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We investigate the possibility of the gravitational-wave event GW170817 being a light, solar-mass
black hole (BH) - neutron star (NS) merger. We explore two exotic scenarios involving primordial
black holes (PBH) that could produce such an event, taking into account available observational
information on NGC 4993. First, we entertain the possibility of dynamical NS-PBH binary formation
where a solar-mass PBH and a NS form a binary through gravitational interaction. We find that
while dynamical NS-PBH formation could account for the GW170817 event, the rate is highly
dependent on unknown density contrast factors and could potentially be affected by galaxy mergers.
We also find that PBH-PBH binaries would likely have a larger merger rate, assuming the density
contrast boost factor of an order similar to the NS-PBH case. These exotic merger formations
could provide new channels to account for the volumetric rate of compact-object mergers reported
by LIGO/Virgo. Secondly, we consider the case where one of the NS’s in a binary NS system is
imploded by a microscopic PBH. We find that the predicted rate for NS implosion into a BH is very
small, at least for the specific environment of NGC 4993. We point out that similar existing (e.g.
GW190425 and GW190814) and future observations will shed additional light on these scenarios.

I.

INTRODUCTION

The discovery of the gravitational wave (GW) event
GW170817 [1] and its electromagnetic (EM) counterpart
[2], has ushered the era of multi-messenger astrophysics,
enabling the use of both EM and GW observations to explore cosmology [3–8] and fundamental physics [9–11]. In
particular, the fact that a binary compact-object merger
can be located within its host galaxy (e.g. NGC 4993
for GW170817) allows for an in-depth investigation of
its various properties given its environment, which can
be combined with rich observations from various wavelengths.
GW170817 is classified as a binary neutron star (BNS)
merger; however, the nature of GW170817 and similar
mergers (e.g. GW190425 [12–14]) is still under investigation. The identification of the kilonova (e.g. [15])
associated with GW170817 suggests that there was at
least one neutron star (NS) involved in the merger. The
possibility of GW170817 being a neutron star–black hole
(NSBH) merger is first considered in [16], which finds a
. 40% chance for the event, and further studies show
that NSBH can account for the multimessenger signatures involving AT2017gfo and GRB170817A [17]. The
uncertainty on the origin of GW170817 also extends to
the possible formation channels. Its host galaxy, NGC
4993, is an old elliptical galaxy with no recent signs of
star formation. [18] finds that assuming this type of old
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stellar population, standard models of BNS formation
may not be able to explain the rate of mergers measured
by LIGO/Virgo, unless GW170817 was a statistical coincidence. It is thus interesting to consider additional formation channels or alternative classes of compact-object
components.
Dark matter (DM) continues to be one of the deepest mysteries in modern physics. Primordial black holes,
or PBHs [19–21], result from large overdensities in the
early universe, rather than through standard stellar evolution, and they have been proposed as possible DM candidates (e.g. [22]). While it is hard for astrophysical
BHs to form with one or two solar masses, a PBH can
form with a NS or solar mass [23–25]; the detection of
sub-Chandrasekhar mass black hole mergers would unmistakably lead to the discovery of this class of exotic
compact objects [11, 26, 27]. PBHs can have various effects on astrophysical objects, including the formation of
bound states with other PBHs [28], or the implosion of
compact objects into low-mass BHs [9, 29, 30] which otherwise would rarely exist through standard BH formation
channels.
In this paper, we discuss three new aspects related to
mergers of compact objects:
1. GW170817 could be a NS-PBH merger.
2. The first estimation of NS-PBH dynamical formation (based on the astrophysical environment of
NGC 4993 as an illustration).
3. An alternative scenario: a microscopic PBH has
imploded a NS in the GW170817 merger event.
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First, we discuss the dynamical formation of a binary
composed by a neutron star (NS) and a solar-mass PBH
in the host galaxy of GW170817 through two-body gravitational interactions. This is the first work to estimate
the NS-PBH dynamical formation, to the best of our
knowledge. We suggest that if BNS formation is dynamically driven in NGC 4993, as discussed in [31], NS-PBH
and PBH-PBH formation also would be. This scenario
could, therefore, provide an interesting alternative to address some of the questions posed in [31, 32], where it was
found that it is unlikely for a binary NS formed through
standard stellar evolution to merge in an old, elliptical
galaxy like NGC 4993. Secondly, we discuss the possibility of a binary NS system, with one NS imploded into
a micro-sized PBH, to yield an event compatible with
GW170817.
The scenarios we consider in this work can be applied to other mergers comprising solar-mass compact
objects [12, 33], but GW170817 is unique given the multi–
messenger observations and knowledge of its environment
that are currently unavailable for other mergers.
This paper is organized the follows. In Sec. II, we
describe the environment of GW170817. In Sec. III, we
show our derivation of the rate for NS-PBH dynamical
formation. The scenario involving a NS imploded by a
PBH is described in Sec. IV. In Sect. V, we briefly
mention the possibility of GW190425 [12] and GW190814
[33] also containing a PBH, and mention future prospects.
We assume c = 1 unless otherwise stated.

