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Abstract. The detection of gravitational waves from merging binaries has ushered in the era
of gravitational wave interferometer astronomy. Besides these strong, transient, calamitous
events, much weaker signals can be detected if the oscillations are nearly monochromatic and
“continuous”, that is, coherent over a long time. In this work we show that ultra-light dark
matter of spin two, owing to its universal coupling α to Standard Model fields, generates a
signal that is akin to but distinct from a continuous gravitational wave. We show that this
signal could be detected with current and planned gravitational wave interferometers. In the
event of a null detection, current facilities could constrain the coupling to be below α ∼ 10−7

for frequencies of tens of Hz, corresponding to dark matter masses around the 10−13 eV mark.
Future facilities could further lower these upper limits and extend them to smaller masses
down to 10−18 eV. These limits would be the most stringent bounds on the spin-2 Yukawa
fifth force strength, parametrised by α, in the frequency ranges accessible by gravitational
wave interferometers. The implementation of this type of searches for gravitational wave
interferometers would therefore further our grasp of both dark matter and gravity.
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1 Introduction

The recent detection of gravitational waves (GWs) has consecrated gravitational wave inter-
ferometers (GWIs) as a vital experimental tool for astronomy, cosmology, and fundamental
physics [1, 2]. The GWs detected thus far are a product of cataclysmic transient events, such
as binary black hole mergers. These signals are strong, with gravitational strain of the order
of h ∼ 10−21, but very short, from a fraction of a second to several seconds. Much weaker
signals can be detected if they are coherent over a longer time, such as the continuous GWs
(CWs) emitted by rapidly spinning neutron stars [3] or ultra-compact Galactic binaries [4]. In
the former case, recent searches for this type of signal have been performed in [5–7]. Having
detected no CWs, this set the upper limit h ∼ 10−25 on the maximum strain for this type of
signal at frequencies of about f ∼ 102 Hz.

Another important source of CWs is due to the scattering of ultra-light bosons off black
holes via a mechanism known as superradiance [8]. Bosons with masses m � 1 eV, are
predicted in theories beyond the Standard Model of particle physics, and are an excellent
candidate for the cosmological dark matter dubbed ultra-light dark matter (ULDM) [9–14].
In particular, spin-2 ULDM is especially interesting because it arises as a modification of
gravity itself, even though it is in the guise of an additional particle, the dark matter [15, 16].
Searches for CWs produced by superradiance have been carried out only for spin-0 bosons [17,
18], whereas no limits on the properties of spin-2 ultra-light bosons with GWI data exist yet.

In this work we show that, if ULDM has spin two, it interacts with GWIs in a way
that, owing to its quasi-monochromaticity and persistence, closely resembles CWs. The spin-
2 ULDM-CW signal can be detected by existing Earth-based facilities such as advanced
LIGO [19]/advanced Virgo [20] (HLV) in their entire accessible frequency range, approxi-
mately corresponding to masses 4 × 10−14 eV . m . 4 × 10−11 eV. Furthermore, planned
facilities such as LISA [21], DECIGO [22], and the BBO [23] will extend this range down to
m ∼ few × 10−19 eV. The spin-2 ULDM-CW signal is produced by the coherent oscillations
of the ULDM field which is universally coupled to Standard Model fields and is unrelated
to superradiance; this is similar to dark photon dark matter, where the ULDM carries addi-
tional interactions [24, 25]1 (notice however that in the spin-2 case the interaction can not be
tuned away). Moreover, regardless the spin, if the ULDM field only interacts gravitationally,

1Other types of direct interactions between ULDM and matter have also been considered, see, e.g., [26–29].
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the signal is undetectable by GWIs [30]. Our findings demonstrate that, in case of a null
result, GWIs can place some of the most stringent bounds on the spin-2 Yukawa fifth force
strength α in the frequency ranges accessible by GWIs.

