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While global cosmological and local galactic abundance of dark matter is well established, its identity, phys-
ical size and composition remain a mystery. In this paper, we analyze an important question of dark matter
detectability through its gravitational interaction, using current and next generation gravitational-wave observa-
tories to look for macroscopic (kilogram-scale or larger) objects. Keeping the size of the dark matter objects to
be smaller than the physical dimensions of the detectors, and keeping their mass as free parameters, we derive
the expected event rates. For favorable choice of mass, we find that dark matter interactions could be detected in
space-based detectors such as LISA at a rate of one per ten years. We then assume the existence of an additional
Yukawa force between dark matter and regular matter. By choosing the range of the force to be comparable to
the size of the detectors, we derive the levels of sensitivity to such a new force, which exceeds the sensitivity
of other probes in a wide range of parameters. For sufficiently large Yukawa coupling strength, the rate of dark
matter events can then exceed 10 per year for both ground- and space-based detectors. Thus, gravitational-wave
observatories can make an important contribution to a global effort of searching for non-gravitational interac-

tions of dark matter.

Introduction.—There is overwhelming evidence that the
Universe is dominated by dark energy (DE) and dark matter
(DM), which together comprise about 95% of the cosmologi-
cal critical energy density p. x ¢> ~ SkeV/ecm® [1]. Thus far,
all the evidence comes from the gravitational influences of DE
and DM on regular matter built from the Standard Model (SM)
particles and fields. The concentration of DM is enhanced
around collapsed cosmic structures, such as galaxies and clus-
ters of galaxies, where it exceeds its cosmological average by
several orders of magnitude. In particular, the energy density
of dark matter in the Milky Way close to the location of the so-
lar system has been determined to be about 0.39 GeV/(:m3 [2].
The observed DM behavior is consistent with its being “cold”,
which implies a certain Maxwellian-type velocity distribution,
with an rms velocity of about 270 km/s inside the Milky Way.
This random motion is superimposed on the ~ 220 km/s con-
stant velocity of the Sun relative to galactic center, so that
there is a significant asymmetry in the flux of dark matter for
an observer on earth.

Since all information on DM comes from its gravitational
interactions, its composition and properties remain unknown.
Among the most important questions that do not have any di-
rect observational answers are the following:

e What is the relation of DM to the visible matter of the
SM? Is there any new interaction that supplements grav-
ity and acts between DM and regular atoms?

e Is DM elementary or composite?

e What is the physical size and mass of the DM objects?

In many particle physics models, DM is elementary and can
be represented either by massive particles (e.g., related to the
lightest supersymmetric partners of SM particles), or by light
fields (e.g. QCD axions). Extensive research aimed at the di-
rect detection of DM has advanced the sensitivity to elemen-
tary DM interacting with atoms, nuclei and electromagnetic
fields. It has produced bounds on e.g. weak-scale DM inter-
acting with nuclei [3], but so far has not led to any answers
to the above questions. While the next generation of such ex-
perimental efforts may bring positive results, it is important to
widen the DM search program using the multi-probe approach
with sensitive instruments.

In this work, we investigate the use of gravitational-wave
observatories as detectors of dark matter via gravitational in-
teraction of DM objects with the detectors’ test masses. The
gravitational interaction is the only guaranteed interaction be-
tween DM and SM, and therefore it is important to investigate
the prospects of a detection based only on gravitational inter-
action. Moreover, we will study detection based on possible
additional interactions — modeled as a Yukawa potential — be-
tween dark matter and the particles of the standard model.

The model of macroscopic DM.—The discussion of
macroscopic-size dark matter was traditionally oriented to-
wards the massive compact halo objets (MACHOs) and pri-
mordial black holes. The range of suggested masses for these
candidates starts from rather large values, M > 1014 g [4, 5].
This mass range influenced early discussions on a possible use
of space-based gravitational-wave inteferometers in search for
dark matter [6, 7]. For primoridal black holes, the range below
10'* g is disfavored due to Hawking evaporation [8] shorten-



ing the lifetime below the age of the Universe. Going away
from the black hole candidates, one faces a much broader
spectrum of macroscopically sized DM candidates [9—12]. In
particular, if sufficiently complex, dark sectors can possess
stable topological monopoles [13, 14], or non-topological de-
fects, such as Q-balls [15]. Given the unknown properties of
the dark sector, the mass range for such DM objects can be al-
most arbitrary, and their required cosmological abundance can
be acheived via the so-called Kibble—Zurek mechanisms [16].
Microscopic particle-type DM can form objects much smaller
than galactic size, also known as clumps. The size and mass
density of such objects may widely differ depending on DM
properties, and the cosmological history.