II.

THE HOST GALAXY OF GW170817:
NGC 4993

NGC 4993 is a nearby (z = 0.009680 ± 0.000150)
early–type galaxy with stellar mass M? = (3.8 ± 0.20) ×
1010 M , with i-band Sérsic index n = 4.0 and low asymmetry. Despite the fact that these results are consistent
with a passively evolving, red and dead galaxy, the presence of shells and dust lanes indicate that it recently underwent a galaxy merger, as we describe in more detail
in Section II C.
From the perspective of BNS formation, the association of GW170817 as a BNS merger with an old elliptical galaxy, like NGC 4993, is puzzling [18, 31, 32]. The
galaxy does not show recent signs of star formation, and
the median inferred stellar population age is 11 Gyr [31].
If the binary NS that merged was formed through the
isolated binary scenario, this would imply a surprisingly
long delay time1 of ∼ 11 Gyr.
Assuming a flat ΛCDM cosmology with H0 =
70 km s−1 Mpc−1 and Ωm = 0.3, one can estimate that
the merger related to GW170817 happened at a projected

1

The delay time, in this case, is defined as the time between the
formation of the binary and its coalescence.

distance of ∼ 2 kpc from the center of NGC 4993, where
there is an abundance of both pulsars and DM [34].

A.

Neutron Star/Pulsar Distribution

To estimate the NS population in NGC 4993, we
use the spherically-symmetric distribution of progenitors
from [35]
ρNS (r) = ρ0NS

r
exp(−r/R0 ),
R0

(1)

with R0 = 4.5 kpc, and the normalization ρ0NS set such
that the total integrated number of NS is equal to NNS =
6.7 × 107 . We estimate the former total number of NSs
by computing the NS formation rate per stellar mass at
time t for NGC 4993:
Z
RN S (t) = dM? Φ(M? )Ψ(t? )ΘN S (M? ) ,
(2)
where Φ(M? ) is the initial mass function (here we adopt
the one from [36]), Ψ(t? ) is the best fit star formation
history from [31], ΘN S (M? ) is a top–hat function that
selects stars that will become NSs, i.e. in the mass range
8 M < M < 20 M . The time t? when the progenitor of
the NS was formed satisfies t = t? +tlife , where tlife ∼ 0.02
Gyr is the lifetime of the progenitor before becoming a
NS. We then integrate Eq. (2) over time and multiply
it by the total stellar mass of NGC 4993, in order to
recover the total number of NS formed in the galaxy.
The fraction of NSs formed in binaries (∼ 0.002 [37]),
and thus possibly merging to form a BH, is a negligible
fraction of the number provided above.
We varied those parameters quite generously in calculating the impact on the merger rates we present below, since no reliable NS population information is available for NGC 4993. Our work could motivate a more
comprehensive study of the NS distribution based on the
specifics of NGC 4993, especially given its elliptical morphology and light profile.

B.

