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Gravitational wave constraints on extended dark matter structures
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We generalize existing constraints on primordial black holes to dark objects with extended sizes using
the aLIGO design sensitivity. We show that LIGO is sensitive to dark objects with radius O(10 — 103 km)
if they make up more than ~O(1072 — 1073) of dark matter.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the most
important open questions in particle astrophysics. DM
candidates span a range of mass scales, from several
solar masses to below an eV, with varying types of new
interactions. Many popular DM candidates, e.g. axions,
condense into compact objects, microhalos, or Bose-
Einstein condensates.

Primordial black holes (pBHs) are the most well-studied
compact objects. Strong constraints on pBHs as a DM
candidate exist (see, e.g., [1]) in the range 107! — 10' M,
from gravitational microlensing surveys [2-4] and in the
range 10! —3 x 10°M, from gravitational waves [5-8].
Under certain assumptions, these constraints limit pBHs in
this mass range to make up a subfraction of DM < 107!,
Extended objects can in principle be constrained similarly:
the gravitational microlensing constraints have recently
been generalized to compact objects with extended
sizes [9,10]. It was found that compact objects with a
radius smaller than the typical Einstein radius associated
with an observation can be constrained, leading to strong
constraints across a similar range for DM structures with
R < R, with the range in masses probed decreasing with
increasing radius.

In this work, we consider the generalization of gravita-
tional wave sensitivity to extended compact objects (COs).
Under the assumption that extended structures form bina-
ries in a similar fashion to pBHs—a good assumption
throughout the inspiral phase of a merger, when the
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distance between objects is large compared to their
radii—we compute the sensitivity of ground-based experi-
ments LIGO/Virgo/KAGRA (LVK) to gravitational waves
from mergers of these objects. We use the frequency
associated with the innermost stable circular orbit
(ISCO) as an estimate of the peak frequency to which
the current experimental searches are sensitive, a method-
ology suggested in [11]. As the ISCO frequency scales with
the compactness C = GyM /R as fisco o« C¥/2, extended
objects have a smaller merger frequency, implying reduced
sensitivity in particular at smaller masses (corresponding to
gravitational wave events with smaller amplitude).

We consider different merger histories and their impact
on the corresponding sensitivities to compact objects.
Importantly, compact objects formed in the early
Universe, before matter-radiation equality, can be most
stringently constrained, but even the most conservative
assumptions on the merger history can lead to a constraint
on the dark matter fraction <10~! for compact objects
with masses similar to the LVK black holes and neu-
tron stars.

II. GRAVITATIONAL WAVES FROM COMPACT
OBJECT MERGERS

Here we will examine the gravitational wave emission of
a binary merger in the inspiral phase. In this phase of the
merger, the orbits are circular (gravitational wave emission
rapidly circularizes an equal mass binary, even if initially
eccentric), and the objects are treated like point masses. The
waveform is well approximated by the post-Newtonian
expansion.

The characteristic strain during the inspiral phase in the
quadrupole approximation is given by (see, e.g. [12,13])

© 2023 American Physical Society
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Here 6 is the angle between the normal to the orbit and the
line of sight, d is the distance to the source, and the phases
Y, =Y, + /2 are given by

V() = 20f 1+ d) = B = 5+ (82GyM )5
(22)

with @, the value of the common phase @ at the time of
coalescence f,.

The assumption of circularity cannot be used for the
phase of the binary that ensues after the innermost stable
circular orbit has been crossed. The ISCOcan therefore be
taken to mark the end of the inspiral phase of a compact
object merger. (The true end of the inspiral phase must be
determined in numerical simulations; see the discussion
in [11,14]). For pointlike objects like primordial black
holes, fisco 1s given by

1

—_— 2.3
63/2717M[(,t (23)

Sisco =

The frequency associated with the generalized ISCO for a
compact object with compactness C = GyM /R is given by

C3/2

—_— 2.4
33/27rMtot (24)

f ISCO —

where M, = M| + M, is the total mass in the binary. For
reference, neutron stars have compactness C ~ 0.1. The
approximation in (2.4) is valid in the nonrelativistic limit
and breaks down above a certain compactness. For exam-
ple, this breakdown happens above C 2 0.15 for a neutron
star with polytropic equation of state [15]. Staying general
about the compact objects and their equation of state, in
this work we will use (2.4), which may lead to a slight
overestimation in sensitivity during the inspiral phase for
the most compact objects (close to the PBH curves in
Fig. 3). However, this effect may be partially mitigated by
the additional gravitational radiation emitted during the
merger regime.

