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Unusual masses of black holes being discovered by gravitational wave experiments pose fundamental
questions about the origin of these black holes. Black holes with masses smaller than the Chandrasekhar
limit ≈1.4 M⊙ are essentially impossible to produce through stellar evolution. We propose a new channel
for production of low mass black holes: stellar objects catastrophically accrete nonannihilating dark matter,
and the small dark core subsequently collapses, eating up the host star and transmuting it into a black hole.
The wide range of allowed dark matter masses allows a smaller effective Chandrasekhar limit and thus
smaller mass black holes. We point out several avenues to test our proposal, focusing on the redshift
dependence of the merger rate. We show that redshift dependence of the merger rate can be used as a probe
of the transmuted origin of low mass black holes.
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Introduction.—The recent detections of GW190425 [1]
and GW190814 [2], which are either the heaviest neutron
stars (NSs) or the lightest black holes (BHs) ever seen, have
ignited interest in Oð1Þ M⊙ BHs [3–7]. Usual stellar
evolution cannot lead to sub-Chandrasekhar mass BHs,
and the observation of such black holes would augur new
physics. With the remarkable advances in gravitational
wave (GW) and multimessenger astronomy, the detection
of a sub-Chandrasekhar mass (≲1.4 M⊙) BH may be just
around the corner.
The key question, assuming a future GWobservation of a

merger involving a subsolar-mass object, is how to pinpoint
its identity. One recently popular candidate is a primordial
black hole (PBH). It is a well-motivated dark matter (DM)
candidate [8–11] that can constitute all of the cosmological
DM [12–14]. After a critical reappraisal [15–18], numerous
constraints now exist on their abundance ([19–45], see also
[46–48] and references therein). However, there is no
mechanism that naturally produces the correct abundance
of PBHs. The initial abundance of PBHs is exponentially
sensitive to the spectrum of density perturbations and the
threshold for collapse; fine-tuning of parameters is required
to achieve the observed DM abundance [49].
An alternative possibility is that the low mass BHs are of

a nonprimordial nature. DM accretion in a star followed by
its dark core collapse [50] or the exotic cooling of an atomic

dark matter cloud [51] can lead to low mass BHs. However,
previously proposed models employing a fermionic asym-
metric DM with non-negligible self-interaction or dark
quantum electrodynamics are not generic. Transit of a tiny
PBH through a compact object and subsequent conversion
of the host to a BH is also thought to be a novel way to
produce sub-Chandrasekhar and Oð1Þ M⊙ BHs [52,53].
However, the estimated capture rate of a tiny PBH by a NS
was recently shown to be quite small, ∼10−17 yr−1 for a NS
residing in a Milky-Way-like galaxy with ambient DM
density, ρχ ¼ 1 GeVcm−3 [13,54]. (We use ℏ ¼ c ¼ 1
units hereafter.) The capture rate scales linearly with the
ambient DM density and has a strong dependence on the
velocity dispersion ðv̄−3Þ, so an Oð1Þ-Gyr old NS in a DM
dense region (ρχ ¼ 103 GeV cm−3) inside a globular clus-
ter ðv̄ ∼ 10−5Þ can, in principle, implode due to a PBH
transit. However, such overdense DM cores in a globular
cluster are quite speculative and not yet well established. It
has, in fact, been shown that globular clusters do not have
any DM overdensities [55–57]. Hence, the explanation of a
sub-Chandrasekhar or Oð1Þ M⊙ BH due to a PBH transit
hinges on the contentious assumption of a high DM density
in globular clusters and remains uncertain until the prov-
enance of globular clusters is settled.
In this Letter, we point out a simple mechanism that

transmutes a sub-Chandrasekhar or Oð1Þ M⊙ star to a
comparable “low mass BH,” and propose several tests for
the proposal focusing on the cosmic evolution of the
merger rates. DM candidates share the universal feature
that they have a mass and interactions with ordinary matter.
We show, without appealing to any other exotic features,
that this is sufficient for making transmuted black holes
(TBHs). Continued accumulation of nonannihilating DM
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particles in the core, followed by their gravitational collapse
at a modified Chandrasekhar limit set by DM mass and
spin, can produce sub-Chandrasekhar or Oð1Þ M⊙ TBHs
that are a viable alternative to PBHs. We answer a few basic
questions: what particle physics parameter space they can
explore, how to test their origin, and especially, how to
distinguish them from PBHs.
Methods and results.—Transmutation of stellar objects to

