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Abstract
The repeating fast radio burst (FRB) localized to a globular cluster (GC) in M81 challenges our understanding of
FRB models. In this Letter, we explore dynamical formation scenarios for objects in old GCs that may plausibly
power FRBs. Using N-body simulations, we demonstrate that young neutron stars (NSs) may form in GCs at a rate
of up to ∼50 Gpc−3 yr−1 through a combination of binary white dwarf (WD) mergers, WD–NS mergers, binary
NS mergers, and accretion-induced collapse of massive WDs in binary systems. We consider two FRB emission
mechanisms: First, we show that a magnetically powered source (e.g., a magnetar with ﬁeld strength 1014 G) is
viable for radio emission efﬁciencies 10−4. This would require magnetic activity lifetimes longer than the
associated spin-down timescales and longer than empirically constrained lifetimes of Galactic magnetars.
Alternatively, if these dynamical formation channels produce young rotation-powered NSs with spin periods of
∼10 ms and magnetic ﬁelds of ∼1011 G (corresponding to spin-down lifetimes of 105 yr), the inferred event rate
and energetics can be reasonably reproduced for order unity duty cycles. Additionally, we show that recycled
millisecond pulsars or low-mass X-ray binaries similar to those well-observed in Galactic GCs may also be
plausible channels, but only if their duty cycle for producing bursts similar to the M81 FRB is small.
Uniﬁed Astronomy Thesaurus concepts: Globular star clusters (656); Radio transient sources (2008); Neutron stars
(1108); N-body simulations (1083); Magnetars (992)
wave (GW) sources (e.g., Rodriguez et al. 2016). Recent work
shows the central regions of core-collapsed GCs are dominated by
dynamically active massive white dwarfs (WDs) and NSs (e.g., Ye
et al. 2019; Kremer et al. 2020, 2021; Vitral & Mamon 2021; Rui
et al. 2021b). In addition to the well-observed MSP population in
GCs, four young pulsars (with estimated ages  100 Myr) are
observed in Galactic GCs, suggesting that young NSs are formed
at late times in GCs through some mechanism (e.g., Tauris et al.
2013; Boyles et al. 2011). Binary WD mergers (e.g., King et al.
2001; Schwab et al. 2016; Kremer et al. 2021), accretion-induced
collapse (AIC) of WDs in binaries (e.g., Nomoto & Kondo 1991;
Tauris et al. 2013), binary NS mergers (e.g., Rosswog et al. 2003;
Giacomazzo & Perna 2013), and/or NS–WD mergers (e.g., Liu
2018; Zhong & Dai 2020) may all lead to young NS formation in
clusters. Thus, a number of scenarios may operate in GCs that
could produce a progenitor of the M81 FRB.
In this Letter, we explore channels through which FRBemitting objects may form in GCs. In Section 2, we describe
the N-body simulations used for this study. In Section 3, we
calculate the rate of young NS formation through various
mechanisms in old GCs using a suite of N-body cluster models
and compare to the inferred rate from the M81 FRB. In
Section 4, we discuss energetics and explore whether the
properties of the M81 FRB can be reasonably reproduced by
these young NSs. In Section 5, we discuss the speciﬁc case of
millisecond pulsars and X-ray binaries. We summarize our
results and conclude in Section 6.

1. Introduction
Fast radio bursts (FRBs) are bright ﬂares of coherent radio
emission with millisecond durations and large dispersion measures
(DMs) that imply extragalactic origin (e.g., Lorimer et al. 2007;
Keane et al. 2012; Thornton et al. 2013; Cordes & Chatterjee
2019). A fraction of FRBs have been observed to repeat (e.g.,
Spitler et al. 2016; CHIME/FRB Collaboration et al. 2019),
indicating that cataclysmic models can be ruled out for at least a
subset of FRBs. Perhaps the most popular model for repeating
FRBs is bursts generated by young ﬂaring magnetars (e.g., Popov
& Postnov 2013; Kulkarni et al. 2014; Lu & Kumar 2016;
Metzger et al. 2017). The recent detection of an FRB-like burst
coincident with the Galactic magnetar SGR 1935+2154
(Bochenek et al. 2020; CHIME/FRB Collaboration et al. 2020)
provides clear evidence that at least some FRBs are magnetarpowered. Magnetars are traditionally expected to form in
association with massive stellar evolution, for instance in
connection with standard core-collapse supernovae (SNe), superluminous SNe, and/or long gamma-ray bursts (e.g., Nicholl et al.
2017), in part due to the association of a number of Galactic
magnetars with SN remnants (e.g., Kaspi & Beloborodov 2017).
The recently discovered repeating FRB 20200120E
(Bhardwaj et al. 2021) was localized to an old (t ∼ 10 Gyr)
globular cluster (GC) in M81 (Kirsten et al. 2021). In a presentday GC, neutron stars (NSs)/magnetars formed in association
with massive star evolution have been inactive for billions of
years. Thus, standard magnetized NS progenitor models cannot
explain this source.
Due to their high stellar densities, GCs are efﬁcient factories of
various high-energy sources including X-ray binaries (e.g., Clark
1975; Katz 1975), millisecond pulsars (MSPs; e.g., Ransom 2008),
cataclysmic variables (e.g., Grindlay et al. 1995), and gravitational
3

2. Globular Cluster Models
To model GCs, we use the N-body simulations from Kremer
et al. (2021) computed with the cluster dynamics code CMC
(Kremer et al. 2020; Rodriguez et al. 2021). CMC is a star-by-star
Hénon-type (Hénon 1971) Monte Carlo integrator that includes
all relevant physics for modeling the formation/evolution of
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(e.g., Harris 1996). Note these last two factors are uncertain
(although not likely by more than a small factor). Thus, our
model-inferred rates can be viewed with a factor of a few
uncertainty.
M81 is expected to host roughly 200–500 GCs (Perelmuter &
Racine 1995; Chandar et al. 2004; a factor of a few more than
the Milky Way) with mean metallicity [Fe/H] = − 1.48 ± 0.19
(Perelmuter et al. 1995; comparable to the Galactic GCs). Thus,
the Kremer et al. (2021) models reasonably capture the
properties of the M81 GCs.