The LVK Collaboration finds gravitational waves from
binary mergers using templates of the inspiral phase. We
can estimate the sensitivity to extended objects using the
signal-to-noise ratio p:

ﬁ=4/
0

Jisco |h(f) |2

df,
hewl)

)

(M, M,)33

where M, = ———= .
(M, + M)/

(2.1)

with the value averaged over sky position, inclination, and
polarization {p?) = 4p?/25 [11]. We require that (p) > 8.
This assumes a waveform, which in general differs from the
templates used for black holes for compact objects due to
tidal effects during the inspiral phase. Such tidal effects
cannot be computed in generality as they depend on the
detailed equation of state of the object. Here we are mostly
interested in estimating the sensitivities of GW detectors,
and therefore ignore these effects. For hey,(f), we use the
alLIGO design sensitivity in [16], and we will assume equal
mass binaries M| = M, = M such that M,,, = 2M and
M. =2"'5M. As there is no particular expectation for the
angle 0, we average over it in our results.

We show the result of this computation in Fig. 1. In this
plot, the minimal mass (or the maximal radius) of a
compact object merger at various distances (increasing
from left to right) are shown. The shaded gray area
indicates radii below the Schwarzschild radius; on the
dashed black line the compact objects are black holes. It is
seen that LVK can observe black holes up to masses of a
few hundred M. The sensitivity drops off for mergers of
lighter objects, which can only be observed if they happen
at small distances. As we will see below, the effective
detector volume of the LVK experiment at design sensi-
tivity implies that the larger masses dominate the sensi-
tivity. This is true in particular for objects with large radii.
Inspirals of objects with radii > 103 km, which include
double white dwarf binaries, are unlikely to be observed
by ground-based interferometers at any mass, due to the
small f]sco.

From the plot it is seen that for a certain CO mass, the
distance at which the merger is observable decreases as the
radius of the object increases. For a given detector volume,
this implies a reduced sensitivity to mergers of compact
objects with larger radii.

III. COMPACT OBJECT MERGER RATE

We assume binaries of compact objects with equal mass
M that merged recently enough to be observed in presently
running experiments. We also assume that these binaries
formed in similar ways to PBH binaries; in the early
Universe as well as in present-day halos through gravita-
tional radiation. In this section we estimate the merger rates
for both of these possibilities. The radii of the compact
objects to which LVK are sensitive in the inspiral phase does
not play a significant role in the formation of the binaries,
and therefore the results of this section can be straightfor-
wardly applied to any binary merger in the inspiral phase.
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FIG. 1.

LIGO sensitivity to compact objects during the inspiral regime of a circular equal mass binary. The regions from left to right

indicate observability of mergers at increasing distance. The shaded gray region gives the Schwarzschild radius of a compact object with
mass M. The star indicates a typical neutron star, for example the primary component of GW170817 [17] of mass M = 1.46M and

radius R = 12 km.

A. Merger rate in present-day halos

Two compact objects can become gravitationally bound
through gravitational radiation. Assuming two equal
masses M moving with a relative velocity v, the cross
section for this process is [18]

857\ 2/7 [2GM\2 [ c\ 18/7
oc=rn|— = (=
3 c? v

M \2 /200 km/s\ 18/7
m/S\HT g
50M o v

~4.25x%x 1071 pc2<

Here we have followed the example of [18] and neglected
three-body encounters, which typically lead to wide bina-
ries which do not merge in Hubble time [19].
The merger rate of two compact objects in a galaxy can
be estimated as [20]
|

M

1 1
l—‘per galaxy — ENn <0U> = EVHZ <01}>,

(3.2)
where N = nV is the number of compact objects in the
galaxy, n is the number density of compact objects, and V is
the volume of the galaxy. A factor of one half is included to
account for double counting.

Making a back-of-the-envelope estimate for this rate is
illustrative. Let us assume that all DM in the Universe
is in galaxies with mass My, and uniform mass density

p =03 GeV/cm?® ~0.08 My/pc. If the compact objects
make up a fraction fpy of DM, we have

Mgy 4
=& n=jfom;-

; 2 (3.3)

With this the merger, rate in such a galaxy becomes

v

1 M,, 2 M \2 /200 k 18/7
l—‘P«sr galaxy = 5 - szM <£> 4.25 x 10_14 pC2 (5 ) < m/s> v

2p
Mgal

0Mg

(3.4)

~ 1.4 x 10—“f2DM<

200 km/s\ /7 |
r .
10M,, v Y

Note that this rate does not depend on the mass of the compact object. Assuming all of the matter in the Universe is bound in

these galaxies, the number density of galaxies with mass

Ng

gal

102M
. NpAr;atter ~0.034< m G) MpC—S

M, in a comoving volume in the Universe is

(3.5)
gal
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Finally, our back-of-the-envelope estimate for rate of
mergers per comoving volume in the Universe is

r
- _ r
<V> boe Ngall per galaxy
200 k 1177
~4x 10743, <7m/s) Gpc™3 yrl.
v
(3.6)

Note that this result does not depend on the mass
of the galaxy, nor on the compact object mass, as a result
of (3.4).

