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Primordial black holes (PBHs) as an all-dark matter (DM) hypothesis has recently been demotivated by
the prediction that these objects would source an excessive rate of fast radio bursts (FRBs). However, these
predictions were based on several simplifying assumptions to which this rate is highly sensitive. In this
article, we improve previous estimates of this rate arising from the capture of PBHs by neutron stars (NSs),
aiming to revitalise this theory. We more accurately compute the velocity distribution functions of PBHs
and NSs and also consider an enhancement in the NS and DM density profiles at galactic centers due to the
presence of a central supermassive black hole. We find that previous estimates of the rate of FRBs sourced
by the capture of PBHs by NSs were 3 orders of magnitude too large, concluding that the PBHs as all DM
hypothesis remains a viable theory and that the observed FRB rate can only be entirely explained when
considering a central, sufficiently spiky PBH density profile.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the largest
outstanding puzzles in modern physics. While it has been
confirmed by astrophysical and cosmological observations,
its fundamental properties remain unclear. Excepting
the fact that it must interact gravitationally, its other
properties—such as its mass, spin, and other potential
interactions—remain a mystery [1–3]. In the dark sector,
the weakly interacting massive particle (WIMP) [4] and the
axion [5–8] constitute two popular DM candidates, but they
remain elusive despite three decades of collider [9,10] and
direct DM searches [11–13]. Another class of DM candi-
dates is the primordial black hole (PBH) [14,15]. Being
stable and cold on cosmological scales, PBHs make for an
outstanding DM candidate. While most of the PBH
parameter space has been ruled out by dynamical and relic
observations, they can still account for the entirety of the
DM content in the Universe if their masses lie in the range
10−14M⊙ − 10−11M⊙ [16] due to uncertainties in certain
bounds, such as those arising from microlensing and white
dwarfs [17–19]. Indeed, if PBHs make up all of DM, a
striking consequence is that beyond Standard Model

interactions are not needed to explain the DM we currently
observe in the Universe.1 Therefore, from the viewpoint of
high-energy physics, the PBH all-DM scenario is a highly
compelling theory. However, the PBH all-DM hypothesis
has recently been jeopardized. It has been predicted that
these astrophysical objects would source a rate of fast radio
bursts (FRBs) [21,22] exceeding that inferred from obser-
vations [23]. Fast radio bursts are bright and brief radio
frequency pulses whose origin remains unknown in spite of
the great physics community effort. Among the several
proposed mechanisms for producing FRBs, neutron stars
(NSs) are a popular possibility due to their large gravita-
tional, magnetostatic, and electromagnetic energy densities
[24–31]. The key idea is that encounters between NSs and
PBHs in galaxies would lead to the capture of the PBH by
the dense neutron star medium. The PBH would then
swallow the host, resulting in a short, bright energy burst
during the final stage of the NS collapse. Assuming a
uniform distribution for the observed FRBs among 1011

galaxies, the authors of Ref. [23] predicted an FRB rate 3–4
orders of magnitude larger than the observed rate should
the entirety of DM be composed of PBHs. Subsequently,
based on the calculation of the PBH capture rate by NSs
during close encounters performed in Ref. [32], one of the
present authors and others in Ref. [33] concluded that the
presumed tension between FRB observations and the PBH
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1However, we note that, for example, beyond Standard Model
inflationary theories are required to understand the production of
PBHs in the early universe in the abundance required to make up
all of DM (see, for instance, [20]).
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all-DM hypothesis is just an artifact of a PBH capture rate
overestimation. With the goal of comparison with Ref. [23],
authors in Ref. [33] used the same simplified toy model for
the galaxy and velocity distributions. However, the rate of
FRBs is highly sensitive to these assumptions, and more
realistic modeling is needed for a robust estimate of it.
In this article, we make significant improvements to the
previous estimates performed in Ref. [33] of the FRB rate
arising from the PBH capture by NSs under the PBH all-
DM hypothesis. In such a scenario, since the production of
FRBs is closely linked to the galactic NS and DM density
profiles and NS/PBH relative velocity distribution, we
mainly focus on these features. First, as a benchmark
model for a spiral galaxy, we consider the Milky Way
model obtained in Ref. [34] (the BCKM-model), which is
based on the most likely values of the relevant galactic
parameters from a Markov Chain Monte Carlo analysis
using data from galactic rotation curves. Second, we use the
inversion Eddington formula and a series of Monte Carlo
(MC) simulations to compute the relative velocity distri-
bution function (RVDF) between PBHs and NSs in the
outer regions of the galaxy and, for the inner regions, we
use the Jeans equation. In the original works on FRBs in the
context of the PBH all-DM hypothesis [23,33], a galactic
toy model for a spiral galaxy composed of a bulge and disk
was used to predict the total FRB rate. To go further in this
framework and provide a more representative picture of
the FRB rate sourced by NS-PBH captures, we must, for
example, consider the effects of matter profiles and velocity
distributions. In this work, we have improved upon the
predictions of this framework, showing that our modeling
improvements lead to sizeable effects on the FRB pre-
dictions in the context of the PBH all-DM hypothesis.
We have assumed that spiral galaxies dominate the FRB
signal and used the Milky Way as a representative spiral.
A complete treatment of the FRB rate sourced by NS-PBH
captures would require detailed knowledge of the galactic
populations surrounding the Milky Way, including each of
their presumed DM and NS profiles. We do not attempt to
do this here; however, we briefly comment on the
assumption made in the original work [23] and a possible
extension of this article in the Sec. VII. Our results
qualitatively confirm the previous estimates performed in
Ref. [33] and further release the tension between FRBs
and the PBH all-DM hypothesis reported in Ref. [23]. In
addition, our model improvements with respect to previous
estimates lead us to conclude that the production of FRBs
via PBH-NS encounters is ∼3 orders of magnitude smaller
than the observed FRB rate. The reason is that typical
relative velocities between PBHs and NSs, more accurately
computed via the method presented here, are too large to
allow for the PBH capture by the NS. Since the predicted
FRB rate is highly dependent on the baryonic and DM
density profiles at galactic centers, we also estimate such a
rate considering density enhancements. For spiral galaxies,

which dominate the signal, we find that if they host large
enough spiky PBH central densities, the predicted FRB rate
in the PBH all-DM hypothesis may be consistent for an
order-of-magnitude estimate with the observed FRB rate.