Table 1
GC Properties Adopted in this Study
Total Number

Number Density (pc−3)
r < 2 pc

r < 0.1 pc

2.2 × 10

1000

105

600

7

4000

3.7 × 10
300
3.6 × 104
1300

500
4
460
30

4 × 105
2000
3 × 105
105

NSs

200

5

1.5 × 104

BHs

0

L

L

Main-sequence Stars
Giants
All WDs
He WDs
CO WDs
ONe WDs

5

4

3. Young Neutron Star Formation Scenarios
The single repeating FRB in M81 detected at a distance of
3.6 Mpc implies a volumetric density of at least
nFRB ≈ 5 × 106 Gpc−3. The formation rate for the source of
the M81 FRB can then be inferred as

Note. Properties for a typical core-collapsed GC with present-day total mass of
105 Me, central velocity dispersion of 10 km s−1, and metallicity of 0.01Ze.
We show total number of various stellar types in the cluster and the number
density within both 2 pc (typical half-light radius) and 0.1 pc (representative of
the innermost region where most massive WDs/NSs reside). In core-collapsed
clusters, we expect all stellar BHs have been dynamically ejected. For further
details, see Kremer et al. (2021).

nFRB
⎞⎟
 src » 50 ⎛⎜
6 Gpc-3
´
5
10
⎝
⎠
t

-1

(1 )

1
´ ⎛⎜ 5 ⎟⎞ ⎛⎜ ⎞⎟ Gpc-3 yr-1,
f
10
yr
⎝
⎠ ⎝ v z⎠

where τ is the lifetime of the FRB source, fv is the visibility
fraction (the chance of seeing a burst from the source, which is
related to the beaming factor, luminosity function, etc.), and ζ
is the duty cycle (the fraction of time a source is actively
producing bursts similar to the M81 FRB during its lifetime).
Any viable formation channel for producing the M81 FRB
must create FRB sources at a rate comparable to  src .
In the following subsections, we summarize each of the FRB
progenitor channels that we consider in this work. As a
reference, their rates that we calculate using N-body simulations are summarized in Table 2. Dividing the volumetric rate
by nFRB, we derive the active FRB lifetime required for each
channel to reproduce the M81 FRB (summarized in the last
column of Table 2). This timescale is an important constraint
on the properties of the NSs produced from any of these
channels.

compact objects in dense stellar clusters including two-body
relaxation, direct integration of 3/4 body resonant encounters,
and cluster evolution within a galactic tidal ﬁeld. CMC uses the
COSMIC population synthesis code (Breivik et al. 2020) to
model stellar and binary evolution, which includes prescriptions
for formation of MSPs (Ye et al. 2019).
The cluster models of Kremer et al. (2021; 18 models total)
are tuned speciﬁcally to core-collapsed GCs. As shown in Ye
et al. (2019, 2020) and Kremer et al. (2020, 2021), corecollapsed clusters are ideal environments for dynamical interactions of WDs and NSs at late times. The most obvious reason is
that core-collapsed clusters generally have the highest central
densities (e.g., Harris 1996). Also, because the process of cluster
core collapse is connected to the dynamical depletion of stellarmass black holes (BHs; e.g., Kremer et al. 2018), massive WDs
and NSs are expected to be the most massive objects in corecollapsed clusters, enabling WDs/NSs to efﬁciently masssegregate to the cluster center (e.g., Kremer et al. 2020).
Observational evidence suggests that core-collapsed clusters host
dense subsystems of massive WDs and NSs in their central
regions (Kremer et al. 2021; Vitral & Mamon 2021; Rui et al.
2021b). In Table 1, we list basic properties of various stellar
populations in our cluster models.
To estimate the rate of a given event in old GCs, we use the
following procedure. First, we count the total number of
occurrences of the given event in our models at late times
(t > 9 Gyr) representative of the ages of the GCs in the Milky
Way (e.g., Harris 1996) and also consistent with the age
estimates for the M81 FRB’s host cluster (Kirsten et al. 2021).
The total rate per core-collapsed cluster can then be estimated
simply as the total number of events divided by Δt = 5 Gyr
(and divided by the total number of models). Because these
models are roughly half the mass of typical GCs in the Milky
Way, we multiply by an additional factor of two (Kremer et al.
2021). To estimate the local universe volumetric rate, we use an
average volumetric number density of clusters of 3 Mpc−3
(e.g., Portegies Zwart & Mcmillan 2000; Rodriguez et al. 2015)
and assume that roughly 20% of GCs have undergone core
collapse, which is consistent with the fraction in the Milky Way

3.1. White Dwarf Mergers
We ﬁrst discuss the case where a young NS is formed
through a double WD merger. Our theoretical understanding of
the outcomes of WD mergers has developed considerably in
recent years, but there are still many uncertainties. For pairs of
CO WDs, the merger may promptly trigger detonation of the
more massive WD, producing a Type Ia SN (e.g., Shen et al.
2018; Perets et al. 2019). Alternatively, if the merger is nondestructive, a CO-dominated remnant results (Schwab 2021).
This further evolves over a timescale of ∼10 kyr, ﬁrst burning
to produce a remnant with an ONe composition, and then, if
this exceeds the Chandrasekhar mass (depending on the highly
uncertain mass-loss rate during the puffed-up CO giant phase;
e.g., Yoon et al. 2007), eventually succumbing to electron
capture to collapse to an NS (Nomoto & Iben 1985; Saio &
Nomoto 1985; Schwab et al. 2016). This is sometimes referred
to as merger-induced collapse (MIC). If one or more of the
merging WDs is ONe composition to begin with (and if the
total merger mass exceeds the Chandrasekhar mass), then a
detonation will be prevented and MIC will almost certainly
occur (e.g., Nomoto & Kondo 1991).
2
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Table 2
Formation Rates for Several Proposed FRB Progenitors in GCs
Total # in Models

Rate per CC GC
(yr−1)

Volumetric Rate
(Gpc−3yr−1)

Active Lifetime Required (τ)
(´( fv z )-1)

Super-Chandrasekhar WD+WD mergers
(estimate including tidal capture)

283
L

6 × 10−9
7 × 10−8

4
45

106 yr
105 yr

WD+NS mergers
(estimate including tidal capture)

59
L

10−9
10−8

0.8
6

6 × 106 yr
8 × 105 yr

NS+NS mergers

6

10−10

0.08

6 × 107 yr

AIC from binary RLO

21

5 × 10−10

0.3

2 × 107 yr

1098
301

2 × 10−8
7 × 10−9

15
4

3 × 105 yr
106 yr

L

L

≈ 5 × 106/τ

L

Event Type

WD+MS collisions (MWD > 1.2 Me)
NS+MS collisions
Inferred rate for M81 FRB

Note. Rates for a number of events occurring in dense star clusters that may produce objects that could power FRBs. We show the rate per core-collapsed GC and the
inferred volumetric rate in the local universe (assuming a GC number density of 3 Mpc−3 and assuming that 20% of GCs have undergone core collapse, consistent
with core-collapsed fraction in the Milky Way). These rates may be viewed as upper limits, as the exact fraction of these events leading to NS formation is uncertain.
In the ﬁnal column, we show the active lifetime required in order to reproduce the inferred rate of the M81 burst (scaled by the duty cycle ζ and visibility fraction fv).