Dark Matter Distribution

The mass of the NGC 4993 DM halo is estimated to
10
be Mhalo, NGC4993 = 194+120
−70 × 10 M [38]. In order to
compute the rates described in Section II C, we need to
estimate the radial DM profile for this galaxy. We assume
a Navarro, Frenk and White (NFW [39]) density profile,
and the concentration-mass relation of Ref. [40], which
implies a concentration c200 = 7.52+2.17
−2.07 . This implies a
scale radius Rs = 20.7 kpc. The radial velocity dispersion
distribution we employ is derived using velocity dispersion maps from [34, 41], that have been derived using Integral Field Spectroscopy from MUSE on the Very Large
Telescope. We further extend the velocity dispersion profile out to larger radii than what is observed by MUSE,
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following the classic results of Ref. [42] for the velocity
dispersion as a function of radius in a given NFW profile
under the assumption of isotropic orbits (their Eq. (14)).

C.

Binary Formation
& Galaxy Merger

It was noted above that the standard field formation
for the BNS could be disfavored because NGC 4993 only
hosts old stellar populations [31, 32]. The expected rate
of BNS mergers from this formation scenario can be derived for this galaxy following [31]. Using the observed
star formation history of NGC 4993, and time delay distribution from Milky Way constraints and simulations, it
was found that the rate is ∼ 6 Myr−1 for this galaxy.
Similarly, one can utilize stellar population synthesis
models together with host galaxies’ information to infer a volumetric rate of events from elliptical galaxies
that can be directly compared to the one measured by
LIGO/Virgo (see [12] for a recent estimate), as done in
[32]. They find that the rate from stellar evolution models is ∼ 3 orders of magnitude lower than the one inferred by LIGO/Virgo, while the merger rate from binaries formed through dynamical interactions in globular
clusters or nuclear clusters is ∼ 6 orders of magnitude
lower than the LIGO/Virgo rate. These suggest that either GW170817 is a statistical coincidence, or there exist
another formation mechanisms for these binaries.
It was postulated that dynamical formation and galaxy
mergers could help explain the puzzle of the BNS rate
[31]. The morphological features indicate that NGC 4993
underwent a galaxy merger [31, 38]. It was discussed that
a secondary, less massive galaxy was accreted by a more
massive galaxy, and the apocenters of in-falling material
from the secondary are seen today as shells. From the
position of the shells, it is possible to constrain the time
of the galactic merger to be of the order of ∼ 200 − 400
Myr before the GW coalescence [31, 38]. It was noted
that GW170817 was located in one of the shells (at a
projected distance of 10.600 , or ∼ 2 kpc, from the center
of the galaxy), which is a relic of the galactic merger,
indicating that the binary formation could be related to
such merger.
Given that dynamical interactions allow for more recent BNS formation independent of the star formation
rate, the delay time can be reduced compared to the
field BNS formation scenario. One can postulate that
the galaxy merger also plays a role in enhancing the dynamical binary formation rate. Future simulations could
potentially answer this question [43].

III.

NS-PBH DYNAMICAL FORMATION

In this section, we describe the first estimation of the
dynamical formation of NS-PBH binaries. Dynamical
formation is one of the most promising formation chan-