II. GALACTIC MODEL

We use the BCKM-model [34] for the Milky Way
Galaxy as a benchmark model for a spiral galaxy. The
density of the DM halo, ρDM, follows a Navarro-French-
White (NFW) profile [35] normalized to the DM density at
the solar position, ρDM;⊙, according to2

ρDMðrÞ ¼ ρDM;⊙

�
R0

r

��
rs þ R0

rs þ r

�
2

; ð1Þ

where r≡ jxj is the galactic radius, rs is the scale radius,
and R0 is the solar distance from the center of the Galaxy.
The visible matter is formed by a spheroidal bulge over-
lapped with an axisymmetric disk. The bulge decays with
the galactic radius as r−3 for large distances and depends
on the central density ρb;0 and the scale radius rb of the
bulge. The galactic disk shows a double exponential
decay as we depart from the galactic plane and center,
respectively. The distribution densities of the bulge (ρb) and
disk (ρd) are

ρbðrÞ ¼ ρb;0
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where zd and Rd are the height and radius scale lengths
for the disk, respectively, Σ⊙ is the local surface density at
the solar position, and r ¼ ðR2 þ z2Þ1=2 in axisymmetric
cylindrical coordinates. By performing a Markov Chain
Monte Carlo analysis based on observed galactic rotation
curve data, Ref. [34] found the most likely values for these
parameters, which we summarize in Table I.

III. VELOCITY DISTRIBUTION FUNCTIONS

A. Eddington formalism

We use the Eddington formula to compute the velocity
distribution functions (VDFs) of PBHs and NSs at a
given position within the galactic dark halo and bulge,

2We point out that there is some debate on the nature of the DM
profile close to the galactic center; the profile could instead be,
for example, a cored or cuspy NFW profile (see, for instance,
the discussion in Sec. III of [36]). This would lead to either a
suppression or enhancement of the predicted FRB rate, respec-
tively. In Sec. VI, we study the effect of a central supermassive
black hole on the DM profile at the Milky Way galactic center,
including spiky and cuspy profiles.
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respectively, by linking their spatial density to the total
galactic gravitational potential, ΦðrÞ. In the spherical
approximation [38], this potential contains contributions
from both dark and baryonic matter (BM) as

ΦðrÞ ¼ ΦDMðrÞ þΦBMðrÞ

≈
Z

r

0

MDMðr0Þ þMBMðr0Þ
r02=GN

dr0; ð4Þ

where MDM and MBM are the total masses of the dark and
baryonic components of the Galaxy, respectively. The total
mass of the galaxy is then given by Mtotal ¼ MDM þMBM.
For a spherically symmetric system composed of collision-
less components with isotropic VDFs, there exists a unique
correspondence between the isotropic spatial density dis-
tribution ρðrÞ and its respective phase-space distribution
function (PSDF) according to [39,40]

F ðξÞ ¼ 1ffiffiffi
8

p
π2
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dΨffiffiffiffiffiffiffiffiffiffiffiffi
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dΨ

�
Ψ¼0

�
; ð5Þ

where ξ ¼ ΨðrÞ − v2=2 is the relative energy defined in
terms of the relative potentialΨðrÞ ¼ −ΦðrÞ þΦðr → ∞Þ.
From the PSDF in Eq. (5), the VDF at any radius r is linked
to the density profile via frðvÞ ¼ F ðξÞ=ρDM. Each VDF
satisfies the normalization condition

Z
∞

0

frðvÞdv ¼
Z

∞

0

Z
Ω
frðvÞv2dΩdv ¼ 1; ð6Þ

where frðvÞ is the normalized speed distribution (NSD).
The circular speed is calculated via vcðrÞ ¼ ðGN ½MDMðrÞþ
MBMðrÞ�=rÞ1=2 for the Galactic model parameters of the
Milky Way given in Table I. We show this in Fig. 1. We
calculate the VDF and NSD associated with PBHs in the
Galactic dark halo by setting the density profile to ρDM in
Eq. (1). Figure 2 (top) shows a selection of NSDs for PBHs
in our galactic model at different radii r (solid lines) as well
as the best-fit Maxwell-Boltzmann (MB) 3-d isotropic
velocity distributions (dashed lines) with the corresponding
R2 goodness-of-fit metric values quoted. Though best
suited for linear models, this quantity provides us with a
comparative metric with which to judge each of our MB
fits, and we use it only for illustrative purposes. As the

radius decreases, the typical speeds move toward larger
values and the distribution widens. We have verified that
our distributions agree with those computed by Ref. [34]. In
the stellar bulge, we calculate the VDF and NSD associated
with NSs by setting the density profile to ρbðrÞ in Eq. (2).
Figure 2 (bottom) shows a choice of NSDs for NSs in our
galactic model at different radii r (solid lines) as well as the
best-fit MB 3-d isotropic velocity distributions (dashed
lines) with the corresponding R2 values. The NSDs are

FIG. 1. Circular speed vcðrÞ for the given Galactic model
parameters listed in Table I.