The properties of NSs formed via MIC can be estimated
from simple arguments. Immediately post merger, the remnant
has signiﬁcant angular momentum taken from the compact
orbit of ∼1050 erg s. During the subsequent evolution, there is
signiﬁcant angular momentum loss from a combination of
viscous evolution, inﬂation during the burning processes, and
mass shedding, resulting in a remnant angular momentum of
∼1048 erg s (Shen et al. 2012; Schwab et al. 2012; Schwab
2021). With the eventual MIC, the resulting NS would have a
spin period of ∼10 ms. The magnetic ﬁeld strength is more
uncertain. The hot, differentially rotating merger remnant may
generate strong ﬁelds, and García-Berro et al. (2012) showed
that a dynamo can easily produce ﬁelds of ∼107 G. Flux
conservation during collapse to an NS would amplify this value
by ∼104, leading to a ﬁeld of ∼1011–1012 G. We note that this
more recent picture for MIC differs from previous discussions
where it is assumed that MIC leads to a millisecond magnetar
(Usov 1992; King et al. 2001; Levan et al. 2006). Nevertheless,
as we show in this work, the longer lifetime of an NS with a
longer spin period and weaker magnetic ﬁeld in fact may be
more consistent with the active lifetime needed to explain the
rate of FRBs like the one in M81.
In total, we identify 305 binary WD mergers in our cluster
models at late times. Of these, 283 (roughly 93%) have a total
mass in excess of the Chandrasekhar limit and 177 (roughly
58%) have at least one ONe component. Assuming that all of
these super-Chandrasekhar mergers lead to MIC and NS
formation, we estimate young NSs are formed through WD
mergers at a rate of roughly 6 × 10−9 yr−1 per typical corecollapsed cluster and estimate a volumetric rate of 4 Gpc−3 yr−1
in the local universe. We also record in CMC the number of direct
physical collisions of WD pairs. As pointed out in Kremer et al.
(2021), the pericenter distance necessary for a pair of WDs to be
tidally captured (either during a single–single encounter or
during a binary resonant encounter) may be a few−10 times
larger than the distance required for physical collision (the WD
radius; e.g., Samsing et al. 2017). Although direct collisions
themselves may be more likely to lead to an explosive transient
outcome (e.g., Katz & Dong 2012), knowing the total number of
direct collisions enables us to estimate in post-processing the rate
of binary WD mergers that may occur through tidal capture (as

discussed in Samsing et al. 2017, GW inspiral and merger is the
most likely ultimate outcome of tidal capture). We identify 403
WD–WD collisions in total (roughly 87% of which are superChandrasekhar), implying a WD merger rate through tidal
capture of up to roughly 7 × 10−8 yr−1 per typical corecollapsed GC and a volumetric rate of roughly 45 Gpc−3 yr−1
in the local universe.
3.2. White Dwarf–Neutron Star Mergers
A number of studies argue that WD–NS mergers could lead
to spun-up NS remnants, possibly with ultra-strong magnetic
ﬁelds (e.g., Paschalidis et al. 2011; Margalit & Metzger 2016;
Liu 2018; Khokhriakova & Popov 2019). In this case, Zhong &
Dai (2020) pointed out that ﬂaring magnetized NSs formed
from NS–WD mergers may have burst energetics and host
galaxy properties consistent with FRBs similar to FRB 180924
(Bannister et al. 2019).
In total, we ﬁnd 59 NS–WD mergers in our cluster models.
We estimate a WD–NS merger rate of 10−9 yr−1 per typical GC
and a volumetric rate of roughly 0.8 Gpc−3 yr−1. As in the
WD–WD merger case, the rate of NS–WD mergers may also
increase signiﬁcantly if tidal capture were incorporated
(Samsing et al. 2017). Assuming again that the cross section
for tidal capture is up to roughly a factor of 10 larger than the
cross section for physical collision (we identify 37 WD–NS
collisions in our models), the total rate of WD–NS mergers
may increase to roughly 6 Gpc−3 yr−1 in the local universe.
3.3. Neutron Star Mergers
A massive magnetized NS remnant is the expected outcome
of a binary NS merger driven by GW inspiral (e.g., Rosswog
et al. 2003; Giacomazzo & Perna 2013). Generally, this
remnant will be well above the Tolman–Oppenheimer–Volkoff
mass and will be stable only temporarily before collapse into a
BH. However, depending on various uncertain features, a
subset of NS mergers may produce long-lived NS remnants
(e.g., Piro et al. 2017; Margalit & Metzger 2019; Beniamini &
Lu 2021). Margalit et al. (2019) demonstrated that magnetars
born from binary NS mergers may account for a subset of
observed FRBs, notably FRB 180924 whose host galaxy and
3
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offset match well the observed distributions for short gammaray bursts (e.g., Berger 2014). Magnetic interactions may also
produce sufﬁcient energy to power FRBs in the seconds
(Piro 2012) or even centuries (Zhang 2020) prior to merger.
In our models, we identify only six binary NS mergers at late
times. This translates to a binary NS merger rate of 10−10 yr−1
per typical core-collapsed GC and a volumetric rate of roughly
0.08 Gpc−3 yr−1 in the local universe, consistent with the rates
predicted in Ye et al. (2020). Thus, even in the extremely
optimistic case that all of these NS mergers lead to long-lived
NS remnants, binary NS mergers contribute negligibly to the
production of young NSs at late times relative to other
channels.

collisions in our cluster models, translating to a rate of roughly
7 × 10−9 yr−1 per typical core-collapsed GC and a volumetric
rate of roughly 4 Gpc−3 yr−1.
In the WD–MS collision case, a larger fraction of available
mass may be accreted. Thus it is plausible that massive WDs
may accrete to the Chandrasekhar limit and collapse. In total,
we identify 4750 WD–MS collisions in our models. Of these
1098 (475) involve a WD of mass in excess of 1.2 (1.3)Me.
Assuming as an upper limit these all lead to AIC, this yields a
NS formation rate of roughly 2 × 10−8 (10−8)yr−1 per typical
core-collapsed cluster and a volumetric rate of roughly
15 (6)Gpc−3 yr−1 in the local universe. Many aspects of this
process are, of course, highly uncertain. For example, we
have not considered the possibility that nuclear reactions
ignited on the WD surface may supply sufﬁcient energy to
unbind the disrupted stellar material completely (e.g., Shara &
Shaviv 1977). More detailed simulations are ultimately
necessary to predict more precisely the outcome of WD–MS
collisions and determine whether AIC is a plausible outcome,
and if so the properties of the NS that may form.