nels for a NS-(solar mass) PBH merger in NGC 4993.
Through this formation channel, we also consider PBHPBH binary formation for comparison and future projections, since these PBH-PBH binaries could be interesting for other GW events containing solar-mass compact objects. We only consider dynamical formation
through two-body gravitational interaction, and leave a
more complete study, involving N-body simulations, for
future work.
We are interested in PBH in the NS or solar mass
ranges (more specifically the mass of one of the compact
objects in GW170817). For GW170817, the masses of
the component compact objects are determined in [44].
The primary component has mass m1 between 1.36 and
2.26 solar mass, and the secondary has mass m2 between
0.86 and 1.36 solar mass, both at 90% credible interval
(CI). The limit of PBH abundance in these mass ranges
is between 0.01 and 0.1 of the total DM abundance [45–
50]; however, the constraints on this mass range depend
on a variety of assumptions (also, see [28]).
In order for the scenario proposed here to be an interesting alternative to standard BNS formation scenarios, the rate for NS-PBH mergers should be of the order of 6 Myr−1 , as this is the rate derived for field BNS
binary mergers in NGC 4993 [31]. To match the NSPBH rate to the volumetric rate inferred by LIGO/Virgo
solar-mass compact-object mergers by summing up potential contributing galaxies (as discussed in Sec. II C),
one may need an even higher NS-PBH rate. Our analysis can be easily scaled for that purpose. Note that the
galaxy merger could play a role in enhancing the dynamical formation of binaries, however, a model that takes
into account the galaxy merger does not currently exist
to our knowledge. We therefore only consider dynamical
formation within the galaxy as if it were isolated.
We estimate the NS-PBH and PBH-PBH merger rates
in the late universe using the formalism of Ref. [28], which
we briefly summarize here: binaries are formed in twobody interactions via the loss of energy due to gravitational radiation. In the Newtonian approximation, the
velocity-averaged cross-section for binary formation can
be cast as [28, 51]
hσvi(m1 , m2 ) =

AG2N M 2



η
9
vrel

2/7
,

(3)

where vrel is the relative velocity between the merging
bodies, GN is Newton’s gravitational constant, M =
m1 + m2 is the sum of the components’ masses m1 and
m2 , η = m1 m2 /M 2 , and A is a constant that depends
on the velocity distribution with A ' 12.9 for the assumed Maxwellian distribution. Assuming a monochromatic mass distribution for the merging bodies, and assuming spherical symmetry, the merger rate is calculated
as
Z Rvir
ρ1 (r) ρ2 (r)
R(m1 , m2 ) = 4π
r2 drhσvi(r, m1 , m2 )
,
m1 m2
0
(4)
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where ρi is the mass density distribution for species i,
and Rvir is the virial radius.
Assuming that ρ1 = ρNS from Eq. (1), ρ2 = ρPBH as
described in II B, m1 = 1 M and m2 = 1 M , we find
that, for a galaxy with the properties described above,
the rate for mergers of primordial black holes and neutron
stars (PBH-NS) is
−6

RNS−PBH ' 3.2 × 10

−1

fPBH δNS−PBH Myr

,

(5)

where fPBH is the fraction of the dark matter in PBH
(considered to be constant throughout the universe), and
where δNS−PBH is a density contrast factor accounting
for the possibility of finding more neutron stars in a dark
matter-rich environment. Notice that varying the merging bodies’ masses within the range for GW170817 we
find a variation in the rate smaller than 5% and thus
negligible comparing to other sources of uncertainty. In
Fig. 1 we show our results for the PBH-NS rate for different values of fPBH and δNS−PBH .
For comparison, we find that the PBH-PBH merger
rate is
2
RPBH ' 8.3 fPBH
δPBH Myr−1 ,

(6)

while the BNS merger rate for this dynamical formation
scenario is
RBNS,dyn ' 4.4 × 10−10 δNS Myr−1 ,

(7)

where δ factors represent the enhancement from density
contrast [28]. The results of the PBH-PBH merger-rate
calculation are shown Fig. 2 for different values of fPBH
and δPBH .
Notice that varying the NS population parameter R0
affects the rates in Eq. (5) and (7) very marginally, to
within a factor 3 for variations of R0 within a factor 2. On
the other hand, the rate in Eq. (5) is directly proportional
to the total number of NS, NNS , while the rate in Eq. (7)
depends quadratically on it.
For what concerns the DM portion of the rate calculation, we find that the most critical parameter is the
DM halo concentration. However, changes to the rate
are minimal. Setting the concentration to its central
value plus 1σ only amplifies the NS-PBH merger rate by
around 50%, while leaving the PBH-PBH merger rate almost unchanged. A concentration set at c200 = 10 gives,
for instance,
c200 =10
RPBH−NS
= 4.2 × 10−6 fPBH δNS−PBH Myr−1 .