TABLE I. The most likely values of the Galactic model
parameters for the BCKM Galactic model obtained from a
Markov Chain Monte Carlo analysis from galactic rotation curve
data [34]. These parameters are largely insensitive to zd, which is
fixed to 340 pc [37].

rs
[kpc]

ρDM;⊙
½GeV=cm3�

ρb;0
½GeV=cm3�

rb
[kpc]

Σ⊙
½M⊙=pc2�

Rd
[kpc]

30.36 0.19 1.83 × 104 0.092 57.9 3.2

FIG. 2. Normalized speed distributions for PBHs in the dark
halo (top) and NSs in the stellar bulge (bottom) in our galactic
model at different Galactocentric radii (solid lines). Best-fits to
Maxwell-Boltzmann 3-d isotropic velocity distributions are also
shown (dashed lines).
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well-described by MB distributions at radius r with a peak
speed at vcðrÞ. In the disk, we cannot apply the Eddington
formalism since the system is no longer spherically
symmetric. In the limit of a razor-thin disk, we may assume
that the VDF for NSs follows a bi-dimensional MB
distribution in the z ¼ 0 galactic plane. We have numeri-
cally checked that the disk contribution to the final FRB
rate is subdominant in comparison to that from the bulge, as
previously pointed out in [33]. We therefore only focus on
the Galactic bulge.

B. Galactic center

Most galactic centers host supermassive black holes
(SMBHs) with masses around ð106–108ÞM⊙ [41], which
would have a strong impact on the dark and baryonic matter
velocity distributions within certain characteristic galactic
radii. This fact is relevant in the context of FRBs since the
final FRB rate would receive a dominant contribution from
inner galactic regions, as mentioned in Ref. [33]. Since it is
computationally intensive to apply the Eddington formal-
ism in regions very close to the Galatic center, we estimate
this contribution by using the Jeans equation and reason-
able assumptions. The so-called gravitational influence
radius [42] is defined as rh ≡GNMSMBH=σ2 [42],
where σ is the stellar velocity dispersion of the host bulge.
For the particular case of the MilkyWay, we haveMSMBH ≈
3.5 × 106M⊙ and rh extends until ∼3 pc [43]. For galactic
radii r ≫ rh, the SMBH presence can be safely neglected
as we did in Sec. III A. For r≲ rh, we may estimate the
velocity distributions for NSs and PBHs by solving the
Jeans equation. We take both number densities to follow
power-laws with an index γ̄ and assume circular velocities
vcðrÞ ¼ ðGNMtotalðrÞ=rÞ−1=2, where MtotalðrÞ is the total
Galactic mass within a radius r. We obtain [43,44]

σi ∼ 123 km s−1ð1þ γ̄Þ−1=2
�
Mtotalðr�Þ

r�

�
1=2

; ð7Þ

where r� ¼ 1 pc, σi is the 3-d velocity dispersion of an
isotropic MB velocity distribution, i∈ ðNS; PBHÞ, and we
have taken γ̄ ¼ 1. The relative velocity dispersion is readily
calculated, for example, as σNS-PBH ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2NS þ σ2PBH

p
.

IV. RELATIVE VELOCITY DISTRIBUTION
FUNCTIONS

The FRB rate is highly sensitive to the distribution of
relative speeds between PBHs and NSs. While the NS-NS
relative speed distribution is analytically tractable since
their speeds follow an MB profile to a good approximation,
those for NS-PBH and PBH-PBH must be found numeri-
cally. This is because the PBH VDF, fPBHðvÞ, is itself
found numerically via Eq. (5). To retrieve these distribu-
tions, we proceed via a series of Monte Carlo (MC)
simulations. We begin by sampling NMC ¼ 106 velocities

from the relevant velocity distributions, fPBH=NSðvÞ. To
find the distribution of relative speeds, we compute the
magnitudes of the differences of these vectors to arrive
at the relevant distribution function, fNS−PBHðvrelÞ or
fPBH−PBHðvrelÞ. We then employ Gaussian kernel density
estimators to provide us with continuous functions of f in
terms of vrel. Figure 3 shows the normalized relative speed
distributions fPBH−PBH (top) and fPBH-NS (bottom) for a
given choice of galactic radii. In both cases, while solid
lines refer to frðvÞ, the dashed lines show the correspond-
ing frðvrelÞ. We observe that the normalized relative speed
distributions tend to widen and peak at a higher speed in
comparison to the original distributions. We also fit the
relative speed distributions to MB profiles as in Sec. II,
finding excellent agreement despite the speed distributions
of individual species, especially those of PBHs, departing
from MB profiles. Neutron stars in the bulge have nor-
malized speed distributions close to anMB profile, as Fig. 2
evinces. This explains why the corresponding normalized
relative speed distributions also closely follow MB dis-
tributions. Figure 4 shows the three-dimensional relative
velocity dispersion in light velocity units through the
galaxy between PBHs and NSs in the bulge, σPBH-NS,

FIG. 3. Normalized relative speed distributions (NRSDs) be-
tween PBHs in the dark halo (top) and between PBHs and NSs in
the stellar bulge (bottom) in our galactic model at different
Galactocentric radii (dashed). In addition, the corresponding
best-fits to Maxwell-Boltzmann velocity distribution functions
(dotted) are shown. The normalized speed distributions (NSDs)
for PBHs (dark halo) and NSs (bulge) are also shown (solid).

AMARAL and SCHIAPPACASSE PHYS. REV. D 110, 083532 (2024)

083532-4



as obtained in our fits to MB profiles. As explained in
Sec. III, while we use the Jeans equation for regions close to
the Galactic center under the presence of the central SMBH
(blue shaded region), we use the Eddington formalism for
the outer ones. The presence of the SMBH has a large
impact on σPBH-NS, leading to σPBH-NS ∼ r−1=2 for r≲ rh.
This behavior departs from that assumed in Refs. [23,33],
where the 3-D relative velocity dispersion was taken to be
proportional to r in the galactic inner regions. This has a
significant impact on the predicted FRB rate since the PBH
capture from NSs is highly sensitive to σPBH-NS. We will
return to this point in Sec. VII.

