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Dark matter could be composed of compact dark objects (CDOs). We find that the oscillation of CDOs
inside neutron stars can be a detectable source of gravitational waves (GWs). The GW strain amplitude
depends on the mass of the CDO, and its frequency is typically in the range 3–5 kHz as determined by the
central density of the star. In the best cases, LIGO may be sensitive to CDO masses greater than or of order
10−8 M⊙.
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The distribution of dark matter on very small scales
has important implications for the particle nature of dark
matter and for primordial density fluctuations that could
produce subsolar mass black holes during inflation.
Observing campaigns by the MACHO [1,2] and EROS
[3] Collaborations to identify microlensing of stars in the
Magellanic clouds by nonluminous compact object in the
galactic halo [4] provide constraints on the population of
dark matter objects. Although these constraints rule out
scenarios in which dark objects in the mass range
10−7 − 15 M⊙ make up most of the dark matter in the
milky way halo, they cannot exclude the possibility that a
small fraction ≃10% of the mass is contained in a
subpopulation of dark objects. If such a population exists,
interactions between them and neutron stars (NSs) provide
a new mechanism to generate gravitational waves (GWs).
The purpose of this Letter is to show that for dark objects
with masses ≳10−8 M⊙ these GWs can be long lived and
have an amplitude large enough for detection from nearby
NSs in the galaxy. This provides a new way to discover or
constrain this population of compact dark objects (CDOs).
Intriguingly, we find that such a discovery would allow us
to study the interiors of NSs, and the particle properties of
dark matter.
We will entertain the possibility that compact dark

objects were formed in the early Universe. Trace amounts
of dark matter can also accrete onto NSs from a uniform
interstellar medium [5–7], but in this case the mass
accumulated is too small to be an interesting source of
GWs. CDOs produced in the early Universe include
primordial black holes (PBHs), and less compact objects
made of dark matter particles held together by either gravity
or attractive self-interactions in the dark sector.
As one concrete example, consider dark matter com-

posed of CDOs each of mass mD (assumed ≪ M⊙). If the

mass density of dark matter near the solar system is
ρ ≈ 6 × 10−28 kg=cm3 [8], the number density of CDOs
is nD ¼ ρ=mD ≈ 3 × 10−44 m−3 × ð10−8 M⊙=mDÞ. The
rate of CDO collisions with a given star is σvdnD,
where vd is the velocity of the CDO. For simplicity we
consider a single value vd ≈ 220 km=s that is adequate
for a first rough estimate. The collision cross section is
σ ¼ πR2½1þ ðve=vdÞ2�, where R is the star’s radius and ve
is its escape velocity.
Let us focus on neutron stars born from massive stars

near the Galactic Center. Consider 10 M⊙ stars with
lifetimes T10 ¼ 2 × 107 yr and radii R10 ¼ 5.6R⊙. We
assume the density of dark matter near the Galactic
Center is a factor of ρgc=ρ higher than the density near
the solar system. The total number of CDO collisions
during the massive star’s main sequence lifetime is
Ncoll ¼ T10σvdnDðρgc=ρÞ,

Ncoll ≈ 5.4 ×

�
10−8 M⊙

mD

��
ρgc=ρ

1000

�
: ð1Þ

If mD is 10−8 M⊙ or less, essentially every such star will
suffer collisions with CDOs. Furthermore, if the unknown
nongravitational interactions are strong enough to capture a
significant fraction of the CDOs that do collide, most of
these stars should contain one or more CDO (by the time
they explode as a SN). Note that Ncoll is somewhat larger
for 1 M⊙ stars that live for 1010 yr. In this Letter we explore
GW radiation from CDOs in or near neutron stars.
The LIGO-Virgo Collaboration recently searched for

GWs from binaries with subsolar mass compact objects
with masses in the range 0.2–1 M⊙ and set useful limits
[9]. Gravitational waves from the merger of dark boson
stars were calculated in Ref. [10]. The rates for GWs from a
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population of binary black holes over wider mass range
formed in “atomic dark matter” scenarios has also been
studied recently [11]. Here structure formation in the dark
sector proceeds by processes similar to those that occur in
hydrogen clouds and can produce CDOs, both compact
dark stars and black holes with wide-ranging masses [12].
Ellis et al. have suggested that dark matter in NSs could
lead to a noticeable modification of the GW signal
following a conventional NS merger [13]. However this
may require 0.05 M⊙ or more of dark matter in the NSs. In
addition to GWs, LIGO may also be sensitive to new long
range interactions with dark matter, for example, from a
dark photon field [14], or a light scalar [15].
Stellar core collapse is expected to require at least a