3.4. AIC from Binary Mass Transfer
Another commonly discussed scenario for NS formation is
AIC of a massive WD initiated by mass transfer from a binary
companion such as a main-sequence (MS) star, red giant, or
helium star/WD (e.g., Nomoto & Kondo 1991; Tauris et al.
2013; Schwab et al. 2015). Similar to the WD merger case,
when an ONe WD accretes to the Chandrasekar limit, rapid
electron-captures onto heavy elements produced by the oxygen
burning is expected to prevent a thermonuclear explosion (e.g.,
Miyaji et al. 1980). Thus, NS formation is generally considered
the most likely outcome of AIC of a WD, though see Jones
et al. (2016, 2019) for discussion of alternative scenarios where
a thermonuclear explosion results.
In GCs, binaries with ONe WDs can come from the
primordial binary population, dynamical exchange encounters,
and/or tidal capture. These binaries may be hardened to Roche
lobe overﬂow through subsequent dynamical encounters (e.g.,
Ivanova et al. 2008; Belloni et al. 2016; Ye et al. 2019; Kremer
et al. 2021). Here, we follow the methods outlined in Ye et al.
(2019; which in turn follow the prescriptions of Hurley et al.
2002) to treat AIC from binary mass transfer. In total, we
identify 21 NSs formed at late times through this process. In
total, we estimate that young NSs are formed at a rate of
roughly 5 × 10−10 yr−1 per typical core-collapsed GC and a
volumetric rate of roughly 0.3 Gpc−3 yr−1.

4. Discussion
By adding the total burst ﬂuence of 6.6 Jy ms for the M81
FRB (Table 1 of Bhardwaj et al. 2021) over CHIME’s total onsource time of ≈ 100 hr, we estimate a time-averaged isotropic
equivalent luminosity of áE ñ » 10 29f r-1 erg s-1.4 Here fr is the
highly uncertain efﬁciency factor for creating coherent radio
emission. The total energy required to supply the bursting
activity for time τ ≈ 105 yr is then EFRB,tot » 5 ´ 10 41f r-1 erg.
Energy emission from NSs can be broadly divided into two
categories: magnetically powered and rotation powered. We
consider each in turn next.
In the magnetically powered scenario, the intrinsic energy
2
3
RNS
)/6. As in Beloborodov
budget is estimated as Emag » (BNS
& Li (2016) and Margalit et al. (2019), we estimate the
magnetic activity timescale in the modiﬁed Urca case as
-1.2
B
L ⎞1.6
tmag » 2 ´ 10 5⎛ 14NS ⎞ ⎛ 5
yr,
⎝ 10 G ⎠ ⎝ 10 cm ⎠

(2 )

assuming δB ∼ B/2 as the amplitude of magnetic ﬁeld
ﬂuctuations over an (uncertain) length-scale L within the NS
core. In this case, the characteristic luminosity from magnetic
activity is

3.5. Alternative Formation Channels
Here, we discuss two additional scenarios involving the
collisions of WDs/NSs with MS stars. These collisions occur
when the pericenter distance of a pair of stars is less than the
sum of the two stellar radii, rp < R1 + R2. This criterion may be
met during both single–single encounters and binary-mediated
resonant encounters. In GCs, the colliding MS star is most
commonly an M-dwarf (∼0.5 Me), due simply to the expected
mass function in old clusters (Kremer et al. 2019). Following
disruption of the star, a thick super-Eddington disk likely forms
(e.g., Kremer et al. 2019). In the adiabatic inﬂow–outﬂow
model of Blandford & Begelman (1999), only a fraction,
10(ra/rd) (where rd ≈ Rå is the disk radius and ra is the radius
of the accretor), of the mass supplied at large radii is likely
accreted onto the compact object.
For NS–MS collisions, we estimate a factor of 10−4 of the
available material (  0.5 Me for an M-dwarf) may be accreted.
Although unlikely to grow the NS signiﬁcantly, this accreted
material may be sufﬁcient to spin up the NS, potentially to
millisecond periods. In this case, the formation of a rapidly
spinning NS is plausible. In total, we identify 301 NS–MS

3.2
B
áE magñ » E mag tmag » 3 ´ 10 32 ⎛ 14NS ⎞ erg s-1.
⎝ 10 G ⎠

(3 )

By combining Equations (2) and (3) with the inferred timeaveraged luminosity, we ﬁnd radio emission efﬁciencies of
fr  10−4 (and ﬁeld strengths of roughly 2 × 1014 G) are
required to produce active lifetimes, τmag ≈ 105 yr, necessary
to explain the FRB event rate for the young NS formation
scenarios discussed in Section 3. Although highly uncertain,
radio emission efﬁciencies this high have been demonstrated by
some FRB models (e.g., Plotnikov & Sironi 2019; Lu et al.
2020).
4
If the spectral index of the luminosity function is greater than 2, the radio
ﬂux would be dominated by faint undetectable bursts. Therefore, without
knowing the luminosity function, this estimate of the average luminosity
should be considered a lower limit. Hence, all estimates of radio efﬁciency are
effectively lower limits as well.

4
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Figure 1. PP diagram. Overlaid colored curves denote the active FRB lifetime τ required to reproduce the inferred volumetric event rate inferred for the M81 FRB
(5 × 106/τ Gpc−3 yr−1). Different colors denote the various FRB progenitor formation channels in GCs discussed in Section 3. The dashed black curves show the
isotropic equivalent time-averaged luminosity for the M81 FRB assuming efﬁciency factors of fr = 10−8, fr = 10−6, and fr = 1 for creation of coherent radio emission
(see the text for details). The hatched gray band denotes the allowable parameter space for a magnetically powered source with fr  10−4. For reference, we include in
blue all radio sources in the ATNF Pulsar Catalog (Manchester et al. 2005) and magnetars from the McGill Magnetar Catalog (Olausen & Kaspi 2014).

