a signal from a multiple inputs
[multiple-input/single-output (MISO) filter]:

x̂½m� ¼
XP−1
k¼0

wk0y0½m − k� þ � � � þ
XP−1
k¼0

wkNyN ½m − k�

¼
XP−1
k¼0

wT
k y½m − k�: ð8Þ

Here, x̂½m� is the estimated discrete target signal at time m
(the ultralight dark-matter signal in our case), and yi½m − k�
are the N discrete input signals collected from N witness
sensors at the time m − k (the gravitational-wave detec-
tors). This is a MISO linear filter of order P, which means
that we use P coefficients and P past values of each witness
signal, yi½m�; wk represents the kth vector of the Wiener
filter coefficients, while y½m� is the vector containing the N
signals from all the witness channels. For the purposes of
detecting and validating an ultralight dark-matter signal, we
do not need to reconstruct it in the time domain; therefore,
we can employ the Wiener filter in the frequency domain.
In this way, the information regarding the order of the filter
disappears. Indeed, Eq. (8) is a discrete convolution of
functions with finite support, so we can apply the con-
volution theorem, which connects the z-transforms of the
filter input and output by means of the filter transfer
function. For a filter described by Eq. (8), it is always
possible to work on the unit circle of the complex plane and
express the relation among input and output through the
discrete-time Fourier transform [68]. This means that we
can apply the Fourier transform to a block of M samples
and rewrite Eq. (8) as

X̂ðωÞ ¼ WTðωÞYðωÞ ¼ YTðωÞWðωÞ; ð9Þ

where both WðωÞ and YðωÞ are N-dimensional vectors
containing the discrete Fourier transforms of the Wiener
filter coefficients and the N witness signals, respectively.
The Wiener filter is then defined by the coefficients that
minimize the ensemble average of the square error func-
tion, E½e�½m�e½m��, with e½m� ¼ x½m� − x̂½m�:

E½e�e� ¼ E½ðX − YTWÞ�ðX − YTWÞ�: ð10Þ

Minimizing E½e�½m�e½m�� with respect to the Wiener filter
coefficients, we obtain its optimal value

W ¼ ðP̄YYÞ−1PXY; ð11Þ

where P̄YY is the N × N matrix containing the cross–power
spectral densities (PSDs) of the N witness sensors, while
PXY is the vector containing the cross-PSD between the N
witness sensors and the target signal model. With this
result, we can rewrite E½e�e� to define the residual as the
ensemble average of the least-square error normalized by
the target signal PSD (PXXðωÞ ¼ E½X�ðωÞXðωÞ�):

RðωÞ ¼ 1 −
P†
XYP̄

−1
YYPXY

PXX
: ð12Þ

Given the properties of the PSD, RðωÞ will be real valued
and constrained between 0 and 1. In the context of this
work, XðωÞ represents the template of the ultralight dark-
matter signal we will use to determine if the data YðωÞ
contain the ultralight dark-matter signal.

B. Combining multiple detectors

Assuming each detector’s signal is the sum between the
ultralight dark-matter signal and the detector’s self-noise,
we can retrieve the self-noise limiting curve of the Wiener
filter. We consider the ideal case in which correlations
between the three detectors’ noises, as well as between the
noises and the signal, are negligible; thus, we can write the
residual as

R ¼ 1

1þ 1
SNR2

LþSNR2
HþSNR2

V

; ð13Þ

where SNR2
i ¼ E½x; x�=E½ni; ni� is the signal-to-noise ratio

(SNR) of each detector i. Thus, using more detectors helps
to enhance the total SNR and improves the residual. Having
a detector with a much smaller SNR does not decrease the
capability of the Wiener filter; however, it does not
contribute much to lowering the residual relative to the
other two detectors. Of course, any correlation between the
signal and the detector’s noise and between different
detectors can spoil the residual.