BHs due to core collapse has been studied extensively as a
tool to set constraints on DM-nucleon scattering cross
section from the existence of old NSs [58–66], from
connection with type-Ia supernovae [67–70], as well as
connections to several other astrophysical phenomenon
[71–75]. Nonannihilating DM [76,77] scatters with stellar
nuclei, gets captured via single [78,79] or multiple
scattering [80–82], and accumulates inside a stellar
object linearly with time. A precise estimate of the total
number of captured DM particles inside a stellar object can
be found in [60,83] for interactions mediated by any
arbitrary mass mediators and in the contact interaction
approximation, respectively. Transmutation occurs when the
captured DM particles satisfy the collapse criterion, i.e.,
Nχ jtage ≥ max ½NCha

χ ; Nself
χ �, where Nχ jtage is the total number

of DM particles accumulated within a celestial object
throughout its age tage. NCha

χ and Nself
χ , respectively, denote

the Chandrasekhar limit (which depends on the DM particle
spin) and the number of DM particles required for initiating
the self-gravitating collapse. For bosonic (fermionic) DM,
zero point energy is provided by the Heisenberg
uncertainty (Pauli exclusion). The Chandrasekhar limit
NCha

χ for bosonic DM, ∼1.5 × 1034 ð100 GeV=mχÞ2, can
be met more easily than for its fermionic counterpart,
∼1.8 × 1051 ð100 GeV=mχÞ3, explaining an easier trans-
mutation for bosonic DM [58,59]. The required number of
DM particles for self-gravitation Nself

χ does not depend on
the spin statistics of the DM particles and is set by the

condition that DM density has to exceed the baryonic density
within the stellar core [58].
Once the number of captured DM particles satisfies the

collapse criterion, dark core collapse can ensue and a tiny
BH is formed within the stellar object. This BH accumu-
lates matter from the host star and transmutes the star into a
comparable mass BH. For typical NS parameters, if this
tiny BH is lighter than ∼10−20 M⊙, it evaporates faster than
its mass accretion rate and cannot transmute the NS
to a BH [60,63]. For nonannihilating bosonic and fermionic
DM, transmutation of a typical NS ceases due to
efficient Hawking evaporation for masses ≳Oð107Þ and
≳Oð1010Þ GeV, respectively.
Figure 1 shows the DM parameter space where a NS

(with mass 1.3 M⊙) can transmute to a low mass BH for
either bosonic or fermionic DM, for two choices of ambient
DM density. DM-nucleon interactions mediated by an
infinitely heavy mediator (light mediator of mass
10 MeV) is assumed in the first (last) two panels. In the
contact interaction approximation, asymmetric bosonic
(fermionic) DM of mass Oð100Þ GeV [Oð1Þ PeV] in a
DM dense environment can lead to a sub-Chandrasekhar
mass BH. For DM-nucleon interaction mediated via lighter
mediators, transmutation of compact objects is easier, as
exclusion limits weaken and implosions can be achieved
with a wider range of parameters. Similar analysis can also
be performed for a solar mass white dwarf (WD). However,
because of the lower baryonic density compared to a NS,
the implosion criterion is harder to achieve for a WD. For
implosion of a solar mass WD with ambient DM density
103 GeV cm−3, the scattering cross section has to be
≳10−44 cm2 for a 10 PeV asymmetric bosonic DM,
whereas the corresponding cross section for a NS with
the same ambient DM density is ∼10−48 cm2. The trans-
mutation does not happen for small DM masses, causing
the cutoff on the left side of the red shaded region in Fig. 1.