This paper is structured as follows. In section 2 we compute the strength and shape
of the expected signal from spin-2 ULDM for the frequency ranges of interest for GWIs.
In section 3 we present our results, and in section 4 we put them into context and give an
outlook for future work. We work with units in which c = kB = } = 1, and use latin indices
(i, j, . . .) ∈ [1, 3] for spatial tensor components.

2 The shape and strength of the signal

The behaviour of the spin-2 ULDM in sufficiently small regions inside the local dark matter
halo is described by the oscillating tensor field [15]

Mij(t) =
√

2ρDM
m

cos (mt+ Υ)εij(r) , (2.1)

where ρDM is the observed local dark matter energy density, for which we assume ρDM =
0.3GeV/cm3 [31–33], and Υ is a random phase. The five polarisations of the spin-2 field
are encoded in the εij(r) tensor, which has unit norm and zero trace, is symmetric and
is direction-dependent via the unit vector r [34]. The solution eq. (2.1) assumes a single
frequency 2πf = m and a coherent polarisation structure. The latter is justified for scales
shorter than the characteristic scale of the inhomogeneities of the ULDM field, which is given
by the de Broglie wavelength λdB := 2π/mv = 1/fv where v ∼ 10−3 is the effective velocity
of the ULDM. Thus, owing to the fact that λdB is much larger than the physical size of
the GWIs and the distance between the HLV sites, we can safely neglect gradients (see [35]
for further discussion). The coherence of the oscillation frequency is instead guaranteed up
to a coherence time that is given by2 tcoh := 4π/mv2 = 2/fv2. Given that a typical GWI
observation run will last for much longer than tcoh, a more precise description of the ULDM
field would be a superposition of plane waves, see [24, 25]; we neglect this for our order of
magnitude estimates.3

In the ULDM reference frame (p,q, r) the polarisations of the spin-2 field can be de-
scribed as εij(r) :=

∑
κ εκYκij(r) [34, 37], where the summation runs over the five amplitudes

{ε×, ε+, εL, εR, εS} that obey
∑
κ ε

2
κ = 1 — the overall amplitude is fixed by the requirement

that Mij makes up all of the dark matter. The five polarisation matrices are given by

Y×
ij := 1√

2
(piqj + qipj) , Y+

ij := 1√
2

(pipj − qiqj) ,

YLij := 1√
2

(qirj + riqj) , YRij := 1√
2

(pirj + ripj) ,

YSij := 1√
6

(3rirj − δij) .

2Notice the definition of the coherence time differs from the one that is commonly used in the ULDM
literature by a factor 4. We adopt the definition used in the GW literature here.

3This solution is also valid provided that the energy, or frequency, scales of the system is well below the
ultra-violet cutoff of the effective field theory, that is f ∼ m/2π � (MPm

2)1/3 [36]; this is easily verified for
all the values of the spin-2 mass m we consider in this work.
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Notice that, unlike for CWs, there is no propagation along the r direction, which in our
case serves merely as reference for the decomposition in tensor, vector, and scalar helicities
according to their behaviour under a rotation about r (see also appendix A).

Spin-2 ULDM couples to Standard Model fields Ψ as [15]

Sint[g,Mij ,Ψ] := − α

2MP

∫
d4x
√
−gMijT

ij
Ψ , (2.2)

where T ijΨ is the stress tensor of the fields Ψ and MP is the reduced Planck mass. At leading
(linear) order in α the interaction eq. (2.2) can be absorbed into a redefinition of the metric
gij → gij + αMij/MP [35]. Therefore, the effect of spin-2 ULDM on the detector can be
equivalently described by the gravitational effect of an oscillating metric perturbation hij
given by

hij(t) = α

MP
Mij(t) = α

√
2ρDM

mMP
cos (mt+ Υ)εij(x) . (2.3)

The parameter α is idiosyncratic for spin-2 ULDM because it is required by the self-con-
sistency of the model, such as in bigravity [38]. This parameter defines the inverse ULDM
self-interaction strength: there is no ULDM at all with α → 0 because the ULDM field
becomes infinitely strongly coupled in this limit. Furthermore, spin-2 ULDM is ineluctably
coupled universally to standard matter fields, so that ULDM will appear as a Yukawa-
like fifth force modification of the gravitational potential Φ in the weak field regime, for
which α quantifies the strength: Φ → Φ

[
1 + α2 exp(−mr)

]
. The strength of this fifth force

for different values of the mass m (or, equivalently, frequency) is constrained by several
experiments and tests of gravity [39, 40]: we call this maximal coupling α = αY .

