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Mergers as a probe of particle dark matter
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Abstract

Black holes below Chandrasekhar mass limit (1.4 M⊙) can not be produced via any
standard stellar evolution. Recently, gravitational wave experiments have also discov-
ered unusually low mass black holes whose origin is yet to be known. We propose a
simple yet novel formation mechanism of such low mass black holes. Non-annihilating
particle dark matter, owing to their interaction with stellar nuclei, can gradually accu-
mulate inside compact stars, and eventually swallows them to low mass black holes,
ordinarily impermissible by the Chandrasekhar limit. We point out several avenues to
test this proposal, concentrating on the cosmic evolution of the binary merger rates.
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1 Introduction

The recent observations of unusually low mass compact objects by the LIGO-VIRGO collabora-
tion [1–3] have ignited interest in the study of low mass black holes (BHs). More interestingly,
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Figure 1: DM mass and scattering cross-section required for a dark core collapse and
subsequent transmutation of a 1.3 M⊙ neutron star (NS) to a comparable mass BH are
shown in the red shaded regions. The left (right) panel is for bosonic (fermionic) DM,
and a contact interaction between DM and the stellar nuclei is assumed. Two rep-
resentative values of ambient DM density, ρχ = 1 and 103 GeV cm−3 are considered.
Exclusion limits from the underground direct detection experiments PandaX-II [13]
and XENON1T [14] as well as from existence of an ∼ 7 Gyr old [15] nearby pulsar
PSR J0437-4715 [16–18] are also shown by the gray shaded regions. Green hatched
regions denote the parameter space where efficient Hawking evaporation ceases the
implosion of the NS. The figure is taken from [19].

standard stellar evolution cannot lead to a sub-Chandrasekhar mass BH, and the observation
of such a BH would herald new physics. With immense improvement in gravitational wave
(GW) astronomy in recent times, the detection of a sub-Chandrasekhar mass BH is possibly
forthcoming. Therefore, the key question, assuming a future GW observation involving a sub-
Chandrasekhar mass BH, is how to identify its origin?
Primordial black holes (PBHs), with no compelling formation mechanisms, are the most ac-
cepted explanation of these objects [4–6]. The existing alternative proposals, such as, accretion
of fermionic asymmetric DM with non-negligible self-interaction into compact stars [7] or dark
atomic cooling [8] are not generic, and appeal to fairly convoluted DM models. Transit of tiny
PBHs (PBHs in the mass range of 10−15 − 10−9M⊙) through a compact star, and subsequent
conversion of the compact star to a BH is also thought to be a novel mechanism to produce
such low mass BHs [9,10]. However, several recent works [11,12] have falsified this proposal.
We point out a simple yet novel mechanism that transmutes a sub-Chandrasekhar or O(1)M⊙
compact star to a comparable “low mass BH”. Non-annihilating particle DM with non-zero
interaction strength with the stellar nuclei, a universal feature of the DM models, is sufficient
to produce such low mass non-primordial BHs. In the following, we briefly describe the for-
mation mechanism of such low mass BHs, and answer a few basic questions, such as, what
particle physics parameter space can they probe, how to test their origin?

2 Formation of low mass transmuted black holes

Non-annihilating particle dark matter (DM) [20,21], owing to their interactions with the stellar
nuclei, can accumulate inside stellar objects via single [22–25] or multiple [26–28] scatterings
with the stellar targets. Inside the stellar core, the captured number of DM particles grow lin-
early with time. Once the total number of captured DM particles
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Figure 2: Cosmic evolution of the binary merger rates provides a novel technique
to determine the stellar or primordial origin of low mass BHs. Cosmic evolution of
the binary PBH, NS, and TBH merger rates are shown in the redshift range of 0 to
10. For the binary NS and TBH merger rate, cosmic star formation rate is adopted
from [34] and they are normalized to the recent LIGO-VIRGO measurement [35].
Non-annihilating 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 consid-
ering 1.3 M⊙− 1.3 M⊙ PBH binary and a DM fraction fPBH = 10−3. The figure is
taken from [19].
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≥max
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it ensues a dark core collapse, eventually transmuting the hosts to comparable mass BHs. N self
χ

denotes the required number of DM particles for self-gravitation, and is set by the condition
that the captured DM density within the stellar core has to exceed the corresponding baryonic
density [17]. Whereas, Chandrasekhar limit, N cha