the merger rate (as discussed in Section 3). Dark cyan and red
curves show the inferred rates for AIC in binary systems and
NS–NS mergers, respectively. As dashed black curves, we
show the time-averaged isotropic equivalent luminosity for
three different radio emission efﬁciency factors that bracket the
large uncertainty in this parameter: fr = 1 (as an unrealistic
upper limit), fr = 10−6 (representative of the efﬁciency inferred
for the Galactic magnetar; CHIME/FRB Collaboration et al.
2020), and fr = 10−8 (representative of highly inefﬁcient
radio emission as adopted in some previous studies; e.g.,
Lyubarsky 2014; Metzger et al. 2017). For reference, we also
show using blue markers Galactic magnetars (blue stars),
X-ray/γ-ray emitters (triangles), and standard radio pulsars
(blue points; open circles indicate pulsars found in binary
systems). See Manchester et al. (2005) and Olausen & Kaspi
(2014) for further detail.
Using a hatched gray band we show the range in magnetic
ﬁeld values required for a magnetically powered energy source
for radio efﬁciencies ranging from fr ≈ 10−4 (minimum required
value corresponding to B ≈ 2 × 1014 G and τmag ≈ 105 yr) to
fr ≈ 10−3 (corresponding to B ≈ 7 × 1013 G and τmag ≈ 3 × 105
yr). As shown, a magnetically powered scenario would require a
magnetic activity timescale in excess of the spin-down timescale
(with the exception of objects with PNS  10 s, which are
disfavored by theoretical models; see Section 3). Furthermore,
such magnetically powered sources must be physically distinct

In the rotation-power scenario, the intrinsic energy budget is
-2
simply the rotational energy of the NS: E rot » 2p 2IPNS
where
I ≈ (2/5)MR2 is the moment of inertia of the NS and PNS is the
NS spin period. The characteristic spin-down timescale of a
magnetic dipole is
tsd »

2
-2
P
P
B
» 5 ´ 10 5 yr ⎛ NS ⎞ ⎛ 11NS ⎞ ,
2P
⎝ 10 ms ⎠ ⎝ 10 G ⎠

(4 )

which yields a characteristic spin-down luminosity of
-4
2
B
P
E rot » 10 37 ⎛ 11NS ⎞ ⎛ NS ⎞ erg s-1.
⎝ 10 G ⎠ ⎝ 10 ms ⎠

(5 )

For fr  10−8, the spin-down luminosity is sufﬁcient to supply
the energy required to power the FRB for a τsd  105 yr
lifetime.
In Figure 1, we use a PP diagram to explore the range of NS
properties required to produce the rates and energetics inferred
for the M81 FRB. Using colored lines, we show the minimum
active lifetime τ required for a young NS formed through the
various channels discussed in Section 3 to produce the
volumetric density of nFRB = 5 × 106 Gpc−3 inferred from
the M81 FRB (assuming a duty cycle and fv of order unity).
The thick blue and green bands denote the range in timescales
inferred for WD–WD and WD–NS mergers, respectively,
reﬂecting the uncertainty in the contribution of tidal capture to
5
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from the Galactic magnetars (Duncan & Thompson 1992),
which have empirically constrained lifetimes 104yr (Kaspi &
Beloborodov 2017); these are too small to explain the inferred
rate of the M81 FRB for any of the young NS formation
channels described here (see Table 2).
The intersection between the bold dashed lines and colored
lines indicate regions of parameter space that reproduce the rate
and energetics of the M81 FRB for a spin-down powered
source. Therefore, these regions also imply allowable magnetic
ﬁeld (B µ PP ) for the M81 progenitor. This shows that
highly magnetized NSs (B  5 × 1014 G) with spin-down
timescales 104yr, can likely be ruled out based on rate
arguments alone, as the active lifetimes of these objects are too
small. Additionally, unless NS–NS mergers produce NS
remnants with lifetimes 108yr (high unlikely; e.g., Piro
et al. 2017), the binary NS merger scenario can likely also be
ruled out by the rate alone.
For radio emission efﬁciencies fr  10−6, WD–WD mergers,
WD–NS mergers and AIC in a binary system all appear viable
for the rotation-powered scenario, provided these channels can
produce NSs with magnetic ﬁelds strengths in the range ≈
1011–1012 G and spin periods in the range ≈10–100 ms.
Intriguingly, these properties are comparable to those predicted
for NS remnants formed through WD mergers (see
Section 3.1). In principle, the WD–MS and NS–MS collision
scenarios are plausible based on the rates and energetics;
however, more detailed simulations are required to test whether
or not these events may lead to magnetized/spinning NS
remnants.
The region of the PP diagram occupied by young NSs with
required properties for the M81 FRB is near the region
occupied by Galactic pulsars (particularly for fr  10−6), most
of which are associated with SN remnants and therefore likely
formed through core collapse. The core-collapse SN rate
(roughly 105 Gpc−3 yr−1; e.g., Taylor et al. 2014) is substantially higher than the NS formation rate in old GCs. In this case,
a factor of 1000 more FRBs similar to the M81 burst would
be produced by the spin-down luminosity powered pulsar
population in the galactic ﬁeld. Unless there is a yet-understood
mechanism that may prevent NSs in the ﬁeld from emitting
FRBs but that does not operate in GCs, this implies a spindown-powered model with radio efﬁciency factor 10−7 may
be necessary. In this case, the NS properties required to explain
the rate and energetics occupy a region of parameter space
comfortably unique from any of the known Galactic radio
sources.
We have assumed in Figure 1 that the duty cycle ζ to ﬂare as a
repeating FRB similar to the M81 source is of order unity.
Although the exact duty cycle is highly uncertain, this is likely
an optimistic assumption. As shown in Equation (1), lower duty
cycles would require larger active lifetimes. We have also
assumed fv of order unity, also an optimistic choice. For instance,
some studies argue a beaming factor fv ≈ 0.1 (consistent with the
value expected for pulsars; Tauris & Manchester 1998) may be
more appropriate. If for instance we adopt fv ≈ 0.1 and ζ ≈ 0.1
(as in, e.g., Nicholl et al. 2017), the binary AIC channel and
WD–NS merger scenarios may be ruled out, as NSs with
lifetimes in excess of roughly 108 yr would be required to
reproduce the inferred rate, in tension with values predicted from
simulations. In this case, WD–WD mergers (especially invoking
the tidal capture scenario discussed in Section 3.1) may be the