For the purpose of this study, we will assume that DM con-
sists of macroscopic objects of a certain transverse radius rpy
and mass Mpy;. The mass Mpy determines the average dis-
tance between the DM objects, and the frequency of encoun-
ters. Introducing the number density of galactic DM objects,
npm = L3, we obtain the following relation between the mass
and the characteristic distance between the DM objects,

Mpy |
()

= M, = —— =1
PpM DM7IDM 10% km

where ppy is DM mass density, ppy X ¢? ~0.39 GeV/em®.

This distance can be directly related to the effective flux of
DM, and the frequency of close encounters. For a fiducial
choice of Mpy of 1kg, the effective flux of DM is ®@py ~
nomvpm ~ 3 X 1079km™2 57!, and one can expect one DM
object per year to pass the detector with an impact parameter
of 10km. This is commensurate with the actual physical size
of the interferometer arms of existing graviational-wave de-
tectors such as LIGO [17], and if the interaction between the
DM objects and atoms, which the gravitating masses of LIGO
are made of, is strong enough, such passage could in princi-
ple be detected. The generalization to other types of defects
(strings and/or domain walls) is also possible [9, 18].

What kind of interaction could one expect to have between
the DM and SM? Besides purely gravitational interaction, the
number of possibilities is quite large [10]. In this work we
will consider additional Yukawa interaction introduced by the
exchange of a light scalar, vector or tensor particle with mass
my = 7' X (/c). Combining Yukawa and gravitational in-
teractions, we write the non-relativistic potential between the
two compact objects, separated at distance r (r > rpm), as
follows:

G ,
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where i, j = SM, DM.

This equation assumes that the potential scales with the mass
of the object (e.g. ¢T;f coupling in the scalar case), and the
corresponding couplings are parametrized in units of the stan-
dard gravitational coupling by the dimensionless numbers dsm
and dpym. (—1)° is equal to +1 for scalar and tensor exchange,
and —1 for vector exchange. Moreover, we shall assume that
the range of the force and the physical size of the detectors
(LIGO) are much larger than the size of the DM objects, but

smaller than the average distance between them,
oM < o, A < L, 3)

which significantly simplifies the analysis.

Extensive tests of the gravitational force, Vsyv.sm, have set
stringent constraints on dsy as a function of A [19]. Thus, for
A ~ 1km, |6sm| < 1073. At the same time, the coupling of
this Yukawa force to DM can be many orders of magnitude
stronger. The main constraint on dpy; comes from the influ-
ence of DM self-interaction on structure formation [20] and on
the dynamics of cluster collisions [21]. Since the range of the
force is assumed to be less than L, only pair-wise collisions
are important. The momentum-exchange cross section can be
easily calculated with the use of the inequalities in Eq. (3). To
logarithmic accuracy it is given by
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Atvpy ~ 1073¢, there is a typical constraint on the cross sec-
tion, opv.pm/Mpm < lem?/ g, which translates to the follow-
ing limit on the value of the DM Yukawa coupling,
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In deriving this limit, we set the value of the logarithm to 5.

It is important to emphasize that saturating this bound may
alleviate some problems of cold DM scenario that emerge
when observations are compared to numerical simulations.
Self-interaction helps to cure the problem of cold DM overly-
dense central regions of dwarf galaxies predicted in simula-
tions [22], as DM self-scattering reduces the DM densities in
the central regions relative to non-interacting case (see e.g.
[23]). Therefore, |0pm| > 1 represents a phenomenologically
motivated choice. Taking two limits on ¢; together, one can
conclude that at r < A the strength of DM-SM interaction,
[0pmOIsml, can exceed gravity by up to seven orders of magni-
tude. One microscopic realization of |0py| > |0sm| possibility
would be a new scalar force with reasonably strong coupling
to DM, and reduced coupling to the SM mediated e.g. via the
Higgs portal [24].