More careful calculations of the merger rate use an
Navarro-Frenk-White profile for the DM density, a
Maxwell-Boltzmann distribution for the DM (and hence
compact object) velocity, and a halo mass function [19].
Most of the common halo mass functions feature an
exponential drop for larger galaxies (Mg, ~ 10'9"5M ).
Lower mass galaxies have a smaller velocity dispersion,
enhancing the total merger rate per comoving volume.
Hence, smaller galaxies dominate the merger rate.'
However, one needs to impose a lower limit on the mass
of the galaxies because small galaxies can evaporate before
creating a merger signal. Reference [19] requires that the
smallest halos have at least 13 PBHs. This choice intro-
duces a dependence on the mass of the merging objects,
leading to the following merger rate:

—11/21
) Gpc™ yr!,

<F> ~ 6.96£53/21 7125/ < M
14 late SOMG
(3.7)

where N, = My,,/M > 13 for the smallest halos consid-
ered to calculate the rate. The cutoff mass increases as

M/ fpm and the density-squared in the rate formula brings

fE Which gives the f53/ *! scaling. Using a different DM

density profile does not significantly affect the above result
as long as the density profile does not increase faster than
1/r as r - 0, since the only place it comes into play is the
radial integral [ dr r’ppy,.

|

Vv

early

'Jenkins mass function [21] has an artificial cutoff at ~10°M, o-
The rate derived from this halo mass function [19] matches our
back-of-the-envelope result.

I suppressed 53/37
- ~1.81 x 104f),
(v) 5 (s

) f -1/14 f 1/3
where Seyy = min ((0.8844 \ooos) )

B. Merger rate in the early Universe

If two compact objects are close enough in the early
Universe, they decouple from the Hubble flow long before
matter-radiation equality and form a binary [5,22,23].
Due to tidal forces generated by the external gravitational
potential of other massive objects, the objects can avoid a
head-on collision. The spatial and angular distribution of
these objects in the early Universe, as well as the redshift
the binaries formed, affect the binary formation rate, and
hence the present-day merger rate. Furthermore, these
probabilities depend on the fraction of dark matter these
objects form in a complicated way. For the binaries that
formed before matter-radiation equality and merged only
recently, the rate is calculated in [5] to be

I unsuppressed
(—) =9.33 x 10* 3 (fBy + 3.4 x 1075)721/74

4 early
M -32/37
G =3 vl
x <50MO> pe T

Here the number 3.4 x 107 is the variance of density
perturbations of the rest of the dark matter at matter-
radiation equality. If fpy < 0.005, the rate scales as f3,,,

while it scales as f53/ 37 for fpm = 0.005. The unusual
power law associated with M and fpy arises from the
relationship between the angular momentum of the binaries
and their lifetime as well as finding the most probable
separation between the compact objects that results in
mergers today.

Although analytical arguments that lead to the above
merger rate suggest that possible later interactions with
other black holes and baryon accretion do not alter the
structure of binaries merging today [5], there are N-body
simulations showing noticeable effects due to nearby black
holes and other matter [24,25]. These effects can signifi-
cantly suppress the binary merger rate for fpy = 1072
Detailed calculations can be found in [24,26]. Although we
use the approximation given in Appendix A in [27] in our
numerical calculations, we find that the following formula
is close to the more detailed results for fpy = 107> and is
more illuminating for the reader:

(3.8)

M -32/37
> SearlySIate GpC_3 yr_l ’

(3.9)

Siae = min (1,9.6 x 1073 f5065¢0030° o) - (3,10)

We show these rates in Fig. 2. The early Universe binary
formation rate is much larger than the present-day rate,
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FIG. 2. Comparison of the merger rates for binaries that formed in recent galaxies 'y, in the early Universe I'c;qy, and our back-of-
the-envelope calculation, I',,.. We take N. = 13 in (3.7) and v = 200 km/s in (3.6). For [y, the dashed line corresponds to the
unsuppressed rate in (3.8) and the solid line is the rate with the suppression factors described in (3.9).
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Sensitivity to fpy for compact objects of various sizes. Left: for binaries forming in the present-day halos using the more

optimistic estimate (3.7), with the more conservative estimate (3.6) no sensitivity is found. Right: for binaries forming in the early
Universe using the rate with suppression effects described in (3.9). The dashed black line indicates the PBH constraint for which the

radius of the object is the Swarzschild radius.

even when suppression due to interactions with nearby
objects are included. We take the early Universe rate as the
most optimistic scenario for observations and the present-
day binary merger rate as a conservative scenario.