In the reference frame of the detector, (x,y, z), the response function Dij is given by
the differential change in the length of the detector arms directed along the unit vectors n
and m as Dij = (ninj −mimj)/2 [34]. The signal is the combination of the variation of the
metric perturbation and the response function:

h(t) := Dijhij(t) =
α
√
ρDM√

2mMP
cos (mt+ Υ)∆ε := hs sin (mt) + hc cos (mt) , (2.4)

where we defined ∆ε := εij(ninj −mimj), and introduced the sine hs and cosine hc ampli-
tudes. This is the central equation of the paper.

The theoretical spin-2 ULDM-CW signal eq. (2.4) presents two key features. First, the
signal is inversely proportional to the spin-2 boson mass m. This inverse linear scaling is also
found in dark photon dark matter, where the spin-1 ULDM field carries a additional charges
such as baryon number B or baryon minus lepton number B −L, through which the ULDM
directly interacts with the mirrors of the detector [24, 25]. The inverse linear dependence
should be compared with the generic inverse quadratic dependence obtained by pure grav-
itational interaction [30]. In other words, in absence of non-gravitational interactions, the
signal strength decays much more rapidly with increasing mass (or frequency). This makes
it practically impossible to detect such a signal with future GWIs, let alone existing ones.
Second, the spin-2 ULDM-CW signal has a unique geometric structure that sets it apart

– 3 –
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from other CWs. Explicitly we have

∆ε =
√

2ε× [(p · n) (q · n)− (p ·m) (q ·m)] + ε+√
2

[
(p · n)2 − (q · n)2 − (p ·m)2 + (q ·m)2

]
+
√

2εL [(q · n) (r · n)− (q ·m) (r ·m)] +
√

2εR [(p · n) (r · n)− (p ·m) (r ·m)]

+
√

3
2 εS

[
(r · n)2 − (r ·m)2

]
(2.5)

= cos 2φ√
2

[
ε+
(
cos2 θ + 1

)
+ εR sin 2θ +

√
3 εS sin2 θ

]
−
√

2 sin 2φ (ε× cos θ + εL sin θ) ,

(2.6)

where in obtaining the last expression we have set n = x and m = y, which we can always
do for a single L-shaped detector, and we have defined the ULDM reference frame in terms of
the detector’s frame as r = (sin θ cosφ, sin θ sinφ, cos θ), p = (cos θ cosφ, cos θ sinφ,− sin θ),
q = (− sinφ, cosφ, 0); the origins of the two frames are connected by the vector rr.

Before moving on to our results, a comment is in order here. The detector is moving
with respect to the ULDM, this motion being the result of three contributions: (1) the
Earth is rotating about its axis with equatorial velocity of approximately v ∼ 10−6 (this only
applies to Earth-bound detectors); (2) the Earth is moving along its orbit around the Sun
with speed v ∼ 10−4; (3) the Solar System is moving through the dark matter halo at a
speed of v ∼ 10−3 causing what is known as the dark matter wind. Therefore, in principle
we should Lorentz-boost the ULDM frame to the reference frame of the detector. However,
owing to the smallness of the velocities in question, the effect of the boost on rr amounts
to less than a percent correction to the theoretical signal and can be safely neglected. The
relative acceleration of the two frames also induces a Doppler frequency shift ∆fDoppler that
affects the spin-2 ULDM-CW signal, and that needs to be accounted for when designing a
data analysis pipeline [25, 41, 42].

