
Can primordial black holes as all dark matter explain fast radio bursts?
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Primordial black holes (PBHs) are one of the most interesting nonparticle dark matter (DM) candidates.
They may explain all the DM content in the Universe in the mass regime from about 10−14 M⊙ to
10−11 M⊙. We study PBHs as the source of fast radio bursts (FRBs) via magnetic reconnection in the event
of collisions between them and neutron stars (NSs) in galaxies. We investigate the energy loss of PBHs
during PBH-NS encounters to model their capture by NSs. To an order-of-magnitude estimation, we
conclude that the parameter space of PBHs being all DM is accidentally consistent with that to produce
FRBs with a rate which is the order of the observed FRB rate.
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I. INTRODUCTION

One of the outstanding challenges facing the physics
community is the unknown identity of dark matter (DM).
Even though its existence has been confirmed by astro-
physical and cosmological observations, we do not know
much about its properties apart from the fact that it interacts
at least gravitationally [1,2]. Among the most favored
particle DM candidates, the weakly interacting massive
particles [3] and the axion [4–7] remain elusive after three
decades of collider and direct DM searches. Another
interesting class of DM is astronomical objects such as
primordial black holes [8] (PBHs), formed in the very early
Universe. The study of PBHs dates back to the 1960s, and it
was soon realized [9] that they constitute an excellent DM
candidate with a rich phenomenology [10–18]. For suffi-
ciently large masses, PBHs are stable and behave like cold
DM on cosmological scales. The possibility that PBHs
constitute all of the DM has already been ruled out by
dynamical and relic observations, except for the mass range
10−14 M⊙ − 10−11 M⊙, where current bounds are subject
to uncertainties [19–21]. Indeed, a successful inflation
model was proposed by one of us in Refs. [22,23] to
explain all DM with a sharp peak in the PBH mass
spectrum around 10−13 M⊙. This PBH all-DM hypothesis
has the shocking consequence that we do not need to go
beyond the Standard Model of particle physics to explain
the DM content of the Universe. In this article, we adopt
this hypothesis and study if such PBHs making up the DM

component could also be the source of fast radio bursts
(FRBs), reproducing the correct observed rate.
FRBs are bright short duration pulses of emission in the

radio frequency spectrum, whose origin is at present
unknown. The first detection of a FRB event was reported
by Lorimer and collaborators [24] based on the archival
survey data from the Parkes radio telescope. Since then, the
physics community has made great efforts to confirm and
explain the phenomenon. There is no a standard criteria to
define a FRB event, but this is a matter of ongoing research
[25]. In practice, a signal is identified as a FRB if it satisfies
a set of relaxed criteria including pulse duration, brightness,
and a dispersion measure.
While the typical FRB duration is the order of millisec-

onds or less, their radiated power, up to ∼1043 erg=s
(assuming an isotropic emission) is comparable to that
of an entire typical radio galaxy. These brief and energetic
events could be linked to neutron stars (NSs), which feature
large gravitational, magnetostatic, and electromagnetic
energy densities with short characteristic timescales:
Oð2GNMNÞ ∼ 10−2 ms, using MN ∼M⊙ as a typical NS
mass scale. Indeed, the extremely high brightness temper-
ature associated with FRB events (temperature of the
Wien’s law fitting the observed flux density) could be
an indication of the presence of plasma and/or magnetic
fields [26]. Many models involving NSs have already been
proposed to explain FRBs. These range from catastrophic
events, such as colliding or merging NSs [27–29], NS
collapse [30,31], NS and dense axion star collisions [32],
NS and asteroid collisions, NS quakes, and lightning in
the NS magnetosphere to interaction of a pulsar with its
environment [33,34] or the model of soft gamma repeaters
[35,36] (for a review, see Ref. [37]).
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In Ref. [38], encounters between NSs and PBHs were
proposed as the fast radio burst engine. The NS would
capture a PBH due to its dense neutron medium, and as the
PBHeventually swallows its host, a FRB is formed due to the
release of the magnetic field energy during the final collapse
of the NS to a black hole (BH) [39]. This mechanism is
consistentwith the typical short duration andhigh luminosity
characteristics of FRBs. However, results from [38] suggest
that the PBH all-DM scenario with PBHmasses in the range
of 10−14 M⊙ − 10−11 M⊙ is in tension with observations,
producing FRBs with a rate that is several orders of
magnitude too large (assuming the observed signal is
uniformly distributed among 1011 galaxies). In this article,
we argue that these results are based on an overestimation of
the actual PBH capture rate by NSs and that with more
appropriate rates the PBH all-DM hypothesis, quite remark-
ably, predicts a FRB rate of the correct magnitude.