Macroscopic DM detection.—We perform several Monte
Carlo simulations in order to characterize the rate of discrete
DM interaction events with laser interferometers. We first
consider the case of a single Advanced LIGO detector [25] op-
erating at full sensitivity. Advanced LIGO is part of a world-
wide network of kilometer-scale laser interferometers that are
already operational or will become operational in the next sev-
eral years [25—27]. Future terrestrial [28, 29] and space-based
detectors [30] have also been planned. We therefore also con-
sider the case of a single LISA-type detector [31].

We model the distribution of DM in the galaxy as objects
of mass M, with a uniform density in the solar system of
ppom = (0.39GeV/c?)/em?, and a randomly directed veloc-
ity v whose magnitude is distributed according to a combina-
tion of the galaxy-frame DM velocity (270 km/s rms, normally
distributed in each directional component) and the speed of
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FIG. 1. (color online). Cumulative event rate for minimal (pure grav-
itational) interactions in a single Advanced LIGO detector and in a
single LISA detector. SNR > 8 correspond to very infrequent events,
with rates below 10~2yr~! for alLIGO and 10~'yr~! for LISA.

the solar system through the galaxy (220km/s). As the DM
object (or undisrupted clump of DM) passes by the detec-
tor, it produces an acceleration a®) () of the detector’s kth
test mass (four in the case of LIGO, conventionally labeled
as IX, IY, EX, and EY). The acceleration is determined by
the gradient of Eq. (2) with i = SM and j = DM. The
detector’s GW channel reads out the differential acceleration
a(t) = [aP0 0 -a )]~ [a"" (1) -a(1)] [32]. We assume
that the signal of this event can be optimally recovered from
the detector’s time stream using matched filtering; i.e., the

signal-to-noise ratio (SNR) is 0 = [4 [~ df la()R/S m(f)] .
where a(f) is the Fourier transform of a(¢) and S ,,(f) is the
power spectral density (PSD) of the detector’s acceleration
noise n(z) [33].

In addition to simulating several DM masses for each detec-
tor, we also vary the coupling g = dsmopm and the screening
A, as defined in Eq. (2). The Newtonian case (g = 0) has al-
ready been analyzed analytically in the context of primordial
black hole detection with LISA [6], in the limits b <« ¢ (the
“close-approach” limit) and b > ¢ (the “tidal” limit), in both
cases assuming a flat detector noise PSD and normal incidence
of the masses to the detector plane.

We then compute the cumulative rate function 77(o0), which
gives the number of events per year with SNR above o. In
Fig. 1 we plot the detector interaction rates assuming a New-
tonian coupling. One can observe that the parameters leading
to SNR > 8 (a typical detection threshold for LIGO) corre-
spond to very infrequent events, with rates below 1073 yr~! for
aLIGO and 10~'yr~! for LISA. Therefore, detecting a gravi-
tational strentgh interaction will be extremely challenging.

Nevertheless, Fig. 1 shows that the current and future in-
struments are just a few orders of magnitude short of being
sensitive to the most minimal model of DM-SM interaction,
for an optimal DM mass. This is in contrast to the searches of
dark matter in form of elementary particles, where the most
sensitive experiments [3] will reach the level of sensitivity
to the nucleon-DM elastic cross section op_pm ~ 10~8cm?
for mpy ~ 100 GeV/c%. This sensitivity is to be compared
to the gravitational cross section that scales as o« Gym? vy

and does not exceed 10~°°cm?, which is over 40 orders of
magnitude below the experimental capabilities. On the other
hand, the gravitational wave interferometry is insensitive to
the microscopic mass elementary particle DM, and thus these
two methods (gravitational wave detectors and nuclear recoil
in underground experiments) are completely complementary,
probing different types of DM.

In Figs. 2 and 3 we show how 7 is enhanced if the SM—
DM interaction follows a Yukawa force law. The ability of
LIGO and LISA to place constraints on g and A depends on
the mass of DM object; in both cases, the smallest masses
considered (0.1kg for LIGO, 10° kg for LISA) allow for the
most sensitivity to {g, 1} parameter space. If we choose dsm
close to the existing bounds, and dpy to saturate (5), then the
rate of loud encounters can exceed O(10) per year. For LISA,
the event rate can become very large, and indeed exceed 10*
events per year, when the product of dsyopym is taken to its
maximum.