only viable young NS scenario, assuming NSs with active
lifetimes 106 yr can be produced.
We use time-average luminosity in this Letter, as it gives a
lower limit on the energy reservoir required to supply the
bursting activity over the source lifetime. Note that the peak
luminosity of some of the bright bursts from this source
(E peak » 10 39f r-1 erg s-1; Majid et al. 2021) may be larger than
the expected spin-down luminosities invoked to power the
source (∼1037 erg s−1). However, this can be reconciled with a
Doppler beaming, where the luminosity per solid angle is
boosted by the Lorentz factor γ4 in the observed frame relative
to the inertial frame. This process requires that the emission
region be smaller than the relativistic beaming angle, similar to
what has been invoked to explain observations of the Crab
pulsar (Bij et al. 2021). With γ  10 (minimum requirement for
FRBs from curvature radiation models; e.g., Kumar et al. 2017;
Katz 2020), the rest-frame peak luminosity will be below the
spin-down luminosity. The time-average luminosity would
average over instances when the relativistic beaming is pointed
away from us.
5. A Millisecond Pulsar or X-Ray Binary Progenitor?
GCs are well known to efﬁciently create MSPs (e.g.,
Ransom 2008). MSPs are expected to form in GCs when NS
binaries (either primordial binaries or binaries assembled
dynamically through exchange encounters) are driven to mass
transfer through a combination of stellar evolution of the
companion and hardening by repeated ﬂy-by encounters in the
cluster (e.g., Pooley et al. 2003; Ivanova et al. 2008; Ye et al.
2019). To date, roughly 200 MSPs have been observed in 36
Galactic GCs5. In our cluster models, we identify 105 total
MSPs (deﬁned as spin periods less than 30 ms and formed
through binary mass transfer channels similar to those
described in Ye et al. 2019), or roughly six MSPs per cluster,
which is consistent with the 200/36 ≈ ﬁve MSPs per cluster
one can infer from the observed population.
Given the well-observed abundance of MSPs in GCs, one
may ask if these objects may plausibly explain the M81 FRB.
Unlike the scenarios discussed in Section 3, the formation rates
and spin-down timescales of MSPs in clusters are relatively
well understood from the actual observed populations. Thus for
the MSP scenario, we can constrain empirically the radio
efﬁciency and duty cycle required to explain the observed FRB.
The relatively low magnetic ﬁelds and high spin periods imply
low spin-down rates for MSPs and long lifetimes τsd ≈ 1010 yr.
The spin-down luminosity of a typical MSP (assuming P = 3 ms
and B = 5 × 108 G) is roughly 4 × 1034 erg s−1 (Equation (5)).
Thus, the roughly 10 29f r-1 erg s-1 time-averaged luminosity
inferred for the M81 FRB can be reproduced for radio emission
efﬁciencies fr  10−6. From a rates perspective, assuming roughly
5–10 MSPs per cluster, we can estimate an MSP volumetric
density of roughly 1010 Gpc−3 in GCs in the local universe. Thus,
MSPs could explain the density of repeating FRBs inferred from
the M81 burst ( ≈ 5 × 106 Gpc−3) if the duty cycle for MSPs to
produce repeating FRBs similar to the observed burst is roughly
10−4. Thus (pending the uncertain details of radio efﬁciency and
duty cycle which future studies may elucidate), we conclude a
MSP could reasonably explain the M81 FRB.
Recent studies have suggested that accretion-powered
stellar-mass compact objects could also be viable (repeating)
5

6

http://www.naic.edu/~pfreire/GCpsr.html

The Astrophysical Journal Letters, 917:L11 (8pp), 2021 August 10

Kremer, Piro, & Li

FRB sources, for instance as generated by plasmoids ejected
from the accretion funnel (Sridhar et al. 2021; Lu et al. 2021).
In particular, NS X-ray binaries (the expected progenitors of
MSPs; e.g., Alpar et al. 1982) may be relevant in the GC
context, as these systems are observed in abundance in GCs
(e.g., Clark 1975; Heinke 2010).6 Theory and observations
(e.g., Heinke et al. 2003; Ivanova et al. 2008) suggest an
average of ∼1–10 NS X-ray binaries per typical GC (in our
models, we ﬁnd roughly one accreting NS binary per model at
late times), implying a volumetric density 109 Gpc−3 in
clusters. Thus, similar to the MSP scenario, X-ray binaries are
likely only viable progenitors if their duty cycles for bursts
similar to the M81 FRB are small.

Additionally, the number of X-ray binaries per unit stellar
mass is roughly a factor of 100–1000 times higher in GCs
compared to the galactic ﬁeld (e.g., Clark 1975). In the Milky
Way, GCs constitute roughly 0.1% of the total Galactic stellar
mass. This implies roughly a factor of 10 more MSPs/X-ray
binaries (and therefore potential FRBs) in the ﬁeld compared to
clusters. The M81 FRB has the lowest extragalactic DM in the
CHIME/FRB Collaboration catalog (Bhardwaj et al. 2021; The
CHIME/FRB Collaboration et al. 2021). The low DM is
critical to constraining the source distance and host association.
Being offset from their host galaxies, GCs contribute relatively
little host DM compared to galactic ﬁeld environments.
Therefore, roughly 10 more FRBs from galactic ﬁeld
environments at similar distances to M81 may simply have
not yet been localized because of the relatively large host DM
contribution. As more FRBs are localized to the ﬁelds and
clusters of galaxies in the future, it will provide a better test of
the progenitor scenario.
We have focused speciﬁcally on the possibility that the M81
FRB occurred in a core-collapsed GC. In non-core-collapsed
clusters, the rates of the various formation scenarios summarized in Table 2, are roughly 10–100 times smaller (see, e.g.,
Kremer et al. 2020), due to the relatively low central densities
facilitated by the presence of large numbers of stellar-mass
BHs. Current observations place rough constraints on the total
mass and metallicity of the host cluster for the M81 FRB (both
consistent with the models adopted in this study); however,
detailed features of the host (such as the density proﬁle, core
radius, etc.) are not constrained. Future observations may
further constrain the FRB’s host cluster, including whether or
not the cluster is core collapsed.