II. FRB OCURRENCE RATE:
NUMERICAL SIMULATION

If all DM in galactic halos is in the form of PBHs, they will
unavoidably collide with NSs. Under the right conditions,
NSs may capture PBHs, which eventually leads to NS → BH
conversion and the emission of the original NSmagnetic field
energy. Such released energy would power the FRB events.
For the sake of comparison, we follow the simple order-

of-magnitude estimation performed in Ref. [38] to simulate
the galactic halo interaction with the bulge and the disk of a
typical spiral galaxy. Thus, we define a toy model galaxy
parametrized by the galactic disk thickness, Hd, galactic
disk radius, Rd, and spherical galactic bulge radius, Rb, as
seen in Fig. 1. The density ρðrÞ within a galactic radius r is
taken to be

ρðrÞ ¼
8
<

:

v2d
4πGNr2

for r > Rb

3v2d
4πGNR2

b
for r ≤ Rb

; ð1Þ

such that it obeys a simplified rotational curve where
vðr > RbÞ ¼ vd and vðr ≤ RbÞ ¼ vdr=Rb, with vðrÞ being
the radial circular velocity and vd ¼ 220 km=s. The sum of
the masses of the disk and bulge is obtained as

Mtotal ¼
Z

Rb

0

4πr2ρðrÞdrþ
Z Hd

2

−Hd
2

Z
Rd

Rb

2πRρðrÞdRdz; ð2Þ

≈
v2dRb

GN
þHdv2d

2GN
ln

�
Rd

Rb

�

∼ 7 × 1010 M⊙; ð3Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ z2

p
in cylindrical coordinates ðR;ϕ; zÞ.

Our scenario has several interacting astrophysical objects
in the galaxy. Apart from light PBHs and NSs with a typical
mass of MN ¼ 1.5 M⊙, we eventually have light black
holes with a mass M0 ¼ MN produced by the NS → BH

conversion, and we add a population of stellar black holes
(BHs) as a result of standard stellar evolution. We sum-
marize the main parameters in our simulation in Table I.
Also the labeling used below for the various species is
explained in the table. If the DM is composed of a
nonmonochromatic PBH mass spectrum, as in the inflation
model proposed in Ref. [22], we use MP ¼ M̄PBH, where
M̄PBH is the mean PBH mass. As long as MN ≫ M̄PBH,
which is the case here, this is practically equivalent to using
the full extended mass spectrum.
We use the following initial number densities in terms of

the galactic radius:

nPðt ¼ 0; rÞ ¼ ρðrÞ
MP

; ð4Þ

n0ðt ¼ 0; rÞ ¼ n1ðt ¼ 0; rÞ ¼ nNðt ¼ 0; rÞ ¼ 0; ð5Þ

where nP is the number density of PBHs. In addition, n0,
n1, and nN are the number density of light BHs after NS
conversion, stellar BHs, and NSs, respectively.
The velocity averaged collision rate between species i

and j contains an important enhancement due to gravita-
tional focusing which deflects the trajectories of the
colliding objects (see, for example, Sec. 4.1 in Ref. [40]),

CijðrÞniðrÞnjðrÞ ¼ hσeffðvrelÞvrelðrÞiniðrÞnjðrÞ ð6Þ

¼ πðRi þ RjÞ2niðrÞnjðrÞ

×
Z

d3vrel

�

1þ 2GNðMi þMjÞ
ðRi þ RjÞv2rel

�

× vrel PðvrelÞ; ð7Þ

where PðvrelÞdvrel denotes the probability for the relative
velocity be in the interval vrel…vrel þ dvrel. We assume the
Maxwell-Boltzmann distribution for all species,

PðvrelÞdvrel ¼
�

3

2πσ2rel

�
3=2

exp

�

−
3v2rel
2σ2rel

�

; ð8Þ

where we assume σrel is the order of vðrÞ, the rotational
velocity corresponding to Eq. (1). For example, for i ¼ N

TABLE I. Different compact objects of interest in the
galaxy: masses (Mi), number densities (ni), and radii (Ri).
The Schwarzschild radius of the ith species is given by
RsðMiÞ ¼ 2GNMi.