IV. RESULTS

The Wiener filter requires a model for the target signal to
perform the cross-PSD between it and the witness signals.
Since the target signal is usually immersed in noise, and we
cannot disentangle the two, we must use templates for the
ultralight dark-matter target signal. We injected templates
of vector ultralight dark-matter signals (dark photons) in
the data with different frequencies. Indeed, when we search
for a signal in the data, we do not know which frequency or
amplitude it could have. We only know it is almost
monochromatic, and we can model it for different frequen-
cies. We can therefore search for the right signal by
calculating the residual [Eq. (12)] for many templates with
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different frequencies. The template should be, in principle,
multiplied by ϵt, the coupling value of the target template,
to simulate different amplitudes, but we can see from
Eq. (12) that the value of ϵt does not affect the residual,
since it is contained in XðωÞ and thus cancels out. For our
purposes, then, we do not need to consider ϵt as a parameter
for ultralight dark-matter searches with the Wiener filter.
Instead, the signal strength, ϵ, will affect the residual, since
it is contained in the measured YðωÞ signal and will change
the SNR (see Sec. III B). In Fig. 1, we show that the
residual width and shape coincide with the PSD signal
width. By injecting signals with different ϵ, we can see that
the minimum residual value decreases with ϵ; thus, the
SNR will increase.

A. Detection statistic

Wewould like to employ the Wiener filter as a validation
method for the search of ultralight dark-matter signals. In
this respect, our target signal will be the modeled ultralight
dark-matter signal, while the witness sensors will be the
gravitational-wave detectors. Equation (12) provides an
estimation for whether the target signal is present in the
data; the lower the residual, the more likely it is that the
target signal and data match. To distinguish potential
ultralight dark-matter candidates from detector noise, we
should employ the residual as a detection statistic. While
we have so far understood that low residuals imply the
presence of the target signal, we have not yet discussed how
to quantify a “low enough” residual to claim that signal as
“significant.” To do this, we must construct a background
distribution for the residual; i.e., what residuals would we
obtain if the target signal and that in the data were not a
match? Once we have this distribution, we can place a

threshold, Rthr, below which we would consider a signal as
interesting.
In practice, we injected 39 ultralight dark-matter signals

into the LIGO Hanford, LIGO Livingston, and Virgo
detectors’ data streams from the third observing run
(O3). For each one of these data streams, we evaluated
99 residuals using a target signal with a different frequency.
Hence, we have 3861 templates with which to construct our
background distribution for the Wiener filter residual.
Figure 2 shows the histogram of all the residuals obtained,
in two cases: 1) the signal we injected is strong (ϵ ¼ 10−18)
and 2) the signal is very weak (ϵ ¼ 10−23). We can see that
in both cases residuals do not go below 0.70, meaning that
in a real search Rthr < 0.7, depending on what level of
significance we wish to use to claim a candidate is
interesting. If a template returns a value for the residual
above Rthr, we can veto the outlier at that particular
frequency; if it returns a residual value lower than Rthr,
it warrants further investigation. When we apply theWiener
filter to outliers in O3 [23], as described in Sec. IV C, we
take Rthr ¼ 0.7.

B. Application of Wiener filter

To apply the Wiener filter in the context of ultralight
dark-matter searches in data from gravitational-wave inter-
ferometers, we should understand what residuals to expect
as a function of the strength of a potential dark-matter
signal. In a real search, we would then be able to map our
residuals to strain amplitude of a signal and, in the case of

FIG. 1. Comparison between the shape of the residual and the
three detectors’ PSDs for an injected dark photon dark-matter
signal. Each detector’s PSD has been normalized and vertically
shifted by 1 to easily compare it with the residual shape. In this
plot, ϵ ¼ 10−22.

FIG. 2. This plot provides a background distribution for the
residual, to which we can compare the residuals from interesting
dark-matter candidates obtained in a real search. These residuals
are calculated using 3861 dark-photon templates with frequencies
between 40 and 1990 Hz that differed from the injected one
(f0 ¼ 90.449 Hz, mA ¼ 3.741 × 10−13 eV=c2). The mean and
standard deviation of this residual distribution are 0.98 and 0.037
and 0.99 and 0.021 for the injected signal with ϵ ¼ 10−18 and
ϵ ¼ 10−23, respectively.
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dark photons, the coupling ϵ. We inject the same signal
with various coupling strengths into O3 Hanford,
Livingston, and Virgo data and apply the Wiener filter
to obtain residuals. We plot the residual value at the
frequency of the dark-matter signal in Fig. 3 as a function
of ϵ. This plot gives an indication of the sensitivity of the
Wiener filter method to extract weak dark-matter signals
from the data, though a full sensitivity study is beyond the
scope of this work.
We apply the frequency domainWiener filter on data that

have been Fourier transformed, and the length of each fast
Fourier transform may impact the residual values we
obtain. This is because as we increase TFFT beyond
TFFT;max ∼ v20=c