6. Summary and Conclusions
In old GCs, various dynamical scenarios create NSs that may
plausibly power FRBs similar to the repeating FRB observed in
M81. Using a suite of N-body cluster models, we have shown
that WD–WD mergers, WD–NS mergers, and AIC of WDs in
binary systems are all plausible candidates, assuming visibility
fraction and duty cycles for repeating FRB emission of order
unity. For less optimistic choices of visibility fraction and duty
cycle, WD–WD mergers are likely the only scenario that may
yield a sufﬁciently high rate.
We consider two energy emission mechanisms. We show a
magnetically powered source (e.g., a magnetar) may be viable
for fr  10−4. These objects would have to be distinct from the
magnetars observed in the Milky Way, which have empirically
constrained lifetimes 104 yr, too short to explain the inferred
event rate of the M81 FRB. Additionally, the magnetic activity
lifetimes of these magnetically powered objects would need to
exceed their spin-down lifetimes. Alternatively, if magnetic
ﬁelds strengths of ≈1011 G and spin periods of ≈10 ms can be
produced (consistent with those predicted from WD merger
models; e.g., Schwab 2021), rotation-powered NS remnants
formed through these scenarios can plausibly explain both the
rate and burst energetics inferred from the M81 FRB. WD–MS
collisions and NS–MS collisions occur at a high enough rates
to also be viable progenitors, although whether or not a rapidly
spinning and/or highly magnetized NS may be produced in
these scenarios is less certain. The relatively low event rate of
NS–NS mergers implies this channel is a less likely scenario. In
addition to the young NS scenario, we also showed that
recycled MSPs with spin-down times of 1010 yr as well as
X-ray binaries may be viable channels from a rates and
energetics perspective.
If indeed MSPs and/or young NSs formed through the AIC/
MIC of WDs provide a channel for FRBs in GCs, this FRB
channel should operate similarly for analogous sources in the
galactic ﬁeld. The rate of AIC in the galactic ﬁeld (through
either stable accretion from a companion star or through the
merger of a super-Chandrasekhar WD binary) is highly
uncertain, with previous studies predicting rates in the range
0.1–102 Gpc−3 yr−1 (e.g., Yungelson & Livio 1998; Fryer et al.
1999; Tauris et al. 2013; Kwiatkowski 2015).

We thank Sterl Phinney for discussions during the early stages
of this work, Josiah Schwab for helpful feedback on the fate of
white dwarf mergers and comments on the manuscript, Wenbin
Lu, Ben Margalit, and Bing Zhang for useful discussions, and
the anonymous referee for constructive comments and suggestion. K.K. is supported by an NSF Astronomy and Astrophysics
Postdoctoral Fellowship under award AST-2001751.
ORCID iDs
Kyle Kremer https://orcid.org/0000-0002-4086-3180
Anthony L. Piro https://orcid.org/0000-0001-6806-0673
Dongzi Li https://orcid.org/0000-0001-7931-0607
References
Alpar, M. A., Cheng, A. F., Ruderman, M. A., & Shaham, J. 1982, Natur,
300, 728
Bannister, K. W., Deller, A. T., Phillips, C., et al. 2019, Sci, 365, 565
Belloni, D., Giersz, M., Askar, A., Leigh, N., & Hypki, A. 2016, MNRAS,
462, 2950
Beloborodov, A. M., & Li, X. 2016, ApJ, 833, 261
Beniamini, P., & Lu, W. 2021, arXiv:2104.01181
Berger, E. 2014, ARA&A, 52, 43
Bhardwaj, M., Gaensler, B. M., Kaspi, V. M., et al. 2021, ApJL, 910, L18
Bij, A., Lin, H.-H., Li, D., et al. 2021, arXiv:2105.08851
Blandford, R. D., & Begelman, M. C. 1999, MNRAS, 303, L1
Bochenek, C. D., Ravi, V., Belov, K. V., et al. 2020, Natur, 587, 59
Boyles, J., Lorimer, D. R., Turk, P. J., et al. 2011, ApJ, 742, 51
Breivik, K., Coughlin, S., Zevin, M., et al. 2020, ApJ, 898, 71
Chandar, R., Whitmore, B., & Lee, M. G. 2004, ApJ, 611, 220
CHIME/FRB Collaboration, Andersen, B. C., Bandura, K. M., et al. 2019,
ApJL, 885, L24
CHIME/FRB Collaboration, Andersen, B. C., Bandura, K. M., et al. 2020,
Natur, 587, 54

6

As discussed in Sridhar et al. (2021), BH X-ray binaries are also viable
sources. Unlike their NS counterparts, only a handful of accreting BH binary
candidates have been observed in GCs (e.g., Strader et al. 2012). Because NS
X-ray binaries are expected to be more numerous, we focus only on these
sources here. Future work may consider the possibility of FRBs generated by
accreting stellar-mass BHs in GCs.

7

The Astrophysical Journal Letters, 917:L11 (8pp), 2021 August 10

Kremer, Piro, & Li

Clark, G. 1975, ApJL, 199, L143
Cordes, J. M., & Chatterjee, S. 2019, ARA&A, 57, 417
Duncan, R. C., & Thompson, C. 1992, ApJL, 392, L9
Fryer, C., Benz, W., Herant, M., & Colgate, S. A. 1999, ApJ, 516, 892
García-Berro, E., Lorén-Aguilar, P., Aznar-Siguán, G., et al. 2012, ApJ,
749, 25
Giacomazzo, B., & Perna, R. 2013, ApJL, 771, L26
Grindlay, J. E., Cool, A. M., Callanan, P. J., et al. 1995, ApJL, 455, L47
Harris, W. E. 1996, AJ, 112, 1487
Heinke, C. O. 2010, in AIP Conf. Ser. 1314, International Conference on
Binaries, ed. V. Kalogera & M. van der Sluys (Melville, NY: AIP), 135
Heinke, C. O., Grindlay, J. E., Lugger, P. M., et al. 2003, ApJ, 598, 501
Hénon, M. 1971, Ap&SS, 13, 284
Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897
Ivanova, N., Heinke, C. O., Rasio, F. A., Belczynski, K., & Fregeau, J. M.
2008, MNRAS, 386, 553
Jones, S., Röpke, F. K., Fryer, C., et al. 2019, A&A, 622, A74
Jones, S., Röpke, F. K., Pakmor, R., et al. 2016, A&A, 593, A72
Kaspi, V. M., & Beloborodov, A. M. 2017, ARA&A, 55, 261
Katz, B., & Dong, S. 2012, arXiv:1211.4584
Katz, J. I. 1975, Natur, 253, 698
Katz, J. I. 2020, MNRAS, 499, 2319
Keane, E. F., Stappers, B. W., Kramer, M., & Lyne, A. G. 2012, MNRAS,
425, L71
Khokhriakova, A. D., & Popov, S. B. 2019, JHEAp, 24, 1
King, A. R., Pringle, J. E., & Wickramasinghe, D. T. 2001, MNRAS, 320, L45
Kirsten, F., Marcote, B., Nimmo, K., et al. 2021, arXiv:2105.11445
Kremer, K., Lu, W., Rodriguez, C. L., Lachat, M., & Rasio, F. A. 2019, ApJ,
881, 75
Kremer, K., Rui, N. Z., Weatherford, N. C., et al. 2021, arXiv:2104.11751
Kremer, K., Ye, C. S., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2018,
ApJL, 855, L15
Kremer, K., Ye, C. S., Rui, N. Z., et al. 2020, ApJS, 247, 48
Kulkarni, S. R., Ofek, E. O., Neill, J. D., Zheng, Z., & Juric, M. 2014, ApJ,
797, 70
Kumar, P., Lu, W., & Bhattacharya, M. 2017, MNRAS, 468, 2726
Kwiatkowski, D. 2015, arXiv:1512.00678
Levan, A. J., Wynn, G. A., Chapman, R., et al. 2006, MNRAS, 368, L1
Liu, X. 2018, Ap&SS, 363, 242
Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J., &
Crawford, F. 2007, Sci, 318, 777
Lu, W., Beniamini, P., & Kumar, P. 2021, arXiv:2107.04059
Lu, W., & Kumar, P. 2016, MNRAS, 461, L122
Lu, W., Kumar, P., & Zhang, B. 2020, MNRAS, 498, 1397
Lyubarsky, Y. 2014, MNRAS, 442, L9
Majid, W. A., Pearlman, A. B., Prince, T. A., et al. 2021, arXiv:2105.10987
Manchester, R. N., Hobbs, G. B., Teoh, A., & Hobbs, M. 2005, AJ, 129, 1993
Margalit, B., Berger, E., & Metzger, B. D. 2019, ApJ, 886, 110
Margalit, B., & Metzger, B. D. 2016, MNRAS, 461, 1154
Margalit, B., & Metzger, B. D. 2019, ApJL, 880, L15
Metzger, B. D., Berger, E., & Margalit, B. 2017, ApJ, 841, 14
Miyaji, S., Nomoto, K., Yokoi, K., & Sugimoto, D. 1980, PASJ, 32, 303
Nicholl, M., Williams, P. K. G., Berger, E., et al. 2017, ApJ, 843, 84