(Index) Type Mass
Number
density Radius

(N) NS MN ¼ 1.5 M⊙ nN RN ¼ 10 km
(P) PBH MP ¼ M̄PBH nP RP ¼ RsðMPÞ
(0) Light BH M0 ¼ 1.5 M⊙ n0 R0 ¼ RsðM0Þ
(1) Stellar PBH M1 ¼ 10 M⊙ n1 R1 ¼ RsðM1Þ
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and j ¼ P, we have Mi ≫ Mj and Ri ≫ Rj with the
gravitational enhancement dominating the effective cross
section. Calculating the integral in Eq. (7), we have

CNP1ðrÞnNðrÞnP1
ðrÞ≃ 1.6× 10−12 yr−1

×

�
MN

1.5M⊙

��
RN

10 km

��
300 km=s

σrel

�

×

�
10−12 M⊙

MP

��
ρPðrÞ

GeVcm−3

�

nNðrÞ:

ð9Þ

Equation (9) corresponds to the number of NS-PBH
collisions per year times the NS number density at a
galactic radius r. However, in contrast to what was assumed
in Ref. [38], not all NS-PBH collisions lead to a PBH
capture by the NS. The initial NS-PBH impact parameter
needs to be small enough so that the PBH energy loss
during the interaction is large enough to overcome the
initial PBH energy, as discussed in detail in Ref. [41].
Suppose that there is a background of PBHs with a relative
velocity dispersion σrel at infinity with respect to an isolated
NS. The capture condition during a PBH encounter reads

jΔEj > Ei ¼
1

2
mσ2rel; ð10Þ

where the total energy loss jΔEj ¼ jΔEin
GWj þ jΔEout

GWj þ
jΔEsurf j þ jΔEdynj consists of the loss via dynamical
friction jΔEdynj, the energy radiated in gravitational waves
jΔEGWj during the PBH motion inside (in) and outside
(out) the NS and the energy dissipation by the PBH due to
the production of surface waves during the NS crossing
jΔEsurf j. For typical NS parameters, the ratio between the
capture and collision rates for the interaction between an
isolated NS and a background of PBHs moving with a
dispersion velocity σrel in the NS frame is given by [41]

Fcap=coll ≈ 10−5
captures
collisions

×

�
300 km=s

σrel

�
2
�

MP

10−12 M⊙

�

C½X�; ð11Þ

where X ≡ 2 × 10−4ð10−12 M⊙=MPÞ−1ð300 km=s=σrelÞ2.
The function C½X� ¼ 1 for X ≲ 10, and it declines as
C½X� ∼ Xα for larger X, with α ¼ −1 for 10≲ X ≲ 1000
and α ¼ −5=7 for X ≳ 1000 (see Fig. 3 in Ref. [41]). The
collision rate expressed in Eq. (9) is transformed to capture
rate by using Eq. (11) as

C̃NPðrÞnNðrÞnPðrÞ
¼ Fcap=collðvðrÞ;MPÞCNPðrÞnNðrÞnPðrÞ; ð12Þ

where we have used the galactic circular velocity to
estimate the relative PBH/NS velocity, setting σrel ¼ vðrÞ.
Neutron stars are born in the core-collapse events of

massive stars corresponding to supernovae of types Ib, Ic,
and II and, less frequently, of type Ia (accretion-induced
collapse of white dwarfs that have reached the
Chandrasekhar’s limit) [42]. The present day types IIþ
Ib supernovae rate derived from the Galactic 26A1 mass is
3.4� 2.8 per century [43]. In Milky Way-like galaxies, the
type Ia supernovae rate, mainly dominated by the double
degenerate scenario, is ∼10−3 yr−1 [44]. We use such
present-day supernovae rates to roughly estimate the total
number of NSs generated per a typical spiral galaxy. We
take a constant total creation rate for NSs and stellar black
holes in the range KN ¼ K1 ¼ ½0.007–0.063� yr−1 and
weight both of them via the local density as KiðrÞ ¼
ðKi=MtotalÞρðrÞ, where i ¼ fN; 1g.
The time evolution of the number densities of different

astrophysical species follows from a system of coupled
differential equations as

_nN ¼ −C̃NPnNnP −
1

2
CNNnNnN − CN0nNn0

− CN1nNn1 þ KN; ð13Þ

_nP ¼ −C̃NPnNnP −
1

2
CPPnPnP − CP0nPn0

− CP1nPn1; ð14Þ

_n0 ¼ C̃NPnNnP − C01n0n1 −
1

2
C00n0n0 ð15Þ

_n1 ¼ −
1

2
C11n1n1 þ K1: ð16Þ

In Eqs. (13)–(16), a prefactor 1=2 is introduced to avoid
double counting in collisions between objects of the same
species: PBHs, NSs, light, and stellar BHs.
Figure 2 shows the number of NSs as a function of the age

of a galaxy for an example with MP ¼ 10−12 M⊙ and
KN ¼ K1 ¼ 0.063 yr−1. The total number of NSs and the
contributions from the bulge and disk are shown by the
black, dashed red, and blue lines, respectively. The predicted

FIG. 1. Toy model for a typical galaxy composed of a spherical
bulge with radius Rb ¼ 5.0 kpc and disc plane with height Hd ¼
1.0 kpc and radius Rd ¼ 30 kpc.