FIG. 1. DM mass and scattering cross section required for a dark core collapse and subsequent transmutation of a 1.3 M⊙ NS to a
comparable mass BH are shown in the red shaded regions. The two panels on the left (respectively, right) correspond to interaction
between DM and stellar nuclei mediated by an infinitely heavy mediator, i.e., mϕ ≫ recoil momentum (respectively, 10 MeV scalar).
Scenarios with nonannihilating bosonic or fermionic DM are marked. Two representative values of ambient DM density, ρχ ¼ 1 and
103 GeV cm−3 (only for the right panel, ρχ ¼ 10 and 103 GeV cm−3), are considered. Exclusion limits from underground direct
detection experiments PandaX-II [84] and XENON1T [85], as well as from existence of an ∼7 Gyr old nearby pulsar PSR J0437-4715
[58–60,86], are also shown by the gray shaded regions. Green hatched regions mark the parameter space where efficient Hawking
evaporation stops the implosion of the NS. The region of no thermalization is many orders of magnitude below [59] and is not shown for
clarity.

PHYSICAL REVIEW LETTERS 126, 141105 (2021)

141105-2



This is because the number of DM particles required
for initiating self-gravitation (Nself

χ ), as well as the
Chandrasekhar limit (Ncha

χ ), increases for lighter DM

[Nself
χ ∼ 1=m5=2

χ , Ncha
χ ∼ 1=m2

χð1=m3
χÞ for bosonic (fer-

mionic) DM] and the number of captured DM particles
is not sufficient to satisfy the dark core collapse
criterion. Note that we do not consider the possibility
of Bose-Einstein condensate (BEC) formation because
the temperature required for BEC formation TBEC ≈
ð2π=mχÞðnχ=2.612Þ2=3 [58] is almost always less than the
core temperature of the stellar object (T ¼ 2.1 × 106 K)
that we consider.
How would one detect these low mass BHs and could

one distinguish them from other compact objects? We now
attempt to address these two questions. In the left panel of
Fig. 2 we show the redshift evolution of the binary merger
rates for PBHs, NSs, and TBHs (for two representative
choices of DM mass mχ and DM-nucleon scattering cross
section σχn). The merger rate of PBH binaries keeps rising
with higher redshift as the PBH binaries can form effi-
ciently in the early Universe [18,87–90]. On the other hand,
the merger rate of binary NSs RNSðtÞ [91] traces the cosmic
star formation rate [92,93]

RNSðtÞ ¼
Z

t

tf¼t�
dtf

dPm

dt
ðt − tfÞλ

dρ�
dt

ðtfÞ ð1Þ

and peaks at an Oð1Þ redshift when the star formation rate
is highest. In Eq. (1), dρ�=dtðtfÞ denotes the cosmic star
formation rate at binary formation time tf, λ is the number
of coalescing NS binaries per unit star forming mass, and
dPm=dtðt − tfÞ is the probability density distribution of
binary NSs merging within the time interval ðt − tfÞ after
formation. For this analysis, we have used λ ¼ 10−5M−1

⊙ ,

earliest star formation time ðt�Þ ¼ 4.9 × 108 year, which
corresponds to z ¼ 10, dPm=dt ∝ ðt − tfÞ−1 [91], and
adopted the cosmic star formation rate from [92]. The
merger rate of TBH binaries RTBHðtÞ is systematically
lower than of NS binaries RNSðtÞ, as only a fraction of them
implode, depending on the time required for transmutation
ðτtransÞ, and depends on the NS population in the galaxies as
well as evolution of the DM density in the galaxies,