Nomoto, K., & Iben, I. J. 1985, ApJ, 297, 531
Nomoto, K., & Kondo, Y. 1991, ApJL, 367, L19
Olausen, S. A., & Kaspi, V. M. 2014, ApJS, 212, 6
Paschalidis, V., Liu, Y. T., Etienne, Z., & Shapiro, S. L. 2011, PhRvD, 84,
104032
Perelmuter, J.-M., Brodie, J. P., & Huchra, J. P. 1995, AJ, 110, 620
Perelmuter, J.-M., & Racine, R. 1995, AJ, 109, 1055
Perets, H. B., Zenati, Y., Toonen, S., & Bobrick, A. 2019, arXiv:1910.07532
Piro, A. L. 2012, ApJ, 755, 80
Piro, A. L., Giacomazzo, B., & Perna, R. 2017, ApJL, 844, L19
Plotnikov, I., & Sironi, L. 2019, MNRAS, 485, 3816
Pooley, D., Lewin, W. H. G., Anderson, S. F., et al. 2003, ApJL, 591, L131
Popov, S. B., & Postnov, K. A. 2013, arXiv:1307.4924
Portegies Zwart, S. F., & Mcmillan, S. L. W. 2000, ApJ, 528, 17
Ransom, S. M. 2008, in IAU Symp. 246, Dynamical Evolution of Dense Stellar
Systems, ed. E. Vesperini, M. Giersz, & A. Sills (Cambridge: Cambridge
Univ. Press), 291
Rodriguez, C. L., Chatterjee, S., & Rasio, F. A. 2016, PhRvD, 93, 084029
Rodriguez, C. L., Morscher, M., Pattabiraman, B., et al. 2015, PhRvL, 115,
051101
Rodriguez, C. L., Weatherford, N. C., Coughlin, S. C., et al. 2021, arXiv:2106.
02643
Rosswog, S., Ramirez-Ruiz, E., & Davies, M. B. 2003, MNRAS, 345, 1077
Rui, N., Kremer, K., Weatherford, N., et al. 2021b, RNAAS, 5, 47
Saio, H., & Nomoto, K. 1985, A&A, 150, L21
Samsing, J., MacLeod, M., & Ramirez-Ruiz, E. 2017, ApJ, 846, 36
Schwab, J. 2021, ApJ, 906, 53
Schwab, J., Quataert, E., & Bildsten, L. 2015, MNRAS, 453, 1910
Schwab, J., Quataert, E., & Kasen, D. 2016, MNRAS, 463, 3461
Schwab, J., Shen, K. J., Quataert, E., Dan, M., & Rosswog, S. 2012, MNRAS,
427, 190
Shara, M. M., & Shaviv, G. 1977, MNRAS, 179, 705
Shen, K. J., Bildsten, L., Kasen, D., & Quataert, E. 2012, ApJ, 748, 35
Shen, K. J., Boubert, D., Gänsicke, B. T., et al. 2018, ApJ, 865, 15
Spitler, L. G., Scholz, P., Hessels, J. W. T., et al. 2016, Natur, 531, 202
Sridhar, N., Metzger, B. D., Beniamini, P., et al. 2021, arXiv:2102.06138
Strader, J., Chomiuk, L., Maccarone, T. J., Miller-Jones, J. C. A., & Seth, A. C.
2012, Natur, 490, 71
Tauris, T. M., & Manchester, R. N. 1998, MNRAS, 298, 625
Tauris, T. M., Sanyal, D., Yoon, S. C., & Langer, N. 2013, A&A, 558, A39
Taylor, M., Cinabro, D., Dilday, B., et al. 2014, ApJ, 792, 135
The CHIME/FRB Collaboration, Amiri, M., Andersen, B. C., et al. 2021,
arXiv:2106.04352
Thornton, D., Stappers, B., Bailes, M., et al. 2013, Sci, 341, 53
Usov, V. V. 1992, Natur, 357, 472
Vitral, E., & Mamon, G. A. 2021, A&A, 646, A63
Ye, C. S., Fong, W.-f., Kremer, K., et al. 2020, ApJL, 888, L10
Ye, C. S., Kremer, K., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2019,
ApJ, 877, 122
Yoon, S. C., Podsiadlowski, P., & Rosswog, S. 2007, MNRAS, 380, 933
Yungelson, L., & Livio, M. 1998, ApJ, 497, 168
Zhang, B. 2020, ApJL, 890, L24
Zhong, S.-Q., & Dai, Z.-G. 2020, ApJ, 893, 9

8

