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ABSTRACT

Most black holes (BHs) will absorb a neutron star (NS) companion fully intact, without tidal disruption, sug-
gesting the pair will remain dark to telescopes. Even without tidal disruption, electromagnetic luminosity is
generated from the battery phase of the binary when the BH interacts with the NS magnetic field. Originally
the luminosity was expected in high-energy X-rays or gamma-rays, however we conjecture that some of