RTBHðtÞ ¼
X
i

fi

Z
t

tf¼t�
dtf

dPm

dt
ðt − tfÞλ

dρ�
dt

ðtfÞ

× Θft − tf − τtrans½mχ ; σχn; ρext;iðtÞ�g: ð2Þ

In Eq. (2), we assume that NS binaries live in Milky-
Way-like galaxies and are distributed uniformly in
r ¼ ð0.01; 0.1Þ kpc, where r denotes the distance from
the Galactic Center. Binning r into K bins and denoting the
fraction of NS binaries in the ith bin as fi, one has
fi ¼ 1=K. We further assume that fi do not evolve with
time, but the ambient DM density in the ith bin ρext;i does
evolve with time. We assume that the DM density in each
halo is given by the Navarro-Frank-White profile
ρextðrÞ ¼ ρs=½ðr=rsÞð1þ r=rsÞ2�, such that the average
density within the virial radius rvir is 200ρcðzÞ. The
parameters ρs and rs are expressible in terms of the critical
density of the Universe ρcðzÞ, the concentration parameter
c200 ¼ rvir=rs, and the mass inside the virial radius M200.
For Milky-Way-like galaxies, we take c200 ¼ 13.31 and
M200 ¼ 0.82 × 1012 M⊙ [94], so the time evolution
of ρext;i is determined by evolution of ρcðzÞ ¼ ρcð0Þ½ΩΛþ
Ωmð1þ zÞ3�, where Ωm;ΩΛ are the present day density
parameters for matter and dark energy, respectively [49].
From the expression for the merger rate, it is evident that
the rate of TBH binary mergers decreases with increase in
τtrans. Therefore, for a fixed DM mass and DM-nucleon

FIG. 2. Cosmic evolution of the binary merger rates and mass distributions of the compact objects provide a simple yet novel
technique to determine the stellar or primordial origin of BHs. The left panel corresponds to the cosmic evolution of the binary PBH, NS,
and TBH merger rates. For the binary NS and TBH merger rate, cosmic star formation rate is adopted from [92] and they are normalized
to the recent LIGO-VIRGO measurement [95]. Nonannihilating bosonic DM with mass of 10 TeV and DM-nucleon scattering cross
section of 10−45 and 10−47 cm2 in the contact approximation are assumed for the estimation of binary TBH merger rate. The PBH
merger rate is estimated by considering 1.3 M⊙–1.3 M⊙ PBH binary and a dark matter fraction fPBH ¼ 10−3, which enters as f53=37PBH
[87,88]. The middle (right) panel corresponds to the mass distribution of all observed NSs (WDs) [96,97]. Mass distributions of the
progenitors can be compared against some well-motivated PBH mass distributions to examine the origin of low mass BHs.
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scattering cross section, the merger rate of TBH binaries
decreases with higher redshift because NS binaries at
higher redshift do not have the time for DM accretion
required for implosion. Of course, given a DM mass,
decrease in DM-nucleon scattering cross section leads to
higher τtrans and, hence, lower merger rate.
This distinct redshift dependence of the merger rates,

especially at higher redshifts, can be measured with the
upcoming third generation GW detectors like Cosmic
Explorer [98], Einstein Telescope (ET) [99], and space-
based GW detector Pre-DECIGO [100], which will dis-
tinguish the transmutation via implosion scenario from
PBHs. In Table I, we estimate the possible detection rates of
TBH binary mergers. The expected detection rate ND is
simply given by [91,101]

ND ¼
Z

∞

z¼0

dz
4πD2

cðzÞ
ð1þ zÞHðzÞRTBHðzÞ

× Cθ

�
ρ0
8

DLðzÞ
r0

�
1.2 M⊙

ð1þ zÞMc

�
5=6

�
; ð3Þ

where DcðzÞ ¼
R
z
0 dz

0=Hðz0Þ denotes the comoving radial
distance andDLðzÞ ¼ ð1þ zÞDcðzÞ denotes the luminosity
distance, respectively. HðzÞ is the Hubble rate at redshift z
and we use the cosmological parameters determined by the
latest Planck observations [49]. The angular dependence of
the signal-to-noise-ratio (SNR) is encoded within the
variable θ, and the cumulative distribution of θ is denoted
by Cθ [101]. The chirp mass of the coalescing binary is
denoted by Mc, and ρ0 and r0 are the SNR threshold for
GW detection and the characteristic distance sensitivities of
the GW detectors. For this analysis, we have considered
ρ0 ¼ 8, and r0 ¼ 80ð1591Þ Mpc for aLIGO (ET) [91]. One
finds that already aLIGO would be sensitive to DM
parameters that are not ruled out by other data at present,
e.g., mχ ¼ 104 GeV and σχn ¼ 10−45 cm2. Suppose
ND ¼ 5916 yr−1 in the low redshift bin, which could be
due to mergers of 1.3 M⊙ PBH binaries with fPBH ¼
0.0019 or 1.3 M⊙ TBH binaries with mχ ¼ 104 GeV,
σχn ¼ 10−45 cm2. 1 ET-yr worth of high redshift data

