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It has been suggested that primordial black holes (PBHs) of roughly 30 solar masses could make up the
dark matter and if so, might account for the recent detections by LIGO involving binary black holes in this
mass range. It has also been argued that the super-massive black holes (SMBHs) that reside at galactic
centers may be surrounded by extremely-dense dark-matter (DM) spikes. Here we show that the rate for
PBH mergers in these spikes may well exceed the merger rate considered before in galactic dark-matter
halos, depending on the magnitudes of two competing effects on the DM spikes: depletion of PBHs due to
relaxation and replenishment due to PBHs in loss cone. This may provide a plausible explanation for the

current rate of detection of mergers of 30-solar-mass black holes, even if PBHs make up a subdominant

contribution to the dark matter. The gravitational-wave signals from such events will always originate in

galactic centers, as opposed to those from halos, which are expected to have little correlation with

luminous-galaxy positions.

DOI: 10.1103/PhysRevD.99.043533

I. INTRODUCTION

Over the first few months of coincident measurement,
the LIGO interferometers have detected gravitational waves
from several mergers of black hole binaries [1-3]. Two
of these events involved the mergers of black holes with
masses estimated to be near 30 M, While these may
simply be the endpoints of massive stars,' an alternative
explanation that is tempting to consider is that these are
primordial black holes (PBHs) [8—11], which are formed
deep in the radiation-dominated era. This idea is especially
intriguing as there remains the possibility that such PBHs
could account for the dark matter (DM) in the Universe
[12-18]. Although tensions between 30 M, PBH dark
matter and various astrophysical observations have been
discussed [19-26] (see [27-32] for promising future con-
straints), each comes with some caveats. Given the funda-
mental nature of the dark matter, as well as any obvious
solution, continued attention to the possibility of 30 Mg
PBH dark matter is still warranted.

The validity of the PBH scenario for LIGO’s more massive
events depends strongly on the predicted rates of their binary
formation and merger, which are difficult to determine. For
example, the probability that early-formed binaries remain
undisrupted until they merge in the local volume detectable

'"The current detections are consistent with a simple stellar-
black-hole [4,5] power-law mass function with a high mass cutoff
(see Refs. [6,7] and supplemental materials of Ref. [3]).
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by LIGO is uncertain [14,33,34]. Meanwhile, the properties
of the smallest dark-matter halos, where two-body binary
formation through emission of gravitational waves in close
encounters is most efficient [ 12], can only be estimated based
on extrapolations which cannot be corroborated directly by
observations. It is therefore worthwhile to investigate other
channels of PBH binary formation.

In this work, we set out to calculate the overall rate at
which PBH mergers occur in the vicinity of super massive
black holes (SMBH), where we may expect a significant
enhancement due to the higher DM density. In particular,
Gondolo and Silk [35] suggested that an extremely dense
DM spike could form near a galactic center if galactic halos
are cusped, as favored in N-body simulations of galaxy
formation [36-38]. Given the uncertainty in the DM-spike
profile (see Ref. [39], for example), and as we cannot observe
or simulate decisively the innermost regions around central
SMBHs, our aim is merely to derive an estimate of the
resulting PBH merger rate at the order-of-magnitude level,
to be compared with the current LIGO estimate for ~30 M
black holes: 0.5-12 Gpc—3 yr~! at 90% confidence [3,6]. We
present the GW-detection rate in two limits of the DM-spike
evolution, in order to account for the effects of two competing
mechanisms: PBH depletion due to relaxation and PBH
replenishment through loss-cone refilling. Our results dem-
onstrate that the PBH mergers in the originally proposed
DM spikes may generate a significant contribution to the
detection rate inferred by LIGO, while relaxation due to

© 2019 American Physical Society
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two-body interactions between PBHs within the DM spikes
may suppress the rate down to as small as its ~1% in the
absence of efficient PBH-replenishment processes. Due to
the lack of our understanding of the exact properties of the
DM-density profile in the proximity of a central SMBH, the
mass function of SMBHSs in the Universe, and the effect of
the PBH replenishment, we conclude that the actual rate lies
between the two results, depending largely on the magni-
tudes of the two competing effects. This may render the
GW-emission rate from galactic centers comparable to the
LIGO-inferred rate.