χ , depends on the spin-statistics of the DM
particles, and it is much easier to achieve for bosonic DM as compared to fermionic DM, ex-
plaining an easier transmutation for bosonic DM.
Once the number of captured DM particles satisfies the BH formation criterion, dark core col-
lapse initiates, and a tiny BH forms inside the stellar object. This tiny BH accumulates matter
from the host, and eventually swallows the host to a comparable mass BH in a very short
timescale [29–32]. Such BHs are known as transmuted black holes (TBHs), and depending
on the mass of the progenitors, TBHs can naturally be sub-Chandrasekhar, or even sub-solar.
However, note that, if the nascent BH that forms via dark core collapse is sufficiently light, it
quickly evaporates due to its efficient Hawking emission, ceasing the transmutation. For typi-
cal neutron star (NS) parameters, if the initial BH mass is lighter than ∼ 10−20 M⊙, Hawking
evaporation dominates over the swallowing process, and the transmutation ceases [16, 33].
For non-annihilating bosonic and fermionic DM, it corresponds to DM masses ≳ O(107) and
≳ O(1010) GeV, respectively, providing an upper limit on the DM mass for transmutation. In
Fig. 1 we demonstrate 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.
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3 Identifying the origin of low mass black holes

Formation of sub-Chandrasekhar mass non-primordial BHs via gradual accumulation of non
annihilating DM in compact stars demand a critical investigation to pinpoint the origin of the
low mass BHs. In this following, we briefly describe how cosmic evolution of the binary merger
rates can be used to determine the origin of low mass BHs. The merger rate of PBH binaries
keeps rising with higher redshift, and it has a universal time dependence of RPBH∝ t−34/37,
where t is the coalescence time at formation [36–40]. On the other hand, the merger rate of
binary NSs, RNS(t) [41], as shown in Fig. 2, follows the cosmic star formation rate [34,42]

RNS(t) =

∫ t

t f =t∗

d t f
dPm

d t
(t − t f )λ

dρ∗
d t
(t f ) . (1)

It peaks at an O(1) redshift when the star formation rate is maximal. In Eq. (1), λ= 10−5M−1
⊙

is the number of merging NS binaries per unit star forming mass, dρ∗
d t (t f ) denotes the cosmic

star formation rate at the binary formation time t f [34], and dPm
d t (t− t f )∝ (t− t f )−1 denotes

the probability density distribution of coalescing BNSs within the time interval (t − t f ) after
formation. The earliest star formation time t∗ is taken as 4.9×108 year which corresponds to
z∗ = 10 [41].
The merger rate of TBH binaries, RTBH(t), depends on the particle DM parameters such as DM
mass (mχ), and DM-nucleon interaction strength (σχn) via the transmutation time (τtrans),
as well as on the astrophysical parameters such as the merger rate of binary NSs. RTBH(t) is
systematically lower than RNS(t), as only a fraction of the binary NS implode depending on
the time required for transmutation. This fraction depends on the binary NS population in the
galaxies, as well as evolution of the DM density in the galaxies, and it gradually decreases with
higher redshifts as NS binaries at higher redshift do not have the sufficient time to accumulate
enough DM required for implosion. Hence, RTBH(t) takes the form

RTBH(t) =
∑

i

fi

∫ t

t f =t∗

d t f
dPm

d t
(t − t f )λ

dρ∗
d t
(t f )×Θ
�

t − t f −τtrans

�

mχ ,σχn,ρext,i(t)
�	

. (2)

In Eq. (2), we assume that the binary NSs reside in Milky-Way-like galaxies, and are uniformly
distributed in r = (0.01,0.1) kpc, where r is the Galactocentric distance. We also assume that
the DM density in each halo (at all redshifts) follows the Navarro-Frenk-White profile [43,44],
and the parameters of the Navarro-Frenk-White profile is essentially determined by the time
evolution of the Hubble parameter. From the expression for the merger rate, it is evident that
RTBH(t) decreases with increase in transmutation time. Therefore, for a given a DM mass, de-
crease in DM-nucleon scattering cross-section leads to higher τtrans, and, hence, lower RTBH,
as shown in Fig. 2. This distinct redshift dependence of the binary merger rates, particularly at
higher redshifts, can be measured with the imminent ground as well as space-based GW detec-
tors like Cosmic Explorer [45], Einstein Telescope (ET) [46], and Pre-DECIGO [47], enabling
them to distinguish the transmutation scenario from PBHs.

4 Conclusion

Sub-Chandrasekhar mass BHs cannot be described via any standard stellar evolution and will
augur new physics. The existing alternative proposals are either not effective or appeal to fairly
convoluted DM models. Here, we study a simple yet novel production mechanism for sub-
Chandrasekhar mass non-primordial BHs. Gradual accumulation of non-annihilating particle
DM inside compact stars can lead to transmutation of compact stars via dark core collapse, and
that can give rise to low mass BHs. Cosmic evolution of the binary merger rates can be used as a
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novel probe to determine the origin of such low mass BHs. We demonstrate that measurement
of the high-redshift binary merger rates by the imminent GW detectors can conclusively shed
light on this topic.
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