can discriminate between these two model points using
shape information alone (i.e., with same normalization at
low redshift): the PBH binaries will have 787 events in
the high redshift bin, whereas TBH binaries will have 880,
indicating putatively ≥ 3 σ discrimination between said
TBH and PBH model points, with statistical errors only.
The ambient DM density around a sub-Chandrasekhar or

Oð1Þ M⊙ BH is a simple yet powerful probe of the origin
of the BH. Since a DM rich environment favors implosion
of stellar objects, detection of a low mass BH in a DM
deficient region will prefer a primordial origin. Coexistence
of a low mass BH and a NS of similar age can also be a
strong evidence of its primordial origin, as the required
parameter space for such transmutation will be disfavored
by the existence of the companion NS. Since the DM dense
inner regions potentially contain a large number of NSs
[102], detection of an ∼Oð1Þ-Gyr old NS by the radio
telescopes like FAST [103] and SKA [104] will signifi-
cantly strengthen the exclusion limits. As a consequence,
the allowed parameter space for dark core collapse-induced
transmutation of a stellar object will shrink.
Mass distributions of the compact objects provide yet

another powerful way to distinguish TBHs from PBHs.
Since, the TBHs track the mass distribution of their
progenitors, it can be compared against well-motivated
PBH mass distributions to statistically determine the stellar
or primordial origin of BHs. The last two panels of Fig. 2
correspond to the mass distribution of all observed NSs and
white dwarfs, progenitors of the TBHs. It would take a
striking coincidence for the PBH mass distribution to
coincide with these distributions. Reference [105], that
appeared as our paper was being readied, establishes this
technique in more detail.
With imminent ground- and space-based GW detectors,

about one binary NS merger event is expected per week
[106]. Considering the huge number of expected events and
the greatly improved sky localization of the GWevents with
a multidetector network [106], as well as the GW lensing
[107], the implosion scenario can easily be tested in the
near future. Observationally, there also exist several ways
to distinguish a TBH binary from a binary NS. The peak
signal frequency of a binary NS merger is much lower than
that of a binary BH merger due to the less compact nature
of NSs compared to the similar mass BHs [50]. The amount
of ejected NS material during merger is much larger if one
of the components is a BH, and therefore, an unusually
bright transient would favor a low mass TBH-NS merger
[108]. Besides, the dimensionless tidal deformability
parameter, which is zero for a BH and ∼100 for a typical
NS, and the strength of tidal heating can also be used to
probe this implosion scenario [109,110]. More importantly,
possible detection of an associated electromagnetic
counterpart from radio wavelengths to gamma rays can
also distinguish binary BHs from binary NSs or BH-NS
merger.

TABLE I. Possible detection rates of TBH binaries for aLIGO
and ET, estimated using the procedure in the text, for represen-
tative choices of NS mass MNS, dark matter mass mχ , and DM-
nucleon scattering cross section σχn. The radius of the progenitors
are taken to be 10.6 km. The three numbers in the last two
columns are for low redshift (z ≤ 1), high redshift (z > 1), and
total, respectively.