CAN PRIMORDIAL BLACK HOLES AS ALL DARK MATTER … PHYS. REV. D 104, 123033 (2021)

123033-3



present number of galactic NSs agrees with the total number
estimated in the literature [42].
We calculate the current FRB rate per galaxy by

evaluating
R
C̃NP1ðrÞnNðr; t0ÞnP1

ðr; t0Þd3r over the galac-
tic bulge and disk, using t0 ¼ 13.5 Gyr that equals the
typical galactic age. Assuming that FRB are detected from
about 1011 galaxies in the observable Universe (most FRBs
are located at redshifts ≲1), the estimated rate of FRBs
from observations is ∼10−8 day−1 galaxy−1 [45,46].
Figure 3 shows the current number of FRBs produced in

our setup per day and per galaxy in terms of the PBH mass,
MP, for KN ¼ K1 equal to 0.063 yr−1 (dashed blue line)
and 0.007 yr−1 (solid blue line). In the parameter space
of interest, where PBHs may still constitute all DM,

10−14 M⊙ ≲MP ≲ 10−11 M⊙ (green shaded region), the
generated FRB rate is the order of the observed FRB rate
(dashed red line). The near constancy of the FRB rate can
be understood from Eq. (12). While the capture efficiency
increases with the PBH mass, Fcap=coll ∝ MP, when C½X�
remains a constant, this is compensated by the decreasing
number of PBHs, nP ∝ M−1

P . The bending of the rate down
at MP ≳ 10−11 M⊙ comes from the suppression of C½X� at
small galactic radii, where vðrÞ ≪ vd and subsequently X
can be very large.
For comparison, we also show in Fig. 3 (the dashed and

solid black lines) the FRB rate obtained assuming that
every NS/PBH collision leads to a PBH capture, i.e., setting
Fcap=coll ¼ 1, which was the assumption made in Ref. [38].
However, as seen in Fig. 3, this vastly overestimates the
actual signal for all masses MP ≲ 10−9 M⊙, and, in
particular, for MP ∼ 10−14 M⊙ − 10−11 M⊙, it gives a rate
that is several orders of magnitude above the observed
value ∼10−8 day−1 galaxy−1. In contrast, our results show,
quite remarkably, that the FRB rate corresponding to the
PBHs all-DM scenario agrees with the observed rate within
order of magnitude precision.

III. DISCUSSION AND OUTLOOK

We have shown that the parameter space where all DM
can be PBHs is accidentally consistent with that to produce
FRBs with a rate which agrees with observations to the
right order of magnitude. Here, we discuss the main
uncertainties associated with our estimation and provide
some outlook for future research.
The capture rate of PBH by NSs based on Eq. (11) is

calculated assuming that the NS is a homogeneous sphere
of matter. However, NSs have inhomogeneoeus density
profiles with different levels of stiffness depending on the
equation of state [47]. Dynamical friction is expected to be
enhanced in inhomogeneous setups compared to the
homogeneous cases [48]. In our case, enhancement of
the dynamical friction would increase both the PBH capture
rate by NSs and the resulting FRB rate.
The FRB rate depends linearly on the NS number. We

use a simplistic estimate of the NS number based on the
present-day supernovae core collapse in Milky Way-like
galaxies. Uncertainties in the NS creation rate per galaxy
will translate into uncertainties in the final FRB rate. It has
been argued that binary black holes formed from
Population III (Pop III) stars could explain the mass-
weighted merger rate of the LIGO O1 events [49]. If this
is the case, we expect to have in addition NS remnants from
Pop III stars. It would be interesting to study how much this
would enhance the FRB rate in our setup.
The predicted FRB rate mainly depends on the PBH/NS

interactions in the bulge as the density of NSs is highest
there (see Fig. 2), and the circular velocity decreases
towards the galactic center. The capture efficiency in

FIG. 2. The total number of NSs (black line) consisting from
contributions from the galactic bulge (red dashed line) and disk
(blue line) in a typical spiral galaxy.