V. FAST RADIO BURSTS RATE CALCULATION

After a PBH is captured by an NS, the PBH swallows the
NS, leading to the formation of a black hole (BH) and the
burst emission of the initial NS magnetic field energy. Such
a burst is the source of FRBs. To compute this rate, we
follow a similar approach to that in Ref. [33]. However, we
introduce crucial improvements with respect to the galactic
model and the corresponding velocity distributions of
PBHs and NSs. We take a PBH all-DM scenario with
a nonmonochromatic mass function with a mean PBH
mass M̄PBH. The DM halo is composed of PBHs with
10−14M⊙ ≤ M̄PBH ≤ 10−11M⊙. As NSs (MN ¼ 1.5M⊙)
are produced from the core-collapse of massive stars in
the galactic disk and bulge, they will collide with PBHs,
leading to a population of BHs (M0 ¼ 1.5M⊙). For con-
sistency, we also consider a population of stellar black
holes (M1 ¼ 10M⊙) coming from stellar evolution. Table II

summarizes the species involved in our scenario.3 As initial
conditions, we set all radial number densities to zero, but
nPðt ¼ 0; rÞ ¼ ρDMðrÞ=MP. We proceed to evolve in time
all niðt; rÞ by solving the following system of first-order
differential equations [33]:

ṅNðt; rÞ ¼ −Fcap=collCNPðrÞnNðt; rÞnPðt; rÞ

−
1

2
CNNðrÞnNðt; rÞnNðt; rÞ

− CN0ðrÞnNðt; rÞn0ðt; rÞ
− CN1ðrÞnNðt; rÞn1ðt; rÞ þ KNðrÞ; ð8Þ

ṅPðt; rÞ ¼ −Fcap=collCNPðrÞnNðt; rÞnPðt; rÞ

−
1

2
CPPðrÞnPðt; rÞnPðt; rÞ

− CP0ðrÞnPðt; rÞn0ðt; rÞ
− CP1ðrÞnPðt; rÞn1ðt; rÞ; ð9Þ

ṅ0ðt; rÞ ¼ Fcap=collCNPðrÞnNðt; rÞnPðt; rÞ
− C01ðrÞn0ðt; rÞn1ðt; rÞ

−
1

2
C00ðrÞn0ðt; rÞn0ðt; rÞ; ð10Þ

ṅ1ðt; rÞ ¼ −
1

2
C11ðrÞn1ðt; rÞn1ðt; rÞ þ K1ðrÞ; ð11Þ

FIG. 4. Three-dimensional relative velocity dispersion in light
velocity units through the galaxy between PBHs and NSs in the
bulge, σPBH-NS. The shaded zone indicates the inner galactic
region, where we used the Jeans equation. The outer regions use
the Eddington formalism, where we have fitted our fPBH-NSðvrelÞ
to the closest MB 3-d isotropic velocity distributions. In the lower
right corner, the red dashed curve shows the σPBH-NS used in
Refs. [23,33].

TABLE II. All astrophysical species of interest in the galaxy.
Here, Mi, ni, Ri, and RsðMiÞ denote the mass, number density,
radius and Schwarzschild radius (if appropriate) of the ith
species. The mean PBH mass in the all-DM scenario is denoted
by M̄PBH.

(Index)-Type of astrophysical species in the galaxy

(N) NS MN ¼ 1.5M⊙ nNðt; rÞ RN ¼ 10 km
(P) PBH MP ¼ M̄PBH nPðt; rÞ RP ¼ RsðMPÞ
(0) Light BH M0 ¼ 1.5M⊙ n0ðt; rÞ R0 ¼ RsðM0Þ
(1) Stellar BH M1 ¼ 10M⊙ n1ðt; rÞ R1 ¼ RsðM1Þ

3We have used an extended lognormal mass function as
fðMPBHÞ ¼ 1=ð ffiffiffiffiffi

2π
p

σÞ exp½−ðlnðMPBH=McÞÞ2=ð2σ2Þ�, where
fðMPBHÞ≡ MPBH

ΩDM

dΩPBH
dMPBH

is the differential mass function of the
PBH DM fraction and M̄PBH ¼ Mc expðσ2=2Þ for a spectrum
centered atMc with a standard deviation equal to σ. For example,
forMc ≃ 6 × 10−14M⊙, σ ≃ 1.9, we have M̄PBH ¼ 4 × 10−13M⊙.
We have tested that the actual width of the distribution has a small
effect on the final results even taking fðMPBHÞδðM̄PBH −McÞ as
the PBH mass function. The fact that the PBH masses in the
PBH-all DM window are much smaller than the NS mass makes
it such that the actual PBH mass does not have any effect on the
gravitational cross section, Eq. (15).
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where KNðrÞ and K1ðrÞ are the total creation rate for NSs
and stellar BHs, respectively, Fcap=coll is the ratio between
the capture and collision rates for NS-PBH encounters, and
Cij is the effective collision cross section averaged over the
relative velocity between the i and j species. Collisions
between the N species would likely form black holes,
which can add to the 0 species population—that is, we may
add the term ð1=2ÞCNNnNnN on the right side of Eq. (10).
On the other hand, collisions between the P species may be
approximately included in the monotonic-mass population
nP. This is akin to eliminating the term ð1=2ÞCPPnPnP
in Eq. (9). We have numerically checked that these
changes do not appreciably impact our results.4 We model
the creation rates KiðrÞ, with i∈ fN; 1g, as KiðrÞ≡
K̄iðρbðrÞ=MtotalÞ, where K̄1¼ K̄N∈ ½0.007;0.063� yr−1 are
the creation rates over the entire galaxy. The ratio Fcap=coll is
calculated in [32] for comparing the initial PBH energy
with all sources of energy dissipation during an NS-PBH
encounter. Crucially, depending on the relative velocity
between both astrophysical objects (σPBH-NS), such a ratio
takes the form

Fcap=coll ≈ 10−5 ×

�
300 km s−1
σPBH-NS

�
2
�

MP

10−12M⊙

�
C½X�; ð12Þ

where

C½X� ≈
8<
:

1 for X ≲ 10;

X−1 for 10≲ X ≲ 1000;