MNS ðM⊙Þ mχ (GeV) σχn (cm2) aLIGO (yr−1) ET (yr−1)

1.0 104 10−47 0.2, 0, 0.2 672, 3, 675
1.0 104 10−45 0.3, 0, 0.3 2982, 32, 3014
1.3 104 10−47 0.4, 0, 0.4 1451, 84, 1535
1.3 104 10−45 0.8, 0, 0.8 5916, 880, 6796
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Summary and outlook.—Sub-Chandrasekhar mass BHs
cannot be explained by stellar evolution and will herald
new physics. PBHs are the most discussed explanation of
these objects. The notable existing alternative proposals
[50–52] are either not effective or appeal to baroque DM
models. We study a simple mechanism for transmutation of
compact objects that can produce low mass BHs without
fine-tuning. Nonzero interactions with stellar nuclei,
which is a universal feature of DM models, is sufficient
for such transmutations if annihilations are absent. For sub-
Chandrasekhar mass progenitor, the imploded BH is a
viable alternative to PBHs, whereas, for a heavier mass
progenitor, it can also possibly explain the lighter com-
panions of recent anomalous GWevents. Cosmic evolution
of the merger rate and the mass distributions of the
progenitors are simple yet powerful probes of our proposal.
Observation of an associated electromagnetic counterpart
along with a GWevent, as well as a precise measurement of
the tidal deformability parameter, can differentiate merger
of such TBHs from a binary NSmerger or a BH-NSmerger.
Importantly, possible detection of any low mass BH in a
DM deficient environment or accompanied by an old NS
can falsify our proposal. Improved sky localization with
multidetector networks as well as sub-arc-second precision
of a GWevent from GW lensing can also shed light on this
topic in the near future.
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[97] F. M. Jiménez-Esteban, S. Torres, A. Rebassa-Mansergas,
G. Skorobogatov, E. Solano, C. Cantero, and C. Rodrigo,
A white dwarf catalogue from Gaia-DR2 and the virtual
observatory, Mon. Not. R. Astron. Soc. 480, 4505 (2018).

[98] S. M. Koushiappas and A. Loeb, Maximum Redshift of
Gravitational Wave Merger Events, Phys. Rev. Lett. 119,
221104 (2017).

[99] B. P. Abbott et al. (LIGO Scientific Collaboration), Ex-
ploring the sensitivity of next generation gravitational
wave detectors, Classical Quantum Gravity 34, 044001
(2017).

[100] T. Nakamura et al., Pre-DECIGO can get the smoking gun
to decide the astrophysical or cosmological origin of

PHYSICAL REVIEW LETTERS 126, 141105 (2021)

141105-7

https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevLett.107.091301
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.055012
https://doi.org/10.1103/PhysRevD.89.015010
https://doi.org/10.1103/PhysRevD.100.035008
https://doi.org/10.1103/PhysRevD.100.035008
https://doi.org/10.1103/PhysRevD.98.115027
https://doi.org/10.1103/PhysRevD.98.115027
https://doi.org/10.1103/PhysRevLett.115.141301
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1103/PhysRevLett.113.191301
https://doi.org/10.1103/PhysRevLett.113.191301
https://doi.org/10.3847/0004-637X/826/1/57
https://doi.org/10.3847/0004-637X/826/1/57
https://doi.org/10.1093/mnrasl/slv049
https://doi.org/10.1093/mnrasl/slv049
https://doi.org/10.1103/PhysRevD.97.055016
https://doi.org/10.1103/PhysRevD.100.124026
https://doi.org/10.1016/j.physrep.2013.12.001
https://doi.org/10.1142/S0217751X13300287
https://doi.org/10.1086/163485
https://doi.org/10.1086/165653
https://doi.org/10.1086/165653
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevD.96.063002
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1103/PhysRevD.102.048301
https://doi.org/10.1088/1475-7516/2019/08/018
https://doi.org/10.1088/1475-7516/2019/08/018
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1103/PhysRevLett.121.021304
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1086/428488
https://doi.org/10.1088/1475-7516/2019/02/018
https://doi.org/10.1088/1475-7516/2019/02/018
https://doi.org/10.3847/1538-4357/aad6e2
https://doi.org/10.3847/1538-4357/aad6e2
https://doi.org/10.1088/1361-6382/aaa7b4
https://doi.org/10.1103/PhysRevD.96.123523
https://doi.org/10.1103/PhysRevD.96.123523
https://doi.org/10.1103/PhysRevD.86.023502
https://doi.org/10.1103/PhysRevD.86.023502
https://doi.org/10.1146/annurev-astro-081811-125615
https://doi.org/10.1086/319027
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1093/mnras/staa1017
https://arXiv.org/abs/2010.14533
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1093/mnras/sty2120
https://doi.org/10.1103/PhysRevLett.119.221104
https://doi.org/10.1103/PhysRevLett.119.221104
https://doi.org/10.1088/1361-6382/aa51f4
https://doi.org/10.1088/1361-6382/aa51f4