(8)

In order for the NS-PBH scenario to be plausible, we
require the NS-PBH rate to be at least as high as the field
binary formation rate in this galaxy, around 6 Myr−1 . In
addition, assuming that there has not been a detection
of a PBH-PBH merger event (though GW190425 is a
potential candidate), it is a fair assumption for internal
consistency to require RPBH ∼ RNS−PBH for the PBHPBH rate not to be much higher than the NS-PBH rate.

Additionally, Using our benchmark choices for the various relevant parameters, in order to obtain the condition
RNS−PBH ∼ RPBH ∼ 6 Myr−1 , we need the following:
δNS−PBH ∼

2 × 106
1
; δPBH ∼ 2 .
fPBH
fPBH

(9)

For instance, for fPBH ∼ 10−1 , we need δNS−PBH ∼
2 × 107 and δPBH ∼ 102 . For fPBH ∼ 10−2 , we need
δNS−PBH ∼ 2 × 108 and δPBH ∼ 104 . The values of δPBH
considered in the literature vary wildly and can be well
in excess of 104 (see e.g. [52, 53], which consider values of δPBH ∼ 1010 ). The large values needed in our
scenario for δNS−PBH ∼ 107 to 109 are troubling at face
value: they would reflect a significant bias for neutron
stars to be present in large dark matter overdensities.
However, this is not entirely implausible for the following
reasons: large dark matter density contrasts on the order of 109 to 1010 are observed, and are indeed typical in
globular clusters and ultra-faint dwarf galaxies observed
by Keck/DEIMOS [54, 55] and the Dark Energy Survey
[56]. Additionally, globular clusters are known to host
large densities of NS, due to to stellar encounters that
should occur frequently in environments of high stellar
density [57]; observations of low-mass X-ray binaries and
millisecond pulsars confirm this. We conclude that it
is not implausible that concurrent overdensities in dark
matter and NS density produce δNS−PBH ∼ 107 − 109 .
Additionally, recent merger history could also enhance
the expected value for δNS−PBH .
Our calculations involving NS natal kick and velocity
dispersion show that the rate can be enhanced by an
order of magnitude (a factor of ∼ 7, to be exact), but
would not change the conclusions of this section.
An additional source of information is the specific
location of the kilonova AT2017gfo associated with
GW170817, offset by around 2 kpc from the galaxy center. In Fig. 3 we show the projected radial distribution
of the rates presented in this section (i.e. the ratio of
integrals along a line of sight of the merger rate). Note
that the expected distribution of NS-PBH mergers has a
distinctive shape that in the case of NGC 4993 is roughly
flat out to ∼ 2 kpc, which corresponds to the distance of
the kilonova AT2017gfo from the center of the galaxy.
It is therefore likely that, if GW170817 was a NS-PBH
merger, it happened within this projected distance from
the center. In the future, it will be interesting to compare these distributions to Gamma–Ray Bursts (GRBs)
and GW counterparts locations to confirm or rule out
this binary formation scenario [43].
In this section, we use an analytical estimation to
determine the merger rates of dynamically formed NSPBH and PBH-PBH mergers through gravitational interactions. A sophisticated merger rate determination
requires considerations of the detailed N-body dynamics,
stellar evolution, environmental effects (as done for the
compact mergers, e.g. [58–62]). We leave this for future
works [43].
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FIG. 1. Contours of constant NS-PBH merger rate RNS−PBH
in the plane defined by the NS-PBH density contrast δNS−PBH
versus the fraction of dark matter fPBH that is in the form of
PBH. The green line indicates the rate needed for GW170817
to be a potential NS-PBH merger.
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FIG. 2.
Contours of constant PBH-PBH merger rate
RPBH−PBH in the plane defined by the PBH density contrast
δPBH versus the fraction of dark matter fPBH that is in the
form of PBH. The red line indicates a 6 Myr−1 rate in NGC
4993, comparable to the rate estimation for normal field BNS
[31]. The dashed gray lines are potential constraints (the arrows point to the constrained regimes) on these parameters set
by non-observation of PBH-PBH mergers [28], under a rather
strong assumption, that the density contrast is the same in
the early universe, in the late universe, and in NGC 4993,
as discussed in Section III. The line labeled “O1” is derived
in [28] using the LIGO/Virgo data from the first observing
run, while the other constraint is a projection for the fifth
observing run.