2f ∼ 10−6f Hz, the maximum allowed fast
Fourier transform that would confine frequency modula-
tions to one frequency bin, we start to observe more and
more power spreading in the frequency domain near the
signal frequency. Thus, in Fig. 4, we determine, for
different dark photon coupling strengths, the values of
the residual as a function of increasing TFFT. Increasing
TFFT appears to decrease the value of the minimum
residual, thus helping to better distinguish the ultralight
dark-matter signal from noise, which is especially true in
the “intermediate” signal strength regime, i.e., ϵ ¼ 10−22.
Eventually, however, the residual value tends to saturate
around TFFT ¼ 40TFFT;max, implying that we would not
improve our estimation of the residual in a real search
with TFFT > 40TFFT;max.
We can understand why this saturation of the residuals at

a particular TFFT happens by looking at Fig. 5. Here, we
show how the residual shape changes with different fast
Fourier transform lengths for the green curve (ϵ ¼ 10−22) in
Fig. 4. We observe very little difference in the residuals

between curves with TFFT ≥ 22TFFT;max because the power
spreading that occurs beyond 22TFFT;max does not result in
significant SNR loss.

C. Follow-up of candidates to rule out noise
disturbances

The search for dark photon dark matter in LIGO/Virgo
O3 data [23] using an excess power method [36] returned
11 coincident outliers (i.e., particular frequencies) with
critical ratios (our detection statistic) greater than 5,

FIG. 3. Value of the minimum residual (corresponding
to the frequency of the dark photon signal) vs the coupling
strengths used to generate a dark photon signal with TFFT ¼
82TFFT;max. The injected signal frequency is f0 ¼ 90.449 Hz
(mA ¼ 3.741 × 10−13 eV=c2).

FIG. 4. Residuals vs the length of the fast Fourier transform, in
terms of the maximum allowed fast Fourier transform TFFT;max,
for injected dark photon signals with different coupling
strengths. We see that for very strong (orange, blue) and very
weak signals (red) the reduction in the residuals with increasing
TFFT is marginal compared to an intermediate-strength signal
(green). The injected signal frequency is f0 ¼ 90.449 Hz
(mA ¼ 3.741 × 10−13 eV=c2).

FIG. 5. Comparison between different fast Fourier transform
lengths applied to an injected dark photon dark-matter signal.
When increasing TFFT, the residual width around the dark photon
signals tends to stabilize around that of the PSD (see Fig. 1). In
this plot, ϵ ¼ 10−22.
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implying that there could have been a signal at these
frequencies. At the time, these outliers were vetoed by
manually studying the spectra created with different fast
Fourier transform lengths and showing that the outliers
were, in fact, coincident with various noise disturbances in
the data that became apparent at different fast Fourier
transform lengths. Instead of studying by eye each of the
spectra, we can use the Wiener filter to veto these outliers,
by showing that their residuals are approximately equal to
1, which is what is expected when the target waveform (i.e.,
the dark photon or scalar dark-matter signal) does not
match the waveform returned by the analysis method.
Figure 6 shows the values of the residuals for each of the

11 outliers in the O3 analysis returned by the excess-power
method (Table II in Ref. [23]), for the cases of applying the
Wiener filter, with models of both a scalar and dark photon
dark-matter signal, to the data of each detector separately
(diamonds) and then jointly (squares) for Hanford-
Livingston (HL), Livingston-Virgo (LV), and Hanford-
Virgo (HV). The color represents the values of the critical
ratio returned by the original O3 search. Despite having
high critical ratios, the values of the residuals for each of
these outliers are nearly 1, underscoring the effectiveness of
the Wiener filter in vetoing such outliers even when the
detection statistic takes a high value, i.e., greater than 5, our
threshold in the analysis.

D. Ability to distinguish between dark-matter
interactions

Because the Wiener filter requires a specific model,
we can use it as a way to identify exactly what kind of

dark-matter signal is present in the data. In contrast to its
deterministic counterpart, the matched filter, it should
return a small value of the residual when the signal model
matches what is present in the data and a large value when
the wrong model is used. To test this claim, we simulate
both scalar and vector dark-matter interaction signals and
inject them into real LIGO O2 Livingston data within the
Band Sampled Data framework [69]. We then filter the data
with a scalar injection, simulated based on codes available
from Ref. [21], with a model for a vector signal that arises
from an ultralight dark-matter particle with the same mass,
and vice versa, to determine whether the Wiener filter will
fail. For comparison, we also filter the data containing
scalar and vector injections with themselves, to obtain the
optimal, low value of the residual.
We show the frequency spectrum for injected scalar and