FIG. 3. Predicted FRB rate in a typical spiral galaxy for KN ¼
K1 ¼ 0.063 yr−1 (dashed blue line) and for 0.007 yr−1 (solid
blue line). Also shown are the total rates of NS-PBH collisions
(dashed black line and solid black lines) and the observed FRB
rate ∼10−8 galaxy−1 day−1 (dashed red line) [45,46]. The green
shaded region indicates the parameter space where PBHs may
still make up all DM.
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Eq. (11) is very sensitive to the velocity of NS/PBH
interactions being enhanced for low speed encounters. In
our simplified analysis, we have assumed that DM towards
to the galactic center follows the density profile of the
galactic bulge with a relative velocity dispersion estimated
by the corresponding circular velocity. The production of
FRBs in the galaxy would increase in models with a larger
DM density and/or smaller relative velocity dispersion in
the inner galactic region.
Several processes involving NSs have been studied in the

literature as possible sources of FRBs. We note that as the
NS/PBH collisions studied here convert only a small
fraction of NSs into BHs, eventual FRBs from other NS
processes should be largely unaffected and could add on
top of the FRB rate studied here.
Multibody effects could be relevant in the dense envi-

ronment within the galactic disk and bulge. In general, such
effects may either boost or suppress the capture rate [41].
To an order-of-magnitude estimate, such effects could
cause deviations from our analysis for PBH mean masses
in the range [50]

MP ≲ MN

lnΛ

�
tdyn
ttidal

�
4=7

; ð17Þ

where ttidal ¼ ðGNMhalo=R3
haloÞ−1=2 is the square root of the

inverse tidal tensor, tdyn ¼ RN=ðGNMN=RNÞ1=2 is a time-
scale associated to PBH energy loss by dynamical friction,
and lnΛ ¼ lnðbmax=bminÞ is the logarithmic ratio of the
maximum and minimum impact parameters, typically in
our setup lnΛ ∼ 30. For typical values used in this paper,
Eq. (17) gives MP ≲ 2 × 10−13 M⊙ for the disk in agree-
ment with Ref. [50] andMP ≲ 7 × 10−13 M⊙ for the bulge.
This estimate indicates that the lightest extreme of the
parameter space of our interest could be affected by
multibody effects.
We will continue this work in an incoming project [51]

with improvements in modeling, such as time dependent
NS creation rate, state-of-the art galactic model, and PBH
velocities distribution, among others.
After the PBH is settled within the NS, it will accrete the

star and convert it to a light black hole. For most of the

parameter space, the accretion process occurs in the Bondi
regime,1 which assumes a spherically symmetric accretion
and zero vorticity of the matter which is collapsing into the
black hole. The characteristic time tB for the accretion is
given by

tB ∼ 2.5 yr

�
cs
0.6

�
3
�
1015 gr=cm3

ρc

��
10−12 M⊙

MP

�

; ð18Þ

where we have used cs ¼ 3=5 as a characteristic value for
the sound speed of the matter in the core of the NS. We see
that for PBH masses ≲2 × 10−13 M⊙ the Bondi time is
≳10 years. The PBHs with lighter masses could be the
source of repeating FRBs. A long-lasting accretion process
may explain the irregular bursts of the repeating FRB
121102 [54] through intermittent reconnection of the
magnetic field line bundles. Indeed, it has been argued
in the literature that all FRBs could actually be repeating
events, and the reason for nonobservation of multiple bursts
is just due to a low burst rate. A sizeable number of
repeating FRBs may be realized for a nonmonochromatic
PBH mass spectrum. Currently, some FRBs have little or
no follow-up so that more data are needed to settle down
the controversy.

ACKNOWLEDGMENTS

E. D. S. thanks Pasquale Serpico for useful discussions
about the capture rate of PBHs by NSs. T. T. Y. thanks Fabo
Feng, Yosuke Mizuno, and Weikang Lin at TDLI for
valuable discussions. This work was supported by the
Academy of Finland Grant No. 318319. T. T. Y. is sup-
ported in part by the China Grant for Talent Scientific Start-
Up Project and the JSPS Grant-in-Aid for Scientific
Research Grants No. 16H02176, No. 17H02878, and
No. 19H05810 and by World Premier International
Research Center Initiative (WPI Initiative), MEXT, Japan.

[1] G. Bertone and D. Hooper, History of dark matter, Rev.
Mod. Phys. 90, 045002 (2018).

[2] K. Freese, Status of dark matter in the universe, Int. J. Mod.
Phys. 1, 325 (2017).

[3] L. Roszkowski, E. M. Sessolo, and S. Trojanowski,
WIMP dark matter candidates and searches—current

status and future prospects, Rep. Prog. Phys. 81, 066201
(2018).

[4] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[5] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

1Only warmer and rapidly rotating NSs break such regime, but
such conditions would be statistically disfavored by the data
[52,53].