Our paper is laid out as follows: In Sec. II we present our
model for estimating the rate of PBH mergers in DM spikes.
We first express the spike profile as a function of the SMBH
mass, using the mass-dispersion relation and the mass-
concentration relation in an Navarro-Frenk-White (NFW)
halo profile, and then derive the overall PBH merger rate,
which also depends on the SMBH mass function. In Sec. III,
we describe our parameter choices for the various empirical
relations used in our calculation, comparing different
prescriptions adopted from the literature. The evolution of
the DM spikes, mainly due to the effects of gravitational
relaxation and replenishment through loss-cone refilling, is
then considered in Sec. IV. We show our results and
conclusions in Secs. V and VI, respectively.

II. MODEL

A. The dark-matter spike profile

We consider a SMBH of mass Mqypy residing in a DM
halo which initially has a density profile near the galactic
center of the form p(r) =~ py(rq/r)”, where y is the power-
law index and p, and r, are halo parameters. As shown in
Ref. [35], this will lead to the formation of a DM spike of
radius Ry, (v, Msupn) = aer(MSMBH/(/)O’%))1/<3_7>’ where
the normalization a, is numerically derived for each power-
law index y. The density profile in this spike for r in the
range 4R, < r < Ry, is given by

pal) =on(1-5) (B2)" )

where PR :pO(Rsp/rO)_y’ Vsp = (9 - 2}/)/(4 - 7/)’ and Ry=
2GMgypr/ c?~2.95(M sypr/ M) km is the Schwarzschild
radius of the SMBH. Note that the spike density is
enhanced in the case of a Kerr black hole, where the spike
continues into about twice the horizon scale [40].

In Fig. 1 we show how pg, (7, r) differs from the NFW
density profile for y = 1 and y = 2 (more on the value of
Y in Sec. III) and MSMBH = 105 MO or MSMBH = 106 MO‘
We see that the density is enhanced by several orders of
magnitude in the spike region, and it is therefore worth
investigating whether this could have a significant effect
on the PBH merger rate. We note that the evolution of the
DM spikes is considered in Sec. IV.
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FIG. 1. A comparison of the NFW and spike-density profiles

with y = 1 or y = 2 surrounding a SMBH with mass Mgygy =
103 My or Mgy = 10° M. The spike profiles cross the NFW
profile at r = R,(y, Msypn), defining the radius within which
the merger rate will be calculated. Note that the NFW profile
displays a ~r~! behavior inside this region, as expected.

B. Relating the SMBH mass to the halo parameters

We wish to obtain an estimate of the merger rate per halo as
a function of the SMBH mass. In order to relate the halo
parameters p, and r( to M g\py, We use the M qypy-o relation
[41,42],

logio(Msmpi/Mo) = a + blogp(6/200 kms™), (2)

where a and b are empirically determined parameters (see
Sec. III). The Mgygy-o correlation has a lower scatter
than other similar relations, such as the Mgyy-Liyee and
M syvpr-Myyge relations [43-45], and is especially useful for
our purposes as it relates Mqypy to the velocity dispersion o
of the dark-matter halo, which can be expressed using p
and ry. We relate Mgy to po and r, by assuming that the
dark-matter density profile in the region r > Ry, external to
the spike is described by an NFW profile, extending out to the
virial radius r,; > ry. The total mass enclosed within a
sphere of radius r is then given by

M(r) = dpory / g " mporiglr/re). (3)

o (L+71/r)?

where g(x) =log(1+ x) —x/(1+ x) [note that we can
safely ignore the contribution from the mass of the density
spike itself as well as the SMBH at the center since they are
negligible compared to M(r)]. The circular velocity
(GM(r)/r)"/2, which is maximized at a distance r/r, =
2.16 = ¢,, from the center of an NFW halo, is equal to the
one-dimensional halo velocity dispersion o,

o2 — GM(Cmro) _ 4”Gp0’%g(cm)
Cm’o Cm

: (4)
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FIG. 2. The PBH merger rate N, from the original DM spikes
per year per halo as a function of the SMBH mass Mgygy. We see
that the more massive the SMBH at the center, fewer PBH

mergers happen, which is opposite to the behavior observed in
Ref. [12].

We now define the halo concentration parameter as
c(My) = ry/ro, where M = M(ry;) is the mass
enclosed within the virial radius r;.. Using Eq. (3), we then
see that

4n(c(Myir)ro)’

M vir = 2Oopcrit < 3

) =dnporig(c(My)),
(5)

which allows us to relate p and r(, to M g\py through Egs. (2)
and (4).