FIG. 3. Projected radial distribution of the dynamical binary
formation rates for both PBH-PBH (dot–dashed red) and NSPBH (solid green) mergers, with the rate normalized to one
at 2 kpc, the distance of the GW170817 counterpart to the
center of NGC 4993. For comparison, we also show the BNS
rate distribution from the dynamical formation as computed
in this work (dashed black), and the NS distribution assumed
in our analysis (dotted purple).
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IV.

NS IMPLOSION BY MICRO-SIZED PBH

In this section, we study a different scenario, considering how likely it is that a NS is imploded into a light
BH, 2 kpc away from the center of NGC 4993, by capturing a micro-sized PBH, and resulting in GW170817 as a
NSBH merger. Here, we label the tiny PBH as "pbh" in
equations and plots to distinguish it from the discussions
in previous sections.
An interesting mass range to consider for the PBH
is 10−15 to 10−8 solar mass, as discussed in [29,
63–66].
The radius of the PBH is about r ∼
10−8 cm (mpbh /10−13 m ). They have been considered
to be captured by or to destroy white dwarfs (WD) [67]
and neutron stars [29]. The potential constraints set by
these considerations are sensitive to the assumptions of
the properties of each astrophysical systems, which have
large observational uncertainties [68–72]. Given that the
strong Subaru Hyper Suprime-Cam (HSC) constraints
[73] kick in at & 10−11 m and the NS consumption rate
drops rapidly below 10−14 m [29], we further restrict our
attention to the mass range of ∼ 10−14 − 10−11 m . Note
that previous studies of the NS constraint in this mass
range are highly sensitive to the assumed DM abundance
in globular clusters, and the constraint was drawn assuming high DM abundance (up to 104 GeV cm−3 ) [29]. A
potential constraint on PBH triggering supernovae for

WD [74] is also being heavily debated [75]. Further investigations of these constraints are beyond the scope of
this paper.
Here, we assume PBHs account for all of the DM abundance in NGC 4993, but the analysis can be easily adjusted for different assumptions of PBH abundance. The
scenario where a NS is imploded by PBH through capturing is considered in [29]. PBHs with mass density ρpbh
can be captured by NS at an estimated rate [29],
i
h

 1 − Exp − 3Eloss
√ ρpbh 2GM R
mpbh vx2
R0 = 6π
, (10)
2GM
mpbh
vx
1− R
where M is the NS mass (which will be specified later),
and R is the NS radius, assumed to be 12 km (note
that the conclusion is insensitive to this assumption).
vx is the DvelocityE dispersion of the PBH. Eloss '
4G2 m2pbh M
R2

ln Λ
2GM/R

is the average energy loss of a PBH
D
E
ln Λ
in the NS assuming a constant flux. 2GM/R
∼ 14.7 for

a typical neutron star [76] (the Coulomb logarithm ln(Λ)
is discussed in [29, 77]).
We define Rcapture as the modified rate based on R0 ,
folding in both the velocity distributions of PBH and NS
(as discussed in [30, 78]),
Z
Z
3D
3D
Rcapture = d3 vns fns
(~vns , v ns ) d3 vpbh fpbh
(~vpbh , v pbh )
× R0 (|~vns − ~vpbh |) .