To confidently claim detection, a DM signal must be distin-
guished from glitches and other detector artifacts. One strat-
egy is to look for DM signals using two or three co-located
detectors. The current rate of glitches that are uncorrelated
between the LIGO detectors is sufficiently low to allow detec-
tion of the broadband signals with SNR > 8 in coincidence be-
tween Hanford and Livingston detectors. The environmental
disturbances such as acoustic, seismic, or electromagnetic can
potentially produce glitches that are coincident between co-
located detectors. This background can be effectively vetoed
by the environment monitoring sensors and in case of the three
co-located interferometers by the null stream combination of
the interferometer outputs that does not contain the signal.
The Advanced LIGO detectors as currently built are not co-
located, though the Hanford facility did house two co-located
Initial LIGO detectors. Some of the plans for LISA-like space
missions [34] and for ground based observatories [28, 29] in-
volve three co-located detectors. We assume that the glitch
rate of the future detectors will not exceed that of the current
generation detectors.

To illustrate the possibility of the null stream in a LISA-
like configuration let us consider the flyby trajectories in the
vicinity of one of the test masses (note that the signal from the
flyby through the center of the triangle and normal to the plane
plane vanishes due to symmetry). Let the forces on the near
test masses along two of arms be F and F, and neglect the
forces on the other test masses. Then the three interferometer
outputs are: S| = Fy - F,, S, = F, and S3 = —F,. Thus the
combinations S| —S, —§ 3, etc. give the null stream for events
near the test masses. More generally we plan to develop an al-
gorithm to reconstruct the flyby trajectory from the data. The



search for dark matter flyby events will be done similar to the
’Coherent Wave Burst’ analysis [35, 36] which was used to
search for gravitational waves from weakly modeled sources.

Also, as Fig. 3 shows, for g > 10* the rate may approach
hundreds of events per year. Such large rates would eventually
allow a statistical discrimination of the DM encounters from
noise sources. One handle that can be used is the ~ 10% an-
nual modulation of the DM event rate, with a very well known
phase (maximum at the end of June), when the Earth’s veloc-
ity vector is constructively added to the velocity of the So-
lar system resulting in a larger effective flux of DM. When
the number of events is large, one can build another statistical
discriminator using correlation between the duration and am-
plitude of the events (close encounters with DM lead to higher
amplitude but occur in the smaller time window).

Stochastic DM detection.—In addition to single, loud DM
events, we alternatively consider the case of a stochastic DM
background due to a population of lighter, individually unre-
solvable DM objects. Cross-correlating the outputs of GW
detectors placed at remote points on the earth, reduces vastly
the event rate. In order to place best-case limits on our abil-
ity to detect such a signal, we consider only the case of two
identical, co-located, and co-aligned detectors whose noise is
stationary, Gaussian, and independent.

Assuming the DM background a(?) is independent of, and
much weaker than, the detector noises n;(f) and n,(z), the

optimal SNR is [27 [ df Sua(F12/S m(H?]"", where S aa(f)
is the PSD of a, T is the observing time, and we assume
Smm = Snmn, = San. We find that a Newtonian DM back-
ground is undetectable after 7 = 5 years for the DM masses
considered: for LIGO, masses of 107°~1077 kg result in opti-
mal SNRs of 0.3-5 x 10~'7; for LISA, masses of 10°, 107,
and 108 kg result in optimal SNRs of 9 x 1077, 4 x 1079,
and 1.4 x 1074, respectively. However, for g > 1, we have
S za o |g[?, and hence the SNR increases with |g|*. Therefore,
LISA could detect a stochastic background from Yukawa in-
teraction of DM clumps with mass 108 kg provided |g| = 107,
or clumps with mass 10° kg provided |g| > 10°.

While our consideration in this paper is primarily about
point-like DM objects, it can be easily extended to other types
of defects, including cosmic strings, and domain walls. The
latter provide a much cleaner signature, as the passage of the
domain walls is guaranteed to happen through all detectors.
On the other hand, the case for the DM composed of domain
walls is much weaker, but they can exist as a subdominant
component to the dark sector energy density, and therefore
can be searched for with the existing networks of the gravita-
tional wave detectors.
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FIG. 2. (color online). Event rate 77(8) for non-SM interactions in a single Advanced LIGO detector, as a function of coupling g = dsmOpm and
screening length A. For a long range force the rate can reach O(100) events per year when g is taken to a maximum value.
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FIG. 3. (color online). Event rate 77(8) for non-SM interactions in a single LISA detector, as a function of coupling g = dsmdpm and screening
length A. The event rate reaches O(100) per year at g ~ 10* and will increase to over 10* at large 1 and g ~ 107.
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