C. The PBH merger rate

The PBH merger rate N, per year in a spike around a
SMBH of mass Mg\py can be calculated using

N, = A R% (’%ﬁ)zam(mmd%, (6)

s

where the merger cross section o,,(r) is given by [12]

M 2 v(r) -5
=14 x 1014 2B 2,
on(r) x (30 My) \200 kms') P°
(7)

For the relative velocity we use the circular speed v(r) =
(GMgppu/r)'/? at each radius 4R, < r < Ry,, since the
total mass inside the spike is negligible compared to the
mass of the central SMBH.

In Fig. 2, we plot N, as a function of Mgy for several
values of spike power-law index y. Interestingly, the rate
does not depend on the PBH mass Mpgy, since the effect of
decreased abundance with larger M qypy 1S compensated by
the increase in the cross section.

In order to calculate the overall contribution to the PBH
merger rate from density spikes around SMBHs, the final
step is to convolve the merger rate per SMBH mass, Eq. (6),
with a mass function ¢(Mgypy) of SMBHs to obtain the
total rate per unit volume,

MlﬂﬂX
I'= A/I Nsp(MSMBH)¢(MSMBH)dMSMBH~ (8)

This quantity is implicitly dependent on the parameters and
functional relations introduced in the derivation above,

I'= F(%av b’C<MVir)’ ¢(MSMBH)’Mmin7MmaX>7 (9)

stemming from the steepness of the density profile, the
M gypr-o relation, the halo concentration, the SMBH mass
function and the minimum and maximum SMBH masses.
In the next section, we explore the relevant ranges for these
parameters, based on empirical fits to various datasets, and
motivate the choices we make in our final calculation.

1. EMPIRICS
A. Density profile

Evidence from numerical simulations [36—-38] and some
analytic arguments suggest that the density profile has a
power-law dependence on the radius at small radius. While
there are some reasons to believe that the power-law index
isy ~ 1, as seen in NFW [46] and Einasto [36] profile, there
are also arguments that it may take on other values. We thus
explore in our analysis below values 0 <y < 2.

B. The Mgy gy-o relation

We follow Ref. [47] which finds a = 8.12 £ 0.08 and
b =424 +0.41 to be a good fit for all types of galaxies,
and for a comparison consider the results of Ref. [48] as
well. We found that these uncertainties give rise to at most
a 10% error in our final results, much smaller than that
induced by the other factors considered in Sec. III D.

C. The mass-concentration relation

We use the mass-concentration relation found in Ref. [49],
which is based on a fit to multiple ACDM N-body simu-
lations, in which c is expressed as a function of redshift z and
M. In our calculation, we set z = 0 since the redshifts
(z £ 0.3) detectable by LIGO are relatively low. The errors in
this best-fit approximation are less than a few percent (see
Fig. 10 in Ref. [49]), and they translate into roughly the same
percent error in our final results. Even if we assume the error
in the mass-concentration relation to be much larger, it would
not shift our final result nearly as much as the other factors
considered below.

D. The SMBH mass function

Compared to the parameters and the functional relation
already discussed, the SMBH mass function ¢(Mgygy)
turns out to generate substantial uncertainty in the final rate

043533-3



NISHIKAWA, KOVETZ, KAMIONKOWSKI, and SILK

PHYS. REV. D 99, 043533 (2019)

I" both for the original DM spikes and the (fully) relaxed
DM spikes considered in Sec. IV, since the current estimate
of the mass function is highly uncertain. To account for
this uncertainty, we will compare three different empirical
SMBH mass functions. In Ref. [50], a sample of ~9000
SDSS galaxies was used to infer the spheroid and disk
galaxy luminosity functions, and based on the assumption
that all spheroids contain SMBHs at their center, the SMBH
mass function is derived to be,

M a
$(Msypn) = 10 <%) (%) e~ Msvmn/M.Y (10)

with ¢y = 0.00294° Mpc™3, a = —-0.65, M, =4.07 x
10’h2 M, and S = 0.6. Ref. [51] performed a similar
analysis based on the same spheroid-luminosity to SMBH-
mass relation, using 1743 galaxies from the Millennium

Galaxy Catalogue [52], finding
Msypy | **! MsnpH

M = 1-—— 11

$(Msnh) ¢*< M, exp M, . (11)

with best-fit values log ¢, = —3.15, logM,/M = 8.71

and a = 1.20. Meanwhile, Ref. [53] used kinematic and

photometric data to estimate the SMBH mass function

based on the empirical relation between the halo velocity
dispersion and the SMBH mass, resulting in

A e e

with best-fit values ¢, = 7.7 x 1073 Mpc™3, M,=6.4 x
10’ Mg, @ = —1.11 and 8 = 0.49.