All-sky searches for CWs with Earth-bound GWIs resort to semi-coherent methods
because it is not computationally feasible to analyse the data from the entire observation
campaign in a fully coherent way4 [43–46]. In semi-coherent methods the whole data set is
broken into shorter time chunks of length Tchunk, each of which is then analysed coherently but
separately. One of the advantages of this approach is that, by choosing Tchunk < TDoppler :=
1/∆fDoppler the Doppler frequency shift can be neglected.5 Moreover, one should ensure
that Tchunk < tcoh in order to have a stable ULDM configuration within a given chunk. The
sensitivity for a coherent analysis over the whole observation campaign time Tobs scales as
T

−1/2
obs . In semi-coherent methods, assuming that all N chunks last the same time Tchunk and

all together they cover the whole observation run such that Tobs = NTchunk, the sensitivity
scales instead as N−1/4T

−1/2
chunk = T

−1/4
obs T

−1/4
chunk. Thanks to the coherence of the signal, even

within the limitation of the semi-coherent methods, the actual sensitivity attained by the HLV
collaboration for CW searches is more than a factor 10−3 smaller than the design sensitivity
h0 for transient events [5–7].

4In the case of space-based detectors such as the upcoming LISA interferometer, owing to the sparse
sampling frequency of around 1Hz, compared to the HLV sampling of about 104 Hz, this is not an issue.

5To be more precise, within each chunk the instantaneous Doppler shift that would contribute to ḟ can be
neglected, i.e., the frequency is held constant. Nevertheless, in CW searches, in order to identify viable source
candidates for the follow-up steps in the hierarchical semi-coherent analysis, the predicted Doppler shift for
each chunk and each location in the sky needs to be corrected for. Being there no “sky location” for ULDM
searches, this is not a concern.
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The semi-coherent techniques have been adapted and optimised, taking into account the
coherence time and the geometry of the signal, for dark photon dark matter searches [25].
They can therefore be tailored for spin-2 ULDM-CW searches by replacing the average over
the different polarisations of ULDM waves (which for the spin 1 dark photon case amounts
to a factor

√
2/3 [24, 25]) with

√
〈∆ε2〉 =

√
2/5. We define the effective theoretical strain

amplitude h for the spin-2 ULDM-CW signal as the root mean square average, taken over all
the polarisation angles and the random phase Υ, of the sine and cosine amplitudes of eq. (2.4):

h := 〈h2
s + h2

c〉1/2 =
α
√
ρDM√

5mMP
. (2.7)

3 Results

In order to estimate the values of α accessible with GWIs, we compare the expected theo-
retical signal h of eq. (2.7) with the design sensitivities of a number of current and planned
GWIs (figure 1). We find that the HLV detectors can nominally detect spin-2 ULDM for
α & 10−4 depending on the frequency (figure 1). We expect that a dedicated semi-coherent
search for the spin-2 ULDM-CW signal will improve the range of detectable α by a few
orders of magnitude, potentially down to α ∼ 10−7 or less for frequencies of tens of Hz, cor-
responding to masses around the 10−13 eV mark; this is shown in figure 1 as the dotted line
“HLV opt” — the details on how we obtained this curve can be found in appendix B. In this
frequency range, from f ∼ 10Hz (m ∼ 4× 10−14 eV) to f ∼ 103 Hz (m ∼ 4× 10−12 eV) and
beyond the planned experiments Einstein Telescope (ET) [47] and Cosmic Explorer (CE) [48]
should reach sensitivities of order h0 ∼ 10−22—10−23, further improving the chances to detect
spin-2 ULDM.