X−5=7 for X ≳ 10000;

ð13Þ

with

X ≡ 2 × 10−4
�
10−12M⊙

MP

�−1�300 km s−1
σPBH-NS

�
2

: ð14Þ

The effective collision cross section averaged over the
relative velocities between i and j species reads as

Cij ¼ πðRi þ RjÞ2

×
Z �

1þ 2GNðMi þMjÞ
ðRi þ RjÞv2rel

�
vrelfðvrelÞd3vrel; ð15Þ

where fðvrelÞ will depend on the interacting species. The
system of equations (8)–(11) is solved in the galactic bulge
using the RVDFs obtained as indicated in Sec. III, where
we assume that light and stellar BHs behave as NSs insofar

as their velocity distributions are concerned. Since σPBH-NS
from Eq. (12) were assumed in Ref. [32] to follow an MB
3-d isotropic velocity distribution, we fit our fPBH-NSðvrelÞ
and fPBH−PBHðvrelÞ obtained numerically in the outer
regions of the Galaxy to the closest MB distributions for
consistency.

VI. ENHANCED DM DENSITY
AT GALACTIC CENTERS

Astrophysical observations indicate that almost all large
galaxies host supermassive black holes at their centers
[46,47]. Apart from the effect on the NS and PBHs velocity
distributions, we expect that the formation and presence of
central SMBHs would dynamically affect both baryonic
and DM densities in the most inner galactic regions. Since
the FRB rate is dominated by inner galactic regions, a
significant overdensity associated with NSs and/or PBHs at
galactic centers may boost the FRB rate [33]. Here, we
estimate the FRB rate arising from the sphere of gravita-
tional influence around central SMBHs in spiral galaxies.
This rate should be the order of the whole galactic rate.
Although we use the Milky Way as a benchmark model
for spiral galaxies, we strive to be as general as possible.
At galactic centers, NSs could hold a steeply-rising stellar
density at radii r≲ rh, with rh ≈ 3 pc [43] in the case of the
Milky Way. If the typical relaxation time is short enough,
via a two-body interaction, stars would exchange orbital
energy leading to the formation of a Bahcall-Wolf density
cusp [48] around the SMBH. Numerical simulations [49]
shows that there should be around 104 NSs within 1 pc
around Sagittarius A* after ∼13 Gyr holding a number
density that may be approximated by an “eta-model”
[43,50,51] with γ ¼ 1.3, e.g.

nNðrÞ ¼
ηANS

4πr3b

�
r
rb

�
η−3

�
1þ r

rb

�
−ðηþ1Þ

; ð16Þ

where η ¼ 3 − γ, rb ≈ 28 pc=ð2η − 1Þ, and ANS ¼ 749076.
Similarly, DM may form a collisional cusp near galactic
centers via the Bahcall-Wolf mechanism. Even though DM
is considered to be collisionless, they would be scattered
off by stars [52–54] leading to a number density close to the
SMBH as nPðrÞ ∼ r−γ , with γ ¼ 3=2. This feature would be
valid even in the case that the galactic center undergoes a
previous scouring by a binary SMBH [55]. On the other
hand, if the SMBH is considered to grow adiabatically at
the galactic center of the DM halo holding an initial
singular power-law number density cusp, nP ∼ r−γ with
0 < γ < 2 as suggested by numerical simulations [56,57],
DM may form spikes at galactic centers being a
steep function of the galactic radius as nPðrÞ ∼ r−γsp with
2.25 ≤ γsp ≤ 2.5 [58,59]. Even though the presence of such
spikes requires particular initial conditions and they can be
later weakened or destroyed [60], we will still consider
them for completeness to estimate the effect on the FRB

4The rate of PP collisions should be larger than what is
estimated in this work when considering PBH binary formation in
the early Universe [45]. However, under the approximation that
the PP merger in the late Universe would form a PBH with a mass
of the order of the original PBH species, our results would still
hold to a reasonable approximation.
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rate. The actual form for the cuspy density profile at
galactic centers, nP;cuspðrÞ, that we consider takes the form

nP;cuspðrÞ ¼ ρDMð0.1rhÞM−1
P

�
0.1rh
r

�
3=2

; ð17Þ

where ρDMð0.1rhÞ is obtained from Eq. (1), and the
valid radii range is 4RsðMSBHÞ ≤ r ≤ 0.1rh. For the spiky
density profile, np;spðrÞ, we follow [58] and take the form

nP;spðrÞ ¼
ρDM;⊙

MP

�
R0

Rsp

�
γ
�
1 −

4RsðMSBHÞ
r

�
3
�
Rsp

r

�
γsp
;

ð18Þ

where 4RsðMSBHÞ ≤ r ≤ Rsp and γsp ¼ ð9 − 2γÞ=ð4 − γÞ
with Rsp ¼ αγR0ðMSBH=ρDM;⊙R3

0Þ1=ð3−γÞ and 0 ≤ γ ≤ 2,
respectively. Here αγ∼ð10−3–10−1Þ depends on the γ-value
and is obtained numerically. To estimate the velocity
dispersion for NSs and PBHs at galactic centers, we solve
the Jeans equation [44] as before and use the fact that
both number densities are taken to follow power-laws
with certain indices γ̄ and assume circular velocities
vcðrÞ ∼ r−1=2 to obtain

σi∼123 kms−1ð1þ γ̄Þ−1=2
�
1 pc
r

�
1=2

for r≲3 pc; ð19Þ

where σi is the 3-d velocity dispersion of a isotropic MB
velocity distribution, i∈ ðNS;PBHÞ, γ̄ ¼ ð1.3; 3=2; γspÞ as
appropriate, andMtotal ≈MSBH within the radius of interest.
The relative velocity dispersion is readily calculated as
σPBH-NS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2NS þ σ2PBH

p
as well as the effective collision

cross section average over σPBH-NS, [Eq. (15)], as [61]

CNP ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πR4

Nσ
2
PBH-NS=3

q �
1þ 3GNMN

RNσ
2
PBH-NS

�
: ð20Þ

We estimate the FRB rate associated with a density
enhanced environment at galactic centers by integrating
the inner region as

FRBcenter
sp;cusp ¼

Z
ri

4Rs

4πr2Fcap=collðrÞCNPðrÞnNðrÞnP;iðrÞdr;

ð21Þ

where the NS number density is given by Eq. (16) and
the PBH number density is chosen to hold a cuspy or
spiky profile, e.g. nP;i ¼ ðnP;cusp; nP;spÞ and ri ¼ ð0.1rh;
minðrh; RspÞÞ, respectively.