There has been recent interest in the possibility that
dwarf galaxies and even globular clusters contain SMBH,
based on observational [54] and even theoretical indica-
tions [55]. This can only augment the final rate I', but we
will subsequently not consider this possibility. Here we
assume that Mgy in galactic centers ranges from approx-
imately My, = 10°-10° Mg to M, = 10°-10'" M,
where the three fits above are typically valid, since M ;,
and M,,, introduce uncertainties in the rate I" for the
original DM spikes and the relaxed DM spikes, respec-
tively, as shown in Sec. V. In Fig. 3 we plot the three mass
functions above for comparison. As can be seen, lower
mass SMBHs are evidently far more abundant in the
Universe, and therefore will contribute significantly to
our final rate I'" for the original DM spikes. This also
means that the choice of M, does not significantly affect
the result (see Fig. 4). Consequently, for the original DM
spikes, to appreciate the uncertainties in both the SMBH
mass function and the lower cutoff M ;,, we apply the three
mass functions in Fig. 3 separately and compare between two
different lower mass cutoffs, M, = 10° My and M, =
10° M, o- We note that, however, as the dependence on M,

10f-
— Benson07
1L Vika09
U\D — Shankar04
Q
S, 0.100
G)
I @ 0.010
— 0.001
107
1x10° 5x10%1x107 5x1071x10° 5x10%1x10°
Mgsypn [Mo)
FIG. 3. Three different SMBH mass functions ¢(Mgypy):

Benson07 [50], Vika09 [51] and ShankarO4 [53]. All three
curves fall rapidly as Mgypy increases. In all cases ¢(Mgygy)
peaks towards the lower cut off M ,;,,, where there is more than an
order-of-magnitude difference.

is more important for the relaxed DM spikes, in Fig. 5 we
compare the results with two different upper mass cutoffs
instead, M, = 10° Mg and M, = 100 M.

IV. SPIKE EVOLUTION

We consider the two competing effects on the DM
spikes: relaxation due to two-body interactions among
the comprising PBHs and replenishment of PBHs due to
loss-cone refilling. We first describe the prescription for
quantitatively deriving the relaxed DM spikes in the limit of
negligible replenishment effect (i.e., the relaxed-spike
limit). The rate from the relaxed DM spikes provides the
lower bound for the actual GW-detection rate since such
DM-density profiles are reached in the absence of efficient
PBH repopulation mechanisms.

In order to estimate the effect of relaxation in this limit,
we first find the radius R, at which the relaxation time
telax Decomes compatible to Hubble time ty. The local
relaxation time f,.,, iS given by [56]

o (o)
relax — 87[G230mopsp(r) log (bmax/bmin) ,

(13)

and R, is obtained by solving f.,« = ty. The impact
parameters b, and b, are the Schwarzschild radius R, of
the PBHs and the characteristic size of the gravitational
system in question—Rg, for the DM spike structure, respec-
tively. Note that their exact values are not important since
the dependence is only logarithmic, and 10g (byax/Dmin)
stays ~20.

We assume that a core forms in the inner region of the
DM spike r < R, Where 1., is less than Hubble time.
For example, when Mgypy = 10" Mg and y = 1, Reope =
0.23R,. This implies that while the majority of the DM
spike remains undisturbed, the more-enhanced part

043533-4
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(r < Rg,) smooths into a core, leading to a subdued
contribution to the merger rate Ny, from the innermost
region. This suppression becomes more significant for the
DM spikes with larger y and smaller Mqypy, as they lead
to more density enhancement in the innermost region [see
Eq. (1) and Fig. 1]. In fact, the entire regions of the DM
spikes shown in Fig. 1 would undergo relaxation and form
cores in less than one Hubble time.

Finally, we assume that the excess mass is distributed to
the outskirt of the spike R .. < 7 < RSP as a core forms. Rsp
is determined numerically so that the total mass of the
initial DM spike equates the total mass of the relaxed DM
spike pg, in the core and the extended region.

- _ psp(Rcore)
psp(r> - {Psp(r>

(4RS <r< Rcore)

- (14)
(Rcore <r< Rsp)

The upper limit R, of the integral in Eq. (6) is then set to
Rsp to include the contribution from this region. The result
of such DM density profiles is shown in Fig. 5.