GW150914-like binary black holes, Prog. Theor. Exp.
Phys. 2016, 093E01 (2016).

[101] S. R. Taylor, J. R. Gair, and I. Mandel, Hubble without the
Hubble: Cosmology using advanced gravitational-wave
detectors alone, Phys. Rev. D 85, 023535 (2012).

[102] B. R. Safdi, Z. Sun, and A. Y. Chen, Detecting axion dark
matter with radio lines from neutron star populations,
Phys. Rev. D 99, 123021 (2019).

[103] R. Nan, D. Li, C. Jin, Q. Wang, L. Zhu, W. Zhu , H. Zhang,
Y. Yue, and L. Qian, The five-hundred aperture spherical
radio telescope (fast) project, Int. J. Mod. Phys. D 20, 989
(2011).

[104] A. Weltman et al., Fundamental physics with the
square kilometre array, Pub. Astron. Soc. Aust. 37, e002
(2020).

[105] V. Takhistov, G. M. Fuller, and A. Kusenko, A test for the
origin of solar mass black holes, Phys. Rev. Lett. 126,
071101 (2021).

[106] B. Abbott et al. (KAGRA, LIGO Scientific, and VIRGO
Collaborations), Prospects for observing and localizing gravi-
tational-wave transients with Advanced LIGO, Advanced
Virgo and KAGRA, Living Rev. Relativity 21, 3 (2018).

[107] O. A. Hannuksela, T. E. Collett, M. Caliskan, and T. G. Li,
Localizing merging black holes with sub-arcsecond pre-
cision using gravitational-wave lensing, Mon. Not. R.
Astron. Soc. 498, 3395 (2020).

[108] H. Yang, W. E. East, and L. Lehner, Can we distinguish
low mass black holes in neutron star binaries?, Astrophys.
J. 856, 110 (2018).

[109] M. Fasano, K.W. Wong, A. Maselli, E. Berti, V. Ferrari, and
B. S. Sathyaprakash, Distinguishing double neutron star from
neutron star-black hole binary populations with gravitational
wave observations, Phys. Rev. D 102, 023025 (2020).

[110] S. Datta, K. S. Phukon, and S. Bose, Recognizing black
holes in gravitational-wave observations: Telling apart
impostors in mass-gap binaries, arXiv:2004.05974.

PHYSICAL REVIEW LETTERS 126, 141105 (2021)

141105-8

https://doi.org/10.1093/ptep/ptw127
https://doi.org/10.1093/ptep/ptw127
https://doi.org/10.1103/PhysRevD.85.023535
https://doi.org/10.1103/PhysRevD.99.123021
https://doi.org/10.1142/S0218271811019335
https://doi.org/10.1142/S0218271811019335
https://doi.org/10.1017/pasa.2019.42
https://doi.org/10.1017/pasa.2019.42
https://doi.org/10.1103/PhysRevLett.126.071101
https://doi.org/10.1103/PhysRevLett.126.071101
https://doi.org/10.1007/s41114-018-0012-9
https://doi.org/10.1093/mnras/staa2577
https://doi.org/10.1093/mnras/staa2577
https://doi.org/10.3847/1538-4357/aab2b0
https://doi.org/10.3847/1538-4357/aab2b0
https://doi.org/10.1103/PhysRevD.102.023025
https://arXiv.org/abs/2004.05974