Chandrashekar mass [16]. Indeed the lightest, well-
measured, NS has a mass of 1.174� 0.004 M⊙ [17].
However GW observation of a compact object with a mass
between 0.1 and 1 M⊙ does not necessarily prove the
existence of exotic new forms of matter. The object could
still be a NS that was formed in an unexpected way.
In contrast, the observation of even a single GW event

involving a compact object with mass below 0.1 M⊙ has
immediate and extraordinary implications. It would prove
the existence of a new kind of exotic compact object such
as a primordial black hole, an object of dark matter, or a star
made of self-bound QCD (strange) matter. Neutron matter
is not bound. It takes a minimum NS mass before gravity
can overcome the neutron matter repulsion and bind the
star. The minimum mass for a NS is around 0.1 M⊙. A NS
below this mass is unbound and would explode [18].
Therefore, in this Letter we focus on GWs from compact
objects with masses below 0.1 M⊙ orbiting near, or in, a
conventional NS. The discovery of such a low mass object
would have dramatic implications. In what follows we shall
assume that CDOs are much smaller than NSs, and neglect
interesting effects that can arise due to their deformability
that could provide information about the nature of dark
matter [19].
The frequency of the oscillation or orbit of a dark matter

object deep inside a NS is

νc ¼
1

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4πGρc

3

r
¼ 841

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρc

1014 g=cm3

r
Hz: ð2Þ

This is set by the central density ρc of the compact object,
for NSs with ρc ≃ 1015 g=cm3, the gravitational wave
frequency fGW ¼ 2νc ≃ 5.3 kHz. More generally, if dark
objects are captured from the interstellar medium they will
orbit or oscillate in the gravitational potential of the
compact object of mass M and radius R.
We now calculate the orbital lifetime T of a dark matter

object against GW radiation. We assume the mass of the
CDO mD is much less than the mass of the star and the
velocity of the object is much less than c. The luminosity
due to quadrupole GW radiation is

dE
dt

¼ G
5c5

X
i;j

�
d3

dt3
ITij

�
2

; ð3Þ

where ITij is the traceless quadrupole moment tensor [20].
For simplicity we consider a circular orbit of the object

of radius r (that is less than the radius of the star) and
frequency ω ¼ 2πν. We have

1

T
¼ 1

E
dE
dt

¼ 32G
5c5

mDr2ω4: ð4Þ

Here T is a characteristic lifetime and

E ¼ mDr2ω2; ð5Þ

is the energy of the CDO measured relative to its potential
energy at the center of the star. The GWorbital lifetime T of
dark matter in a NS is of order,

T ≈ 68 h

�
M⊙ m2

mDr2

��
3.3 kHz
fGW

�
4

: ð6Þ

Note that this lifetime only considers GW radiation.
Additional dissipation from, for example, bulk or shear
viscosity could reduce T.
The gravitational wave strain at Earth hjk from the dark

matter motion is

hjk ¼
2G
c4d

d2

dt2
ITTjk ; ð7Þ

here d is the distance to the source and ITTjk is the transverse
traceless quadrupole moment [20]. A characteristic strain
amplitude h0 ¼ hxx − hyy is

h0 ≈
4G
c4d

mDr2ω2; ð8Þ

where we assume the orbital plane is perpendicular to the
observing direction.
The strain depends on the product of dark matter object

mass times radius squared mDr2. As an example we
consider an object in a NS d ¼ 1 kpc away with mDr2

of order 1 M⊙m2 orbiting at a gravitational wave frequency
fGW ¼ ω=π ¼ 5.3 kHz,

h0 ≈ 1.4 × 10−25
�
mDr2

M⊙m2

��
1 kpc
d

��
fGW

5.3 kHz

�
2

: ð9Þ

We now explore the detectability of this GW signal in
LIGO. We start by considering large amplitude motion
where the CDO, originally orbiting outside the star, merges
because of GW radiation. Outside the star we have a
conventional inspiral “chirp” that is characterized by a
chirp mass Mc ¼ μ3=5M2=5

tot , where Mtot is the total mass of
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the dark object plus the NS and μ is the reduced mass. If
mD ≪ MNS then the chirp mass Mc ≈m3=5

D M2=5
NS is small.

The conventional chirp ends when the orbital radius
equals the star radius and the dark object enters the star.
We assume that the dark matter interacts very weakly
with conventional matter. As a result the dark matter
object can continue to move inside the star and will
radiate GWs according to Eq. (8). Thus the GW signal
will have both an outside part and then an inside part
where the dark matter is orbiting inside the star. We refer
to this as a “common envelope chirp.” In Fig. 1 we show
the radius r, GW frequency fGW and strain amplitude h0
(arbitrarily scaled) vs time for a dark object with mass
mD ¼ 10−3 M⊙ orbiting a 1.4 M⊙ NS. The NS radius is
RNS ¼ 12 km and we choose a simple analytic density
profile ρðrÞ ¼ ρc½1 − ðr=RNSÞ2�1=2 that mimics profiles
obtained using realistic dense matter equations of
state.
For times t < 0, in Fig. 1, the object is outside the NS