We turn to the effect of PBHs on loss-cone orbits that
plunge into the DM spikes and may contribute to the
merger rate. Loss cone, originally studied in the context of
understanding the evolution of massive BHs at the center
of globular clusters [57,58], refers to the ensemble of
orbits that would experience tidal disruption or direct
capture by a central SMBH The number of stellar objects
that lie within loss cone, and how they are re-supplied
once removed after one periapsis passage, determine the
flux of mass into the central region. Repopulation of
such orbits is facilitated by gravitational encounters
between the stellar objects for spherical halos with colli-
sionally-relaxed region (nuclei), while non-spherical (axi-
symmetric or triaxial) cases also allow more efficient
noncollisional feeding onto the orbits (see Ref. [59] for a
comprehensive review).

Recent study [60] estimated the rate of such captures for
realistic galaxies possessing the initial-density profile
p(r) = po(re/r)” with 0.5 <y < 2.0, same as we stipulated
in Sec. II A, for radius roughly corresponding to the outside
of the DM-spike region (210 pc). They showed the sta-
tionary capture rate of 1074-107% My yr~! for Mgypy =
10%-10'° M, in spherically symmetric case. While it is not
certain how effectively such captures of PBHs may lead to
an increase in the number of PBHs within the DM-spike
region, we argue that this process may as well affect the
evolution of the DM spikes; if the efficiency of replenish-
ment becomes compatible to the rate of PBH depletion due
to relaxation within the DM spikes, the decrease in density
may not be as significant as that of the relaxed-spike limit.
Since the capture rate becomes higher for smaller halos [60],
we note that this consideration becomes more important
to such halos, whose contribution to the total rate I" gets
enhanced once convolved with the mass function (as

discussed in Sec. III D). In addition, as the capture rate only
increases in nonspherically symmetric cases [61], and as
whether such high rates can be reached depends strongly on
the initial conditions such as the orbital distribution of stellar
objects [59], the significance of the replenishment process
is highly dependent on the specifics of halos we consider.
We note that the formation of nonspherical DM distribution
around galactic centers (e.g., [62]) may further boost the
binary PBH-merger rate from such regions, as more binaries
in highly eccentric orbits can be attained through an enhance-
ment in Lidov-Kozai process [63]. Lastly, since such con-
siderations are also important for estimating the LISA
detection rate of GW signals from stellar compact objects
inspiraling around a central SMBH [64], determining the
LISA detection rate of stochastic-GW signals from PBHs
orbiting in the DM spikes [65] may also require further
analyses of the replenishment process (as well as the
depletion process). As such, we leave quantitative study
of this effect to future work, and compute the final rate in
Sec. V based on the DM-density profile in the two limits:
the original DM spikes (i.e., the original-spike limit), and
the (fully) relaxed DM spikes. The former corresponds to the
limit when the PBH-replenishment process is highly effi-
cient, counteracting the effect of relaxation within the DM
spikes, and the latter corresponds to the limit of negligible
PBH refilling.

V. RESULTS

We show the final rate for the two limiting cases, the rate
from the original DM spikes and the rate from the relaxed
DM spikes. Based on the parameter choices described in
Sec. III, we proceed to calculate our final results for the
overall merger rate I'(y). As for the original DM spikes, 7,
P¢(Mgypr) and M, are found to dominate the final rate
I'~T(y, p(Msmph) Mmin), rather than the rest of the
factors that appear in Eq. (9). Using the mass function
prescriptions described in Sec. III, and setting the minimum
mass M, to either 10° M or 10° M and the maximum
mass M, to 10° M, we show in Fig. 4 the rate I" from
the original DM spikes as a function of y. Figure 4 includes
a band indicating the 90% confidence interval for the
merger rate of black-hole binaries (similar to GW150914)
[6]. We see that the contribution to the PBH merger rate
from the original DM spikes alone can produce the full rate
inferred by LIGO, depending strongly on the value of y
and also on the adopted mass function. For y ~ 1, the rate
ranges from 1 Gpc— yr~'—consistent with the contribu-
tion from all halos outside their spike region [12]—down to
roughly 10% of that. As this rate may be achieved when the
smoothing of the DM spikes due to relaxation is counter-
acted by the replenishment of PBHs, we show this rate as
the upper bound for the GW-detection rate from galactic
centers.