IV. aLIGO SENSITIVITY TO COMPACT OBJECTS

In the left panel of Fig. 3 we show a sensitivity to the
subfraction of dark matter compact objects can comprise,
based on (3.7). This sensitivity estimate is based on
circular, equal mass binaries in the inspiral phase under
the assumptions discussed in Sec. II. It is seen that LIGO is
as sensitive to compact objects with radii <50 km as it is to
primordial black holes, whereas the sensitivity quickly
reduces for larger radii, in particular at smaller CO masses.
This is consistent with the expectation based on the scaling
of the ISCO frequency with the compactness figco o« C>/2.
For celestial objects with small radii, the sensitivity to
compact object mergers largely compliments the con-
straints found from microlensing surveys, which extend
to ~10M [10].

In the right panel of Fig. 3 we show the equivalent
sensitivity assuming that the compact objects formed in the
early Universe (before matter-radiation equality), leading

to the much larger merger rate (3.9). In addition, the
difference in scaling with M of this rate implies a better
sensitivity to lower mass objects. Importantly, for radii
<50 km this includes subsolar mass objects, which can
be straightforwardly distinguished from neutron stars by
their mass. Including microlensing constraints [10], for
radii <100 km the dark matter subfraction can be con-
strained to below fpy < 107! for 10710 — 102M,,

V. DISCUSSION

In this work, we have demonstrated the sensitivity of the
ground-based interferometer network to compact object
mergers. We have focused on the alLIGO design sensitivity
and shown that with a conservative merger rate of 1/2 years
the dark matter fraction comprising compact objects with
radius < O(10° km) can be constrained during the inspiral
regime of the merger. COs with larger radii merge at lower
frequencies, but can potentially be constrained with upcom-
ing space-based or atomic interferometers.

The derived constraints sensitively depend on the present-
day CO merger rate, itself a function of the CO history.
Two COs can become gravitationally bound inside present-
day halos due to gravitational wave emission, but this is
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subdominant compared to binaries of COs which were
formed close together in the early Universe. Although the
former formation channel can already be used to exclude
Jfpwm over several decades in CO mass, information about the
formation may significantly improve the sensitivity.

Importantly, CO binaries originating in the early
Universe have a merger rate which scales nonlinearly
with f3,,. We show the sensitivity corresponding to (3.9)
in the left panel of Fig. 3. In present-day halos, the merger
rate depends on the low-end tail of the chosen halo mass
function. In the right panel of Fig. 3 we show the estimated
sensitivity using the merger rate given (3.7) for binaries
formed in the present-day halos.

We have made a few simplifying assumptions in this
work. Firstly, we have assumed equal-mass binaries. We
expect that without a priori merger preference of particular
mass ratios, relaxing this assumption will lead to minor
differences. Secondly, we have not considered binaries of a
CO and a neutron star or black hole. Taking such mergers
into account would lead to stronger sensitivity, though the
partial overlap of halo mass profiles of DM and luminous
matter renders such mergers subdominant. Specific cluster-
ing of COs (as recently discussed for PBHs in [28]) may
also increase the merger rate and therefore modify our
results. Moreover, we have only considered the inspiral
regime of compact object mergers. The merger phase will
lead to additional gravitational wave radiation, such that
our results can be seen as conservative.

Individual CO mergers may be distinguished from
binary black hole or neutron star mergers through their

mass, absence of electromagnetic signal, or tidal distor-
tions, impacting the gravitational waveform via the tidal
Love number [29-42]. The latter is a particularly important
observation channel for the CO with radii >50 km con-
sidered in this work, although some subtleties may arise in
its interpretation [43-45]. Populations of CO may be
distinguished via population properties such as mass, spin,
and eccentricity distributions.

Future experiments may improve on the sensitivity
presented here both by increased experimental sensitivity
and longer observation times. The next generation of
ground-based interferometers (including the FEinstein
Telescope [46]) may be an order of magnitude more
sensitive in characteristic strain, implying an increased
sensitivity to fpy of a factor of three or more, depending on
the dominant binary formation mechanism.
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