CAN PRIMORDIAL BLACK HOLES AS ALL DARK MATTER … PHYS. REV. D 104, 123033 (2021)

123033-5

https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1142/S0218271817300129
https://doi.org/10.1142/S0218271817300129
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X


[6] M. Dine and W. Fischler, The not-so-harmless axion, Phys.
Lett. 120B, 137 (1983).

[7] J. E. Kim and G. Carosi, Axions and the strong CP problem,
Rev. Mod. Phys. 82, 557 (2010); Erratum, Rev. Mod. Phys.
91, 049902 (2019).

[8] S. Hawking, Gravitationally collapsed objects of very low
mass, Mon. Not. R. Astron. Soc. 152, 75 (1971).

[9] G. F. Chapline, Cosmological effects of primordial black
holes, Nature (London) 253, 251 (1975).

[10] M. Kawasaki, N. Sugiyama, and T. Yanagida, Primordial
black hole formation in a double inflation model in super-
gravity, Phys. Rev. D 57, 6050 (1998).

[11] M. Y. Khlopov, Primordial black holes, Res. Astron.
Astrophys. 10, 495 (2010).

[12] B. Carr, F. Kuhnel, and M. Sandstad, Primordial black holes
as dark matter, Phys. Rev. D 94, 083504 (2016).

[13] Y. N. Eroshenko, Dark matter density spikes around pri-
mordial black holes, Astron. Lett. 42, 347 (2016).

[14] M. P. Hertzberg, E. D. Schiappacasse, and T. T. Yanagida,
Axion star nucleation in dark minihalos around primordial
black holes, Phys. Rev. D 102, 023013 (2020).

[15] M. P. Hertzberg, S. Nurmi, E. D. Schiappacasse, and T. T.
Yanagida, Shining primordial black holes, Phys. Rev. D
103, 063025 (2021).

[16] S. Nurmi, E. D. Schiappacasse, and T. T. Yanagida,
Radio signatures from encounters between neutron stars
and QCD-axion minihalos around primordial black holes,
J. Cosmol. Astropart. Phys. 09 (2021) 004.

[17] P. K. Natwariya, A. C. Nayak, and T. Srivastava, Con-
straining spinning primordial black holes with global
21 cm signal, arXiv:2107.12358.

[18] A. Ashoorioon, A. Rostami, and J. T. Firouzjaee, Examining
the end of inflation with primordial black holes mass
distribution and gravitational waves, Phys. Rev. D 103,
123512 (2021).

[19] T. T. Nakamura, Gravitational Lensing of Gravitational
Waves from Inspiraling Binaries by a Point Mass Lens,
Phys. Rev. Lett. 80, 1138 (1998).

[20] R. Takahashi and T. Nakamura, Wave effects in gravitational
lensing of gravitational waves from chirping binaries,
Astrophys. J. 595, 1039 (2003).

[21] B. Carr et al., Constraints on primordial black holes,
arXiv:2002.12778.

[22] K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada, and T. T.
Yanagida, Inflationary primordial black holes as all dark
matter, Phys. Rev. D 96, 043504 (2017).

[23] M. Kawasaki, A. Kusenko, Y. Tada, and T. T. Yanagida,
Primordial black holes as dark matter in supergravity
inflation models, Phys. Rev. D 94, 083523 (2016).

[24] D. R. Lorimer, M. Bailes, M. A. McLaughlin, D. J.
Narkevic, and F. Crawford, A bright millisecond
radio burst of extragalactic origin, Science 318, 777
(2007).

[25] G. Foster, A. Karastergiou, M. Geyer, M. Surnis, G.
Golpayegani, K. Lee, D. Lorimer, D. C. Price, and K.
Rajwade, Verifying and reporting fast radio bursts, Mon.
Not. R. Astron. Soc. 481, 2612 (2018).

[26] J. I. Katz, Coherent emission in fast radio bursts, Phys.
Rev. D 89, 103009 (2014).

[27] T. Totani, Cosmological fast radio bursts from binary
neutron star mergers, Publ. Astron. Soc. Jpn. 65, L12
(2013).

[28] V. M. Lipunov and M. V. Pruzhinskaya, Scenario machine:
Fast radio bursts, short gamma-ray burst, dark energy and
laser interferometer gravitational-wave observatory silence,
Mon. Not. R. Astron. Soc. 440, 1193 (2014).

[29] S. Yamasaki, T. Totani, and K. Kiuchi, Repeating and non-
repeating fast radio bursts from binary neutron star mergers,
Publ. Astron. Soc. Jpn. 70, 39 (2018).