VII. RESULTS AND DISCUSSION

A. Main results

Numerical results based on previous sections are sum-
marized in Fig. 5. The current number of FRBs per day and
per galaxy in a typical spiral galaxy in terms of the PBH
mass is shown as an orange shaded region, where K̄N ¼
K̄1 ¼ 0.063 yr−1 (dashed orange line) and 0.007 yr−1

(solid orange line). This rate is calculated using a similar
procedure to that in Ref. [33], but taking the Milky Way as
the galactic model and calculating the relative velocity
distributions between different astrophysical species
(NSs, PBHs, and BHs) more accurately. For the outer
galactic regions, we use the Eddington inversion formula
and a series of MC simulations and MB-profile fits, while
for the inner galactic regions we use the Jeans equation.
In the parameter space of interest, where all DM can be
composed of PBHs, 10−14M⊙ ≲MP ≲ 10−11M⊙ (green
shaded region), the predicted FRB rate is about 3–4 orders
of magnitude smaller than the observed FRB rate,
FRBobs ∼ 10−8 day−1 galaxy−1 [62,63]. This result
improves that from Ref. [33] (blue shaded region), where
the calculation of relative velocities between PBH and NS
in the galactic inner region is oversimplified. In detail, the
assumed model was the piece-wise function σPBH-NS ¼
ð200 km s−1Þr=rb for r ≤ rb and σPBH-NS ¼ ð200 km s−1Þ
for r > rb, where rb ¼ 5 kpc. As the red dashed line in the

FIG. 5. Predicted FRB rate in a typical spiral galaxy for
0.007 yr−1 ≤ K̄N ¼ K̄1 ≤ 0.063 yr−1 obtained in Abramowicz
et al. 2018 [23], Kainulainen et al. 2022 [33], and this work
(red, blue, and orange shaded regions, respectively). We also
estimate the FRB rate from galactic centers considering a cuspy
density profile for NSs (nN;cusp ∼ r−1.3) together to a (1) cuspy
(nP;cusp ∼ r−3=2) or (2) spiky [nP;sp ∼ r−ð2.26;2.33Þ] PBH density
profile (brown dashed line and purple shaded region). The green
shaded region highlights the PBH mass window where PBHs
can constitute all of DM. The gray shaded region indicates an
FRB rate equal to or greater than the actual observed FRB rate,
FRBobs ∼ 10−8 day−1galaxy−1 [63,64].

RESCUING THE PRIMORDIAL BLACK HOLES ALL-DARK … PHYS. REV. D 110, 083532 (2024)

083532-7



lower right corner of Fig. 4 shows, the relative velocity
dispersion is highly underestimated in such a case, leading
to an overestimation of the FRB rate, where the PBH
capture from NSs strongly depends on σPBH-NS via Eq. (12).
Indeed, the presence of an SMBH at galactic centers fixes
the total mass of the galaxy in the most inner regions,
increasing the PBH-NS relative velocity dispersion,
σPBH-NS ∼ r−1=2, and suppressing the PBH capture,
Fcap=coll ∼ σ−2PBH-NS, as one approaches the center. In addi-
tion, as was first pointed out in Ref. [33], we have shown
that the very first estimates for the FRB rate due to the
capture of PBHs performed in Ref. [23] (red shaded region)
largely overestimated the FRB signal due to NS–PBH
captures. This is because they assumed all collisions lead to
a PBH capture (Fcap=coll ¼ 1), arriving at the controversial
conclusion that the PBH all-DM scenario is ruled out.
Besides the effect on the NS-PBH velocity distributions,
it is expected that the formation and presence of central
SMBHs in spiral galaxies would dynamically affect their
densities in the most inner region. To obtain an estimate of
such an effect, we have calculated the rate for FRBs arising
from the sphere of gravitational influence due to a central
SMBH. Considering cuspy NS and PBH density profiles,
i.e., nNðrÞ ∼ r−1.3 and nP;cusp ∼ r−3=2, respectively, does not
impact the final FRB rate for an order-of-magnitude
estimate (dashed brown line). However, considering a
cuspy NS density profile but a spiky PBH density profile,
i.e., nP;cusp∼r−γsp with γsp¼ð9−2γÞ=ð4−γÞ and 0≤ γ≤2,
the FRB rate may increase by several orders of magnitude.
The shaded purple region corresponds to 2.26≲ γsp ≲ 2.33.
We see that the predicted signal would be consistent with
the observed rate for an order-of-magnitude estimate for a
spiky enough DM profile. Nevertheless, this last statement
should be taken with caution. Even though galactic centers
may hold a DM spike, several conditions need to be
satisfied for this to be true. Only if the SMBH is placed
just at the center of the DM halo, a tiny initial mass may
grow adiabatically in the preexistent DM halo to its final
mass at the present day. If the formation of the SMBH
occurs away from the center and undergoes an inspiral
motion, the central DM spike is weakened as nPðrÞ ∼ r−1=2

or even transformed into a depletion rather than an
enhancement [60].
We conclude that the PBH all-DM hypothesis is not in

tension with the observed rate of FRB and, indeed, may be
consistent with it given an order-of-magnitude estimate in
the case that most galaxies host sufficiently spiky PBH
central densities due to the presence of a central SMBH.