(11)

�

Here, ns and pbh denote NS and PBH, respectively.
f 3D (~v , v) is the 3-D Maxwellian velocity distribution and
2
2
v is the mean of |~v |. |~vns − ~vpbh | ≡ (vns
+ vpbh
−
1/2
2vns vpbh cos θ) , and θ is the angle between velocities.
For the weighting integrand, we use the 1-D Maxwellian
distribution
!3/2
2
2
3
1D
(12)
f (|~v |, v) =
e−3|~v| /(2v )
2
2π|~v |
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FIG. 4.
The capture rate of PBH by either one of the
NS, times 11 Gyr, in terms of the ratio of velocity dispersion vχ /vχ,obs (normalized to its observed central value from
NGC 4993 vχ,obs ). The blue band corresponds to the values for ρpbh = ρDM,obs within the error discussed in [38].
The blue dashed curve and the blue dotted curves assumes
an enhanced DM abundance 10 × ρDM,obs and 100 × ρDM,obs
(simply in preparation for more extreme environments for future mergers), respectively, using the central value of ρDM,obs .
We also use the two vertical lines to label the x-axis value of
(vχ,obs ± 9.1 km s−1 )/vχ,obs . The lower gray curves indicate
−4
the expected number of events, 1.9+1.7
, assuming the
−0.9 × 10
best-known parameters for the GW170817 location. Though
we choose mpbh = 5 × 10−13 m to make the plot, the result
applies to mpbh ∼ 10−14 − 10−11 m (for details, see Sec. IV.)

to approximate the dependence on the radial component
of the 3D velocities. More details can be found in the
ecap as the rate of
Appendix of [30]. Finally, we define R
capturing a PBH by one of the NS’s in a binary, but
not both, and use individual NS masses as inputs in the
calculation.
Our benchmark PBH mass is ∼ 5 × 10−13 m , but the
capture rate is almost flat in the range of ∼ 10−14 to
10−11 m assuming a fixed DM mass density and velocity
dispersion. The expected number of events of PBH being
−4
captured by a NS in 11 Gyr is roughly 1.9+1.7
.
−0.9 × 10
This means the capture and implosion scenario is extremely unlikely to produce a NS-BH merger as the
GW170817 event. Our result is consistent with [9], which
considers PBH-NS implosion event rates in the Milky
Way; the implosion rate is extremely small given a realistic PBH-DM mass density and NS number density.
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However, given a higher density or lower DM velocity
than what is assumed here, the implosion could still have
a significant rate and can create the exotic low mass BHNS merger through this implosion scenario.
In Fig. 4, we plot the expected rate for one NS (but not
ecap , times 11 Gyr,
both) in a binary to capture a PBH, R
as a function of the velocity dispersion vχ normalized to
its observed central value vχ,obs ≡ 160.0 km s−1 in NGC
4993. Note that the PBH is to assumed to have mass
5 × 10−13 m , and the NS is considered to be located 2
kpc away from the center of NGC. The blue band is the
capture rate times 11 Gyr (roughly the age of NGC 4993)
depending on vχ /vχ,obs , considering ρpbh = ρDM,obs , and
10
ρDM,obs is derived from Mhalo = 194+120
−70 × 10 M [38].
See more discussions in Sec. II. We also draw two light
red curves indicating the 1σ uncertainty on vχ,obs . The
blue-dashed/dotted curves are obtained assuming 10 and
100 times larger PBH-DM abundance than what is derived in [38], respectively. We also add gray horizontal
lines to help visualize where the rate is unity, and where
+1.7
the expected number of events is 1.9−0.9
× 10−4 , given
the uncertainties in the DM properties in NGC 4993.
The curves of varying DM density and velocity dispersion help motivate future implosion studies, if there
is a GW170817-like event happening in a galaxy with
higher DM density and lower DM velocity dispersion
comparing to NGC 4993. As mentioned, the observed
events GW190425 [12] and GW190814 [33] (involving
heavy BH) could have the potential to be such candidates, but their analysis is challenging given the lack of
optical signatures and information on the host galaxy.
The NS implosion can also be induced by asymmetric
dark matter (ADM) accumulating in the NS [9, 79–86].
We leave the consideration of ADM induced implosion
for GW170817 and NGC 4993 to future works, given the
complication in calculating capture rates depending on
the ADM masses and interactions. PBH-induced implosion has the advantage of having the minimal assumption that the object is simply a microsized BH and is not
subject to the complication of the variety of the ADM
interactions assumed in the literature.