[30] B. Zhang, A possible connection between fast radio bursts
and gamma-ray bursts, Astrophys. J. Lett. 780, L21 (2014).

[31] P. D. Gupta and N. Saini, Collapsing supra-massive
magnetars: FRBs, the repeating FRB121102 and GRBs,
J. Astrophys. Astron. 39, 14 (2018).

[32] J. H. Buckley, P. S. Bhupal Dev, F. Ferrer, and F. P. Huang,
Fast radio bursts from axion stars moving through pulsar
magnetospheres, Phys. Rev. D 103, 043015 (2021).

[33] Z. G. Dai, J. S. Wang, and Y.W. Yu, Radio emission from
pulsar wind nebulae without surrounding supernova ejecta:
Application to FRB 121102, Astrophys. J. Lett. 838, L7
(2017).

[34] E. Waxman, On the origin of fast radio bursts (FRBs),
Astrophys. J. 842, 34 (2017).

[35] B. D. Metzger, E. Berger, and B. Margalit, Millisecond
magnetar birth connects FRB 121102 to superluminous
supernovae and long-duration gamma-ray bursts, Astro-
phys. J. 841, 14 (2017).

[36] F. Y. Wang and H. Yu, SGR-like behaviour of the repeating
FRB 121102, J. Cosmol. Astropart. Phys. 03 (2017) 023.

[37] J. I. Katz, Fast radio bursts, Prog. Part. Nucl. Phys. 103, 1
(2018).

[38] M. A. Abramowicz, M. Bejger, and M. Wielgus, Collisions
of neutron stars with primordial black holes as fast radio
bursts engines, Astrophys. J. 868, 17 (2018).

[39] G. M. Fuller, A. Kusenko, and V. Takhistov, Primordial
Black Holes and r-Process Nucleosynthesis, Phys. Rev.
Lett. 119, 061101 (2017).

[40] M. P. Hertzberg, Y. Li, and E. D. Schiappacasse, Merger of
dark matter axion clumps and resonant photon emission,
J. Cosmol. Astropart. Phys. 07 (2020) 067.

[41] Y. Génolini, P. Serpico, and P. Tinyakov, Revisiting pri-
mordial black hole capture into neutron stars, Phys. Rev. D
102, 083004 (2020).

[42] N. Sartore, E. Ripamonti, A. Treves, and R. Turolla,
Galactic neutron stars. I. Space and velocity distributions
in the disk and in the halo, Astron. Astrophys. 510, A23
(2010).

[43] F. X. Timmes, R. Diehl, and D. H. Hartmann, Constraints
from 26Al measurements on the galaxy’s recent global star
formation rate and core collapse supernovae rate, Astrophys.
J. 479, 760 (1997).

[44] A. J. Ruiter, K. Belczynski, and C. Fryer, Rates and
delay times of type Ia supernovae, Astrophys. J. 699, 2026
(2009).

[45] D. J. Champion et al., Five new fast radio bursts from the
HTRU high-latitude survey at Parkes: First evidence for
two-component bursts, Mon. Not. R. Astron. Soc. 460, L30
(2016).

KIMMO KAINULAINEN et al. PHYS. REV. D 104, 123033 (2021)