and one has a normal chirp where fGW and h0 increase with
time. Then when r ¼ RNS at t ¼ 0 the character of the
evolution changes so that h0 starts to decrease and the
evolution of fGW with time depends on the density profile
of the NS. If the density inside the NS was assumed to be
constant, fGW ¼ 2νc would also be constant. As noted
earlier, we have chosen a simple but realistic ansatz for the
density profile, and this is reflected in the time dependence
of fGW. The maximum value of h0 in Fig. 1 occurs when
r ¼ RNS and is given by Eq. (8),

hmax
0 ¼ 3.3 × 10−17

�
mD

M⊙

��
RNS

12 km

�
2
�

fGW
3.3 kHz

�
2
�
kpc
d

�
:

ð10Þ

The characteristic lifetime T� is given by Eq. (6) with
r ¼ RNS,

T� ¼ 1.7 ms

�
M⊙

mD

��
12 km
RNS

�
2
�
3.3 kHz
fGW

�
4

: ð11Þ

For Fig. 1 with mD ¼ 10−3 M⊙ the peak in h0 has a width
T� ≈ 1.7 s.
We emphasize the extraordinary information that might

be contained in a single observation similar to Fig. 1. The
small chirp mass by itself, if less than the ≈0.1 M⊙
minimum mass of a NS, implies the presence of an exotic
compact object as NSs below this mass are not bound.
Possibilities include self-bound QCD matter (presumably
strange matter), primordial black holes, or an object of dark
matter. Self-bound QCD matter will interact strongly with
the NS and lead to an h0 that, after the peak, is likely much
smaller than what is shown in Fig. 1. It may be possible to
distinguish between CDO that are primordial black holes
and those that are not because, as we discuss later, a PBH
that merges with a NS will accrete matter and eventually
cause the NS to collapse, and this collapse may be
observable in GWs. Alternatively, the merger of a PBH
with a stellar mass BH will have a GW signal that fades
away more rapidly after the merger than the signal from a
non-BH CDO merging with a NS. Finally, the postmerger
frequency of the GW signal provides direct information
about the density profile of the NS (and thus the equation
of state).
The detectability of a nearly continuous GW signal may

depend primarily upon the amplitude hmax
0 and somewhat

on the observation time Tobs. If one could coherently
integrate the signal over a full time Tobs the signal to noise
ratio might improve with T1=2

obs . In practice this could be
computationally too expensive and a computationally
easier, but a somewhat less sensitive search would be
employed.
For simplicity, we discuss the detectability of a signal in

terms of the sensitivity depthD of a search that is necessary
for detection [21–23]. The sensitivity depth D is defined as
the square root of the noise amplitude spectral densityffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SnðfGWÞ

p
divided by the strain amplitude h0 [see Eq. (22)

of Ref. [21]],

DðfGWÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SnðfGWÞ

p
h0

: ð12Þ

The lower the value of D the easier it is to find a
signal. Advanced LIGO, at target sensitivity, may haveffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Snð3 kHzÞp

≈ 3 × 10−23 Hz−1=2 [24,25]. Note that LIGO

FIG. 1. Orbital radius r in units of the NS radius RNS (blue
dashed curve), gravitational wave frequency fGW (red curve, in
kHz), and GW strain h0 (solid black curve, arbitrarily scaled) for
a mD ¼ 10−3 M⊙ dark matter object in a circular orbit around,
and then in, a NS of radius 12 km and mass 1.4 M⊙ as a function
time t. For t > 0 the orbit of the dark object resides inside the NS.
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has not yet reached this sensitivity but increasing the laser
power and the use of squeezed light [26] should reduceffiffiffiffiffiffiffiffiffiffiffi
SnðfÞ

p
at these high frequencies. Using this sensitivity

and hmax
0 from Eq. (10) we have,

Dð3.3 kHzÞ ≈ 9.1 × 10−7 Hz−1=2
�
M⊙

mD

��
d
kpc

�
: ð13Þ

As a rough guide, a signal could likely be found if D <
50 Hz−1=2 [23]. This suggests a sensitivity to CDO masses
larger than,

mD > 1.8 × 10−8 M⊙; ð14Þ

at a distance of 1 kpc or mD > 1.8 × 10−7 M⊙ at 10 kpc.
Thus LIGO is potentially sensitive to very small CDO
masses much less than a solar mass.
We now consider small amplitude motion of dark matter

objects in a NS with r ≪ RNS. For example, a dark matter
object originally at the center of a star is excited so that it
undergoes small amplitude oscillations about r ¼ 0. Note
that fGW depends slightly on r. For the example in Fig. 1,
fGW increases by about 25% as r decreases from RNS to 0.
The amplitude of the GW radiation depends on the
combination mDr2. It is convenient to parametrize this
in terms of the energy E of a circular orbit of radius r,
see Eq. (5). Results for eccentric orbits are expected
to be similar. In terms of E the GW amplitude is,
h0 ≈ 4GE=ðc4dÞ, and the lifetime against GW radiation
is T ¼ 5c5=ð32Gω2EÞ. The sensitivity depth can now be
written, D ≈ ð2.7 × 1047 ergs=EÞðd=kpcÞ Hz−1=2. This
suggests LIGO could detect (D < 50 Hz−1=2) CDOs
excited to energies larger than