V.

CONCLUSIONS AND PROSPECTS FOR
GW190425 & GW190814

In this work, we explored the possibility that
GW170817 is a compact-object merger that involves a
PBH. Starting from the observed properties of the host
galaxy, NGC 4993, we estimated the expected rates
of NS–PBH, PBH–PBH and BNS mergers dynamically
formed through two-body gravitational interactions in
NGC 4993. We find that the rate for NS–PBH and PBHPBH mergers are generally significantly higher than that
for dynamically formed BNS if one assumes density contrast factors of the same order, and if PBHs are a significant fraction of the DM. The NS-PBH scenario could
provide a significant contribution to the standard binary

formation rate, ∼ 6 Myr−1 , inferred from NGC 4993,
with a large boost factor δNS−PBH . Namely, we need
δNS−PBH ∼ 2 × 106 /fPBH in order for this scenario to be
competitive with the isolated binary scenario predicted
by stellar evolution in NGC 4993.
We also provided the expected radial distribution of
NS-PBH/PBH-PBH/dynamical BNS mergers. It will
be interesting to compare the distribution of observed
BNS/NS-BH mergers with our model to discern between
different formation channels, similar to the study conducted in [9] to distinguish ADM imploded BNS distribution from the usual BNS distribution, in future works
[43]. The dynamical formation scenario involving PBH
suggested here provides a new formation channel to account for the volumetric rate reported by LIGO/Virgo,
as discussed more specifically below.
Observationally, LIGO/Virgo have reported various
events of interest for our exotic scenarios. The event
GW190425 is peculiar because the total mass (∼ 3.4 M )
of the system is significantly larger [12] than other known
BNS systems. Moreover, no compelling EM counterparts
have been found. While finding a counterpart at the
distance of this event (159+69
−71 Mpc) with a poor spatial
localization (∼ 8, 000 sq deg) can prove extremely challenging, a consequence is that the possibility that this is
a light BBH or a NSBH merger cannot be excluded.
Due to the lack of understanding of its host galaxy,
one cannot conduct as detailed an analysis as what we
performed in this paper for GW190425. However, the
assumptions made in this work about the DM and NS
distribution of NGC 4993 are quite general, and we can
potentially extend some of our conclusions to this new
event. In fact, our predicted NS-PBH or PBH-PBH rates
mostly depend on the DM concentration parameter, and
also on the total number of NS in the galaxy for NSPBH. This implies that if GW190425 includes a PBH, it
is more likely to have happened in a galaxy with large
stellar mass and/or massive and concentrated DM halo.
LIGO/Virgo find that the rate of GW190425–like events
−3
is 460+1050
yr−1 [12] and one can use our NS−390 Mpc
PBH and PBH-PBH merger rates to account for that,
summing over the potential contributing galaxies in an
appropriate volume.
More recently, a peculiar compact-object binary
merger, GW190814 [33], was detected in gravitational
waves by LIGO/Virgo. This event is also of great interest for this work because it originated from a binary,
most likely a BBH, where the secondary has a mass of
∼ 2.6M . If the secondary is a BH, it would be the lightest BH ever observed in a binary, and it is challenging
for current BBH formation theories to produce a merger
with the properties of GW190814. One could again explore the possibility of GW190814 containing a PBH as
its secondary [87], and conduct an analysis similar to this
work by making assumptions about its host galaxy [43].
In the second part of this work, we explore the possibility that GW170817 is a NSBH merger, where the BH
was originally a NS imploded by a microscopic PBH. We
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find that this scenario is very unlikely for the location of
GW170817 in the environment of NGC 4993, but such a
scenario could happen in galaxies with large DM density
and small DM velocity dispersion.
Our study provides motivation for further studies to
distinguish between BNS, NSBH, and BBH with solarmass component objects from their GW signal [88–92].
It also motivates a detailed analysis taking into account
a range of galaxy types with different DM and NS environments, especially for a comparison with the volumetric rates of BBH, BNS, and NSBH as measured by
LIGO/Virgo [43].
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