B. Future directions

We comment on the original assumption made in
Ref. [23], which we have followed, regarding the specific
use of spiral galaxies to estimate the FRB rate due to
NS-PBHmergers. From this discussion, we will address the

main future directions to be taken regarding the present
work. We have assumed that all galaxies at z≲ 1, where
most FRBs are located [62–64], are spirals for the purposes
of computing the FRB signal and that the Milky Way is an
average spiral. On the latter, the MilkyWay is considered to
be a structurally typical spiral galaxy [65,66]. Indeed,
rotation characteristics of spiral galaxies and mass distri-
butions are similar among the various types of spiral
galaxies, as was shown in Ref. [67]. Even in the case of
sizeable mass variations, we do not expect a significant
change in our main conclusions. We will return to this point
at the end of this section. On the former, we note that the
FRB rate mostly arises from the galactic inner region. It can
thus be approximately written as

FRBS ∼ NN;S½Fcap=coll;SCNP
S nP;S�center; ð22Þ

where quantities inside the squared parenthesis are aver-
aged over the central region, the subscript “S” emphasizes
the fact that we are focusing on a typical spiral galaxy, and
NN refers to the total number of neutron stars. To be more
general, we may estimate the total FRB rate per day and per
galaxy, FRBSþ, by extending Eq. (22) to all different types
of galaxies as follows:

FRBSþ ∼
1

N

X
i

NiFRBi;

∼
1

N

�
1þ

X
i≠S

αi
FRBi

FRBS

�
NSFRBS; ð23Þ

where the subindex i runs over elliptical (E), irregular (I),
and dwarf (D) galaxies in the second line of Eq. (23),
N ≡ NS þ NE þ NI þ ND with Ni the number of the i-type
of galaxy for z≲ 1, and αi ≡ Ni=NS being the fraction of
i-type galaxies with respect to spirals. The rate in Eq. (23),
therefore, depends on the collision cross section and the
fraction of captured PBHs per PBH-NS collision, which
both themselves depend on the relative velocity dispersion
σPBH-NS, the number of neutron stars in a galaxy, and the
number density of PBHs. To estimate the contribution of
other morphologies on the FRB rate, we must thus com-
ment on (i) the number of galaxies present at z≲ 1, (ii) the
Fcap=collCNP factor, (iii) the number density of NS, and
(iv) the DM density profile for all galaxy types. We
consider spiral, elliptical, irregular, and dwarf galaxies in
a series of order-of-magnitude estimates.
On the first point, dwarf galaxies constitute the largest

population of galaxies in the Universe [68–70]. For larger
and brighter galaxies, spirals make up ∼60% of the makeup
of the Universe, followed by ellipticals (∼10%) and then
irregulars (∼4%) [71]. Focusing then on dwarfs, the known
population of Milky Way satellite galaxies have grown with
time due to the increase of galactic surveys. With the Dark
Energy Survey [72,73], other DECam surveys such as
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SMASH5 [74]) and DELVE7 [75], ATLAS [76], and
Gaia [77], the number of confirmed candidate satellites
has risen to more than 60 [68]. A similar population of faint
dwarfs has been observed to surround M31 (see, e.g., [78]).
Even though most of the current reduced knowledge about
dwarf galaxies is based on local observations, successful
wide-field searches and spectroscopic surveys around the
Milky Way are currently pushing the boundaries of our
knowledge beyond the Local Group [79,80]. For example,
the SAGA survey, which focuses on constructing a
statistical sample of satellite systems around Milky Way-
like galaxies, reported between 1 and 9 satellites per host
galaxy [81]. Thus, we roughly expect there to be ∼102
more dwarfs than spirals and ∼10−1 as many ellipticals and
irregulars.
On the second point, a key result of this work is that the

velocity dispersion nontrivially depends on the assumed
dark matter and stellar density profiles, and the predicted
FRB rate is highly sensitive to it, requiring numerical
computations to properly estimate. The effective collision
cross section average over σPBH-NS is dominated by the
gravitational enhancement so that CNP ∼ σ−1PBH-NS. On the
other hand, we have Fcap=coll ∼ σ−2PBH-NS for X ≈ 1 in
Eq. (12). A change in the dark and stellar galactic profiles
will affect σPBH-NS and, as a result, the Fcap=collCNP.
However, presently, we will take this factor to be of the
same order for all types of galaxies. We have numerically
tested the velocity dispersion of dark and baryonic matter
using the BKCM model, but doubling the DM halo NFW
concentration. The σPBH-NS value changes by a few percent.
On the third point, we can estimate the number of NSs

in each galaxy type by using the predicted rate of core-
collapse supernovae, which are predominantly responsible
for their production [82]. Integrating the morphology-
specific rates over the age of the Universe, we retrieve
the number of NSs. We find that spirals and ellipticals
should contain roughly the same order of NS, ∼108NS,
with irregulars containing an order of magnitude fewer,
∼107NS. For dwarfs, it is unclear whether [82] considered
them; however, we can argue for their NS number from the
perspective of relative galactic masses. Dwarf galaxies
typically have masses 107–109M⊙, which are two orders
of magnitude smaller than typical spiral galaxy masses
(109–1012M⊙). Assuming that the populations of stars are
roughly equivalent in both dwarfs and spirals, which may
be a lower estimate since dwarfs usually possess an older
population of stars [83], we can then approximate the
number of NS in dwarfs to be ∼10−2 that of spirals.
Finally, on the fourth point, we comment on the DM

density in each morphology. In cold dark matter (CDM),
the structure of virialized dark matter halos shows a
spherically averaged density profile (the NFW profile)
according to N-body simulations [35]. We used such a
profile in Eq. (1), Sec. II.