Future facilities will also be able to probe much lower values of the ULDM mass. In
the intermediate frequency range 0.1 Hz . f . 1Hz, corresponding to 4 × 10−16 eV . m .
4 × 10−15 eV, the BBO and DECIGO detectors are expected to attain sensitivities of order
of h0 ∼ 10−23—10−24 [22, 23]. This means these GWIs could detect a spin-2 ULDM-CW
signal for α . 10−8 at those frequencies. In the low frequency range the planned space-based
interferometer LISA will reach a sensitivity of h0 ∼ 10−21 for f ∼ 10−2 Hz (m ∼ 4×10−17 eV),
which means that it could detect spin-2 ULDM with α ∼ 10−7 and below. These limits would
be much improved with a dedicated pipeline for these interferometers, as is the case for HLV.
We collect all the sensitivities as compiled in [49] and compare them to the theoretical signal
in figure 1 — notice that strictly speaking these sensitivities are valid only for the standard
tensor modes of GWs, namely the ε× and ε+ in our notation, but the differences are small
and not relevant for our order of magnitude estimates [50].

4 Conclusion and outlook

GWIs are a unique tool to understand the nature of gravity. In this work we have shown
that GWIs have the potential to test the properties of gravity and dark matter by detecting
or constraining spin-2 ULDM. In particular, we expect that the existing HLV facilities could
detect spin-2 ULDM for values of the coupling parameter α as little as α ∼ 10−7 for frequen-
cies of f ∼ few× 100Hz (that is, a Yukawa range λ := 1/2πf ∼ 104 m). A null result would
place the most stringent limits the strength of the Yukawa-like fifth force modification of the
inverse-square law of gravitational interaction, quantified by α, provided that the fifth force
is carried by the dark matter. Looking forward, future GWIs in the same frequency range can

– 5 –
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Figure 1. Design sensitivity h = h0 for several current and planned GWIs, as a function of frequency
(solid lines). The dotted line “HLV opt” is the optimised sensitivity obtained with a semi-coherent
method tailored for spin-2 ULDM-CW searches (appendix B). Overlaid as dashed lines are the signal
strains h of eq. (2.7) for different values of the parameter 10−4 ≤ α ≤ 10−10. The dot-dashed black
line is the spin-2 ULDM-CW strain corresponding to the maximal values of α allowed by fifth force
constraints, h = h(αY ) with αY obtained from [39, 40]; the region above this line is excluded.

push this limit even further by up to two orders of magnitude, whereas planned facilities such
as DECIGO and the BBO (f ∼ 0.1Hz), and the milli-Hertz space-based LISA interferometer
are expected to attain α . 10−7–10−8 in their respective frequency ranges; limits which can
be significantly improved with a dedicated pipeline for the spin-2 ULDM-CW signal.

Our results complement our previous studies on the bounds on the spin-2 ULDM cou-
pling α coming from PTAs [35] and individual pulsar timing data [37], which cover the
frequency range 10−9 Hz . f . 10−3 Hz, and for which comparable limits on α were ob-
tained.

Our findings should be compared with existing limits on spin-2 ULDM coming from
superradiance. By measuring the spin and mass of known black holes and other astrophysical
objects, the mass ranges 6.4 × 10−22 eV . m . 7.7 × 10−21 eV, 1.8 × 10−20 eV . m . 1.8 ×
10−16 eV and 2.2× 10−14 eV . m . 2.8× 10−11 eV are excluded, or else these black holes and
celestial objects would not be there [51]. These bounds are valid provided that any additional
interactions that the bosons might possess are small enough not to interfere with the onset
and development of superradiance. In particular, these limits are valid if 10−30 eV/m �

– 6 –
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α� 1 [52], which is verified for most of the parameter space we are considering. Therefore,
the limits we can obtain from GWIs will at the same time independently exclude some of
the parameter space that is probed by superradiance, as well as test regions not accessible
by it. Spin-2 ULDM can also be detected thanks to the CW signal that superradiance
produces, which is physically unrelated to and distinct from the signal we have described in
this work [52]; no such searches have been carried out yet for spin-2 ULDM.