In the relaxed-spike limit, the smoothed DM spikes
produce a distinct total rate I'(y), as shown in Fig. 5. While
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FIG. 4. T'(y) from the original DM spikes with 3 different halo
mass functions. The result of the relaxed DM spikes is shown in
Fig. 5. The shaded region represents the rate 0.5 ~ 12 Gpc™ yr~!
estimated by LIGO [6]. Each color represents each halo mass
function corresponding to the Fig. 3. We plot I with M;, =
10° M, as dashed lines and M, = 10° M as solid lines.

the contribution to the merger rate from the outer part of the
DM spike increases as the excess mass is distributed
outward (see Sec. IV), the contribution from the vicinity
of the central SMBH (4R, < r < R..) is suppressed due
to the formation of a relaxed core, resulting in a significant
reduction of the total GW emissions from the DM-spike
regions. We plot the results with two different M., values
while M, is fixed to 10% M, since the upper bound M,
is found to introduce more uncertainty than the lower
bound M ;. Figure 5 also shows that the suppression of the
final rate I'(y) due to relaxation becomes slightly more
significant for the DM spikes with larger y, compared to
Fig. 4. In this limit, we conclude that I" is lowered down
to <1% of the full rate inferred by LIGO, setting the lower
bound for the GW-detection rate we predict.

Finally, we consider other factors that may further
influence the final rate I'. In the relaxed-spike limit, we
did not exclude the contribution to I" from PBHs that would
have been merged with or slingshot away due to close
encounters with the central SMBH, as the formation of a
core significantly lowers the DM density in its close
vicinity. We checked that the fraction of PBHs in the
DM-spike regions that have merged after ~10 Gyr stays
negligible entirely for 0 < y < 2 in the relaxed DM spikes
(and for 0 < y < 1.5 in the original DM spikes). Lastly, we
also checked the final rate I in the case of DM comprised of
PBHs with Mpgy # 30 M: while lower mass PBHs with
20 Mg < Mpgy <30 Mg, lead to less significant smooth-
ing of the DM spike (see Eq. (13) and enhance I in the
relaxed-spike limit (by ~10 for Mpgy = 20 M), it stays
less than ~1% of the inferred LIGO-detection rate (higher
mass PBHs with 30 My < Mpgy < 100 M, lead to more
suppression of the rate I' as the local relaxation time
decreases). In the original-spike limit, these considerations
also require a closer examination of the PBH-replenishment
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Fig. 4, it is significantly reduced for all y values.

mechanism into the DM spikes. They are thus ignored in
the final rate I in the original-spike limit, and we present I
in Fig. 4 as the upper bound, as we discussed in Sec. IV.

VI. CONCLUSIONS

The conclusion of our work is that PBH mergers occurring
in the DM spikes around SMBHs at the center of DM halos
may emit GWs frequently enough to significantly contribute
to the total GW detection rate. As we emphasize throughout,
our incomplete knowledge of the dark-matter distribution
near SMBHs (and the abundance of SMBHs in the Universe)
renders our results quite uncertain. The effect on the DM
spikes of PBH replenishment though loss-cone filling,
among the factors we understand poorly, merits a closer
examination as it may influence the final rate significantly
(see Sec. IV). The GW-detection rate we predict thus lies
between the two limits we considered, each corresponding
to Fig. 4 and Fig. 5 respectively. Future advances in our
understanding of these quantities will allow a more precise
determination of the GW-detection rate from the innermost
parts of halos, following the prescription we have presented.

In our calculation, we have not considered PBH binary
formation around SMBH spikes in dwarf galaxies, nor via
three-body PBH binary formation rates, which are likely
to be dominant over dissipative capture by GW emission
in dense stellar systems [66]. These contributions to PBH
binary formation can only increase our predicted rates, but
will predominantly result in ejected PBH binaries.

Nevertheless, this model does lend itself to scrutiny with
future GW measurements. Upcoming observations may
enable us to constrain a PBH contribution to the overall
mass spectrum of merging binaries [7,30], while the mea-
sured eccentricities of the events could be used to test the
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two-body formation channel [67]. Finally, if the actual
detection rate nears the rate from the original DM spikes
(Fig. 4), it would imply that we expect a substantial amount
of GW signals to be coming from the centers of galaxies,
as opposed to the smallest DM halos which do not host
galaxies, under the late-Universe PBH-merger scenario [12]
(not the BH binary formation scenario in the early Universe
[68]). A future network of sensitive GW detectors with the
ability to localize the detected events down to <1° can
potentially be used to probe this scenario by cross-correlating

maps of GW events with galaxy catalogues [69,70]. In
contrast, if the rate is closer to the significantly lower values
calculated for the relaxed DM spikes (Fig. 4), we would see
such localizations to have little correlation with luminous-
galaxy positions, which is in agreement with Ref. [12].
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