In elliptical galaxies, dark matter is an extremely
common (probably ubiquitous) constituent of them [84].
For example, using x-ray observations (Chandra, XMM,
and Suzaku), the authors in Ref. [85] show that an NFW
profile for DM halos is able to broadly fit available data
within the observational errors for 7 elliptical galaxies in
the mass range of 1012M⊙ − 1013M⊙, with predicted virial
concentrations slightly larger than 10, consistent with
observations. Such concentrations are close to that of the
Milky Way BCKM-model used in Sec. II considering the
upper range at the 68% of confidence level (see Table 1
in Ref. [34]).
Regarding dwarf galaxies, we currently know that

they constitute the largest population of galaxies in the
Universe [68], but they are also very faint and difficult to
observe [86]. On the one hand, they typically have lower
luminosity, mass, and size than typical spiral galaxies,
but they have proportionally more dark matter. They are
considered to be dark matter-dominated structures, but the
presence of a cuspy DM central profile remains unclear due
to possible simulation shortcomings [86,87] and/or sys-
tematic uncertainties [88,89]. Authors in Ref. [90] analyze
DM density profiles of nearby dwarf galaxies, reducing
systematic uncertainties [91]. Their results indicate that
observational evidence does not support the thesis that
dwarf galaxies hold a universal DM profile. While NGC
2976 shows a nearly constant-density DM core with ρDM ∼
0.1M⊙=pc3 at 1 pc, NGC 4605 holds a density profile with
an intermediate feature between a core and cuspy shape
(ρDM ∝ r−0.65), and NGC 5963 a DM density closely
consistent with an NFW profile with a concentration of 20.
Irregular galaxies show unusual shapes, which makes

astronomers believe that they could come from galaxy
interactions or collisions. Thus, it is plausible to consider
that they could share the characteristics and compositions
of the original galaxies, such as star types and dark
matter content.
From the considerations above, to a first approximation,

we take the amount of DM available for NS capture in
elliptical, spiral and irregular galaxies to be all of the same
order. For the peculiar case of dwarf galaxies, we take a
conservative approach and consider them to have on
average 1 or 2 orders of magnitude more DM.
Now, we are ready to estimate Eq. (23). Taking into

consideration the relative population of galaxies with respect
to spiral galaxies, the number of NSs, and the DM densities,
we have αE¼αI∼10−1, αD∼102, FRBE∼FRBS,
FRBI ¼ 10−1FRBS, and FRBD ∼ ð10−1 − 100ÞFRBS.
We compare Eq. (23) with the FRB rate signal predicted
by us shown as an orange band in Fig. 5, obtaining
FRBSþ=FRBS ∼ 10−1 − 100. This estimate tells us, to a
first approximation, that considering spiral galaxies as a
representative galactic candidate for FRB signal is a rea-
sonable idea.
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As we previously commented on, the Milky Way is a
good representative spiral galaxy in terms of properties
such as its mass distribution, dark halo, and rotation
curves [67]. With a mass of approximately 1012M⊙, the
Milky Way is among the heavier spiral galaxies. However,
to explore the impact that more massive spirals could have
on our prediction, we may consider a small fraction of
“super heavy” spiral galaxies, which contribute with an
FRB rate per day and per galaxy equal to FRBSS. Modeling
all galaxies as spirals, the modified FRB signal, FRBmod,
would take the form

FRBmod ∼ ð1 − ϵÞFRBS þ ϵFRBSS; ð24Þ

where ϵ is the fraction of super spiral galaxies with respect
to all spiral galaxies. The super spiral galaxies will
dominate the signal if ϵ > FRBS=ðFRBS þ FRBSSÞ. For
instance, if the typical FRB rate from super spiral galaxies
is around 102 times larger than that from typical spiral
galaxies, they will dominate the signal for ϵ≳ 0.01.
To get a sense of how much our prediction based on the

Milky Way-like signal would change, let us consider the
conservative case for which super spiral galaxies constitute
1% of all spiral galaxies and are typically one order of
magnitude heavier in mass than typical spirals. Using the
BCKM-model [34], we know that, for the Milky Way, the
fraction of DM and NSs with respect to the total galactic
mass at the virial radius are about 0.92 and 1.5 × 10−3,
respectively, where we have considered a total of ∼109 NSs
[33] and MN ¼ 1.5M⊙. Populating our heavy super spiral
galaxies in the same proportion and taking the extreme
case in which their volume is of the order as that of the
Milky Way, the new averaged number densities in them
are n̄SSN ∼ 10n̄N and n̄SSP ∼ 10n̄P, where n̄N and n̄P are the
typical averaged number densities for the Milky Way. From
Eq. (24), we may see that the modified FRB rate will
increase by an Oð1Þ factor in comparison with that from
typical spiral galaxies. More dramatically, if we suppose
that super spiral galaxies are much older than the
Milky Way and contain around 10 times more NSs than
this if they would have a Milky Way mass, the factor for the
total FRB rate would instead be of Oð10Þ. Our rough
estimates, which do not account for more complicated

variables such as changes in typical NS-PBH velocities,
are sufficient to approximate the total predicted modified
FRB rate.
As a result, since the observed FRB rate is larger than our

prediction by 2 or 3 orders of magnitude, we may properly
conclude that the tension between such a rate and the PBH
all-DM hypothesis does not exist.
Finally, we comment on the purple shaded region on

Fig. 5, where we conclude that sufficiently spiky PBH
central densities would make the predicted FRB rate
consistent with the observed one. Since dwarf galaxies
are much lighter than spiral galaxies, the presence of a
central SMBH, which would enhance the sharpness of DM
profiles, is not guaranteed. However, there has been
observational evidence of interest. For example, the most
distant dwarf spheroidal galaxy from the Milky Way, Leo I
(∼8 × 107M⊙), would host an SMBH (MSMBH ∼ 106M⊙)
according to dynamical evidence [92]. Such a black hole
mass is around 3 orders of magnitude larger than the
expected mass. If dwarf galaxies hold enough spiky DM
central densities, their effect on the total FRB rate may be
comparable with those from “spiky”-spiral galaxies. Future
work is needed to settle down this compelling scenario.
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