In order to fully take advantage of GWI data to test spin-2 ULDM, a dedicated pipeline
should be developed. As we have shown in section 2 the signal eq. (2.4) has a peculiar
geometric structure that is explicitly given in eq. (2.5). Moreover, the ULDM signal is
expected to be coherent for a time tcoh = 2/fv2. An optimised analysis molded onto the
shape of this signal can not only improve the sensitivity of GWIs to spin-2 ULDM-CW, but
also discriminate between ULDM and other sources of CWs at different frequencies, such as
fast-spinning Galactic neutron stars (at high frequencies) or ultra-compact Galactic binaries
(in the milli-Hertz band), CW coming from superradiance, and other variants of ULDM,
furthering our grasp of dark matter and gravity.
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A Notation

In order to make contact with our previous works [35, 37] here we provide the dictionary
that connects the two ways to express the spin-2 polarisations εij(r) :=

∑
κ εκYκij(r) :=∑

m amY2m
ij (r):

Y×
ij := Y2,−2

ij , Y+
ij := Y2,2

ij , YLij := Y2,−1
ij , YRij := Y2,1

ij , YSij := Y2,0
ij .

The polarisation tensor is described by three amplitudes and two angles according to

ε× := εT sinχ := a−2 := sin η cosβ sinχ , ε+ := εT cosχ := a2 := sin η cosβ cosχ ,
εL := εV sin τ := a−1 := sin η sin β sin τ , εR := εV cos τ := a1 := sin η sin β cos τ ,
εS := a0 := cos η . (A.1)

The amplitudes in this description obey ε2
T + ε2

V + ε2
S = 1, or

∑
m a

2
m = 1.

The most generic symmetric polarisation tensor that is diffeomorphism-invariant can
have up to six independent degrees of freedom [53]. This is indeed the case in many alter-
native theories of gravity. In that case the most general decomposition of the polarisation
tensor εij(r) has two scalar modes: the breathing mode εb with Ybij ∝ (pipj + qiqj) and the
longitudinal mode εl with Ybij ∝ (rirj). These two modes, owing to the traceleness of our
polarisation tensor δijεij = 0, are combined into one single scalar mode εS.

– 7 –
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B Optimised sensitivity

We provide here the details in the calculation of the optimised HLV sensitivity shown in
figure 1. In order to adapt the theoretical sensitivity of the semi-coherent frequency-Hough
method of [46], originally introduced for CW searches with Earth-based detectors, one needs
to take into account two factors, see [25]. First, because the signal associated to the ULDM
field is always present at the detector, rather than coming from a given direction in the sky,
there is a factor of 5/2 that should be removed from eq. (67) of [46] — this factor comes from
performing an average over sky directions. Second, one needs to compute the average over
the different polarisations of ULDM waves. In the spin 1 dark photon dark matter case this
is
√

2/3 [24, 25], whereas for our spin-2 waves we find
√
〈∆ε2〉 =

√
2/5 (we used eq. (2.6)

and the parametrisation given in (A.1)).
The optimised sensitivity at a given confidence level Γ indicates the minimum signal

amplitude which would produce a candidate detection in a fraction ≥ Γ of a large number of
repeated experiments. This can be written as [25]

h0,opt ≈
1.02

N1/4θ
1/2
thr

√
Sn(f)

TFFT,max

(
p0(1− p0)

p2
1

)1/4√
CRthr −

√
2erfc−1(2Γ) ,

N = Tobs
TFFT,max

,

p0 = e−θthr − e−2θthr + 1
3e

−3θthr ,

p1 = e−θthr − 2e−2θthr + e−3θthr .

Here N is half the number of Fast Fourier Transforms (FFT) during the observation time
Tobs (assuming the FFTs are interlaced by half), θthr is the threshold for peak selection to
create the so called peakmap, CRthr is the threshold for candidate selection, Sn(f) is the noise
power spectral density of the detector, and TFFT,max is taken to be the maximum Tchunk given
by the coherence time of the signal. Following [25], in obtaining the optimised sensitivity
we use

TFFT,max /
2
f

1
v2

esc
≈ 6× 105

f
s , (B.1)

with vesc the escape velocity of the DM in the local halo, and we set θthr = 2.5, CRthr = 5
and Γ = 0.95. Finally, we have used fSn(f) = h0(f)2 where h0(f) for HLV can be found
in [49], and Tobs = 1 yr.
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