E ≥ 5.4 × 1045 ergs

�
d
kpc

�
: ð15Þ

Core collapse SN with kinetic energies of order 1051 ergs
have plenty of energy to excite a CDO. Observed NS kicks
with velocities of several hundred km/s suggest that a
fraction of this kinetic energy is imparted aspherically [27]
and is adequate to excite CDOs. Thus a galactic SN could
emit both a short burst of GWs during the explosion and
then a nearly continuous high frequency GW signal for
days afterwards. A LIGO search for continuous GWs from
the direction of SN 1987A may have occurred too late after
the SN [28].
As discussed in the introduction, one or more CDO may

be present in a pre-SN star.What happens to them during the
explosion? If an object is originally at the star’s center
and both the collapse and explosion are spherically sym-
metric, the CDO could remain at the center and not be
excited. However, this may be unlikely. Violent convection

in the burning Si=O shells is expected to produce tur-
bulent fluctuations during the final pre-SN evolution
[29–31]. These fluctuations could excite the CDO before
the core collapses. In addition, many SN explosions are
asymmetric and produce large recoil velocities for the newly
formed NS [32,33]. These asymmetries could further excite
the CDO during the SN explosion. This could lead to a CDO
that orbits inside the NS or is even temporarily ejected to
fallback or inspiral at a later time. The excitation energy of
CDOs should be explored in, possibly simplified, SN
simulations.
Magnetar giant flares with energies of order 1046 ergs

[34] may also be able to excite embedded CDOs. The high
frequency GW emission from a CDO in a magnetar need
not be constrained by the low rotational frequency of the
magnetar or by its very rapid magnetic spin down. There
have been several searches for bursts of GWs during giant
flares; see, for example, Refs. [35,36]. We suggest instead
to search for high frequency, nearly continuous, GW
radiation that may last for days after the flare.
If CDOs in compact stars are low mass primordial black

holes, they may not be captured by main sequence stars
because they have no nongravitational interactions [37].
Instead direct PBH-NS collisions may be necessary.
These are rare because NSs are small. We estimate at
best a total rate of NS-PBH collisions in the Galaxy of
≈10−5ð10−8 M⊙=mDÞ y−1. For mD ≈ 10−12 M⊙ the rate
could be high enough. However, in this case GWs from
the inspiral may be too weak for LIGO to detect. Instead the
PBH will accrete matter and cause the NS to collapse in less
than a year [38]. This collapse will radiate GWs with an
amplitude estimated to be h0≈5×10−28ð1kpc=dÞð1 s=TÞ2
where d is the distance to the NS and T is the collapse
timescale [38]. For T equal to the ms dynamical timescale of
a NS, LIGO likely could detect this signal in our Galaxy.
Note Abramowitz et al. suggest such a collapse could also
produce a fast radio burst [38].
There have been several previous LIGO searches for

both burst and continuous GW signals. For example,
searches in the direction of the Galactic Center are
promising because this could be a region of high dark
matter density [21,39].
We find strong GWs can be emitted by even a very low

mass CDO orbiting (in) a NS. In contrast, two low mass
CDOs orbiting each other may emit a much weaker GW
signal because the amplitude r in Eq. (8) is constrained to
small values in order for the objects to orbit at a high
enough frequency.
Detailed modeling of the expected GW signal may be

necessary for the most sensitive searches. In particular, a
detailed understanding of the evolution of fGW with time
may be important. To zeroth order we find fGW to be
independent of time, for small amplitude motion. However,
there could be small corrections. We assumed the density
distribution of the NS is frozen. In reality it will respond to
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the CDO motions. This could change fGW and lead to
additional dissipation.
To summarize, we have proposed a novel source of

detectable GWs which might reveal a new population of
compact dark objects (CDOs). Should they exist, despite
our poor understanding of mechanisms for CDO formation
and their capture by NSs, our proposal allows for their
detection when their masses ≳10−8 M⊙. Their discovery
would have far-reaching implications for dark matter and
provide a means to directly probe the interiors of NSs. The
detectable signatures we discuss are robust, but additional
work may be needed to produce the best templates for GW
searches. If the dark objects are not compact their tidal
deformabilities could be large and will alter the GW
emission with potentially observable signatures [19].
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