vector dark-matter signals when applying both scalar and
vector signal filters in Fig. 7. Here, we see that the residuals
obtained when filtering with the wrong model at the right
frequency are ∼1, while filtering with the correct signal
gives values less than 1. We note here that the injected
vector (dark photon) dark-matter signals are not that strong
(ϵ ¼ 10−22), which explains the residual values around
∼0.7. If we had injected the same or a stronger signal in O3
data, we would have obtained lower residuals, similar to
those shown in Fig. 3.
We now expand our analysis to a sample of randomly

chosen injections. In Fig. 8(a), we plot the residual as a
function of injected signal frequency for ten injections.
Here, we see that scalar injections filtered by vector
models, and vice versa, give values of the residual close
to 1, while filtering the data with the exact model of the
signal injected gives residual values that are more indicative
of a signal (based on Fig. 2).

FIG. 6. Residuals for each of the 11 outliers as a function of
frequency, with the critical ratio (detection statistic in the excess
power search in Ref. [23]) colored, obtained using both scalar and
dark photon dark-matter models. Squares indicate residuals
calculated using a pair of detectors (HL, LV, or HV), while
diamonds denote residuals calculated for a single detector. Even
for high values of the critical ratio, the residual values are very
close to 1, showing that the Wiener filter can successfully veto
outliers that appear in the initial analysis [23,36]. We use TFFT ¼
2TFFT;max here at each frequency.

FIG. 7. Residuals obtained for an injection with f0 ¼
140.77 Hz (mϕ ¼ mA ¼ 5.82 × 10−13 eV=c2) and a strain am-
plitude of 10−22 and 10−24 for the scalar and vector injected
signals, respectively. The residuals of filtering a scalar injection
with a vector model, and vice versa, are so close to 1 and are
indistinguishable. Here, TFFT ¼ 2TFFT;max.
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We also plot, in Fig. 8(b), a “confusion matrix” for the
four permutations of injecting and filtering with scalar and
vector signals. The numbers shown here are the average
residuals across ten scalar or vector injections when
filtering with either the scalar or vector waveforms.
Figure 8(b) illustrates conceptually the ability of the
Wiener filter to distinguish between different dark-matter
models.

V. CONCLUSIONS

In this paper, we have shown that the Wiener filter can
recover scalar and vector dark matter that interact directly
with gravitational-wave interferometers. Within the context
of method development, we have derived a detection
statistic that can be used in a real search to quantify
whether a dark-matter signal is present in the data. We have
shown what residuals to expect for various dark photon
dark matter coupling strengths and have computed how the
residuals would improve with increasing fast Fourier
transform length. We have also determined that the
Wiener filter can be employed as a robust follow-up
method in ultralight dark-matter searches, which confirm
or deny the presence of outliers with high detection statistic
values. Finally, we have shown that the Wiener filter can
distinguish between different dark-matter signal models.
Our work represents the first step toward the inclusion of

a robust follow-up method to determine the existence of
ultralight dark matter and provides a proof-of-concept
study on the efficiency of the Wiener filter in ultralight
dark-matter searches. Future work will include performing
a comprehensive sensitivity study for various ultralight
dark-matter signals with different amplitudes and using
different fast Fourier transform lengths, the development of

a generic “template” based solely on the Maxwell-
Boltzmann velocity distribution that could enhance the
signal in a model-independent way before the application
of theWiener filter, an estimate of the computational cost to
employ theWiener filter as a complete method for ultralight
dark-matter searches, and a comparison with standard
techniques already employed to detect ultralight dark
matter. We will also expand the Wiener filter to search
for tensor dark matter [70], which could arise from
modifications to gravity, e.g., bimetric gravity [71,72],
due to an additional spin-2 particle that would act as dark
matter. It has already been shown that current and future
detectors, such as Cosmic Explorer [73] and Einstein
Telescope [74] on the ground and DECIGO [75], LISA
[76], and TianQin [77] in space, could also be sensitive to
tensor dark matter [78] and, in general, greatly lower the
noise floor, enhance our sensitivity to these types of dark-
matter interaction signals, and cover an even lighter range
of dark-matter masses, i.e., Oð10−17–10−15Þ eV=c2. The
future is bright for Wiener filter–based methods to not only
follow-up candidates of other searches but also to directly
search for ultralight dark-matter interactions on Earth and
in space.
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