123033-6

https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1103/RevModPhys.82.557
https://doi.org/10.1103/RevModPhys.91.049902
https://doi.org/10.1103/RevModPhys.91.049902
https://doi.org/10.1093/mnras/152.1.75
https://doi.org/10.1038/253251a0
https://doi.org/10.1103/PhysRevD.57.6050
https://doi.org/10.1088/1674-4527/10/6/001
https://doi.org/10.1088/1674-4527/10/6/001
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1134/S1063773716060013
https://doi.org/10.1103/PhysRevD.102.023013
https://doi.org/10.1103/PhysRevD.103.063025
https://doi.org/10.1103/PhysRevD.103.063025
https://doi.org/10.1088/1475-7516/2021/09/004
https://arXiv.org/abs/2107.12358
https://doi.org/10.1103/PhysRevD.103.123512
https://doi.org/10.1103/PhysRevD.103.123512
https://doi.org/10.1103/PhysRevLett.80.1138
https://doi.org/10.1086/377430
https://arXiv.org/abs/2002.12778
https://doi.org/10.1103/PhysRevD.96.043504
https://doi.org/10.1103/PhysRevD.94.083523
https://doi.org/10.1126/science.1147532
https://doi.org/10.1126/science.1147532
https://doi.org/10.1093/mnras/sty2396
https://doi.org/10.1093/mnras/sty2396
https://doi.org/10.1103/PhysRevD.89.103009
https://doi.org/10.1103/PhysRevD.89.103009
https://doi.org/10.1093/pasj/65.5.L12
https://doi.org/10.1093/pasj/65.5.L12
https://doi.org/10.1093/mnras/stu313
https://doi.org/10.1093/pasj/psy029
https://doi.org/10.1088/2041-8205/780/2/L21
https://doi.org/10.1007/s12036-017-9499-9
https://doi.org/10.1103/PhysRevD.103.043015
https://doi.org/10.3847/2041-8213/aa6745
https://doi.org/10.3847/2041-8213/aa6745
https://doi.org/10.3847/1538-4357/aa713e
https://doi.org/10.3847/1538-4357/aa633d
https://doi.org/10.3847/1538-4357/aa633d
https://doi.org/10.1088/1475-7516/2017/03/023
https://doi.org/10.1016/j.ppnp.2018.07.001
https://doi.org/10.1016/j.ppnp.2018.07.001
https://doi.org/10.3847/1538-4357/aae64a
https://doi.org/10.1103/PhysRevLett.119.061101
https://doi.org/10.1103/PhysRevLett.119.061101
https://doi.org/10.1088/1475-7516/2020/07/067
https://doi.org/10.1103/PhysRevD.102.083004
https://doi.org/10.1103/PhysRevD.102.083004
https://doi.org/10.1051/0004-6361/200912222
https://doi.org/10.1051/0004-6361/200912222
https://doi.org/10.1086/303913
https://doi.org/10.1086/303913
https://doi.org/10.1088/0004-637X/699/2/2026
https://doi.org/10.1088/0004-637X/699/2/2026
https://doi.org/10.1093/mnrasl/slw069
https://doi.org/10.1093/mnrasl/slw069


[46] E. Petroff, J. W. T. Hessels, and D. R. Lorimer, Fast radio
bursts, Astron. Astrophys. Rev. 27, 4 (2019).

[47] A. Y. Potekhin, A. F. Fantina, N. Chamel, J. M. Pearson, and
S. Goriely, Analytical representations of unified equations
of state for neutron-star matter, Astron. Astrophys. 560, A48
(2013).

[48] A. Del Popolo, Numerical tests of dynamical friction in
gravitational inhomogeneous systems, Astron. Astrophys.
406, 1 (2003).

[49] K. Inayoshi, R. Hirai, T. Kinugawa, and K. Hotokezaka,
Formation pathway of Population III coalescing binary
black holes through stable mass transfer, Mon. Not. R.
Astron. Soc. 468, 5020 (2017).

[50] P. Montero-Camacho, X. Fang, G. Vasquez, M. Silva,
and C. M. Hirata, Revisiting constraints on asteroid-mass

primordial black holes as dark matter candidates, J. Cosmol.
Astropart. Phys. 08 (2019) 031.

[51] K. Kainulainen, S. Nurmi, E. D. Schiappacasse, and T. T.
Yanagida (to be published).

[52] D. R. Lorimer et al., The Parkes multibeam pulsar survey:
VI. Discovery and timing of 142 pulsars and a Galactic
population analysis, Mon. Not. R. Astron. Soc. 372, 777
(2006).

[53] C. Kouvaris and P. Tinyakov, Growth of black holes in the
interior of rotating neutron stars, Phys. Rev. D 90, 043512
(2014).

[54] L. J. M. Houben, L. G. Spitler, S. ter Veen, J. P. Rachen, H.
Falcke, and M. Kramer, Constraints on the low frequency
spectrum of FRB 121102, Astron. Astrophys. 623, A42
(2019).

CAN PRIMORDIAL BLACK HOLES AS ALL DARK MATTER … PHYS. REV. D 104, 123033 (2021)

123033-7

https://doi.org/10.1007/s00159-019-0116-6
https://doi.org/10.1051/0004-6361/201321697
https://doi.org/10.1051/0004-6361/201321697
https://doi.org/10.1051/0004-6361:20030665
https://doi.org/10.1051/0004-6361:20030665
https://doi.org/10.1093/mnras/stx757
https://doi.org/10.1093/mnras/stx757
https://doi.org/10.1088/1475-7516/2019/08/031
https://doi.org/10.1088/1475-7516/2019/08/031
https://doi.org/10.1111/j.1365-2966.2006.10887.x
https://doi.org/10.1111/j.1365-2966.2006.10887.x
https://doi.org/10.1103/PhysRevD.90.043512
https://doi.org/10.1103/PhysRevD.90.043512
https://doi.org/10.1051/0004-6361/201833875
https://doi.org/10.1051/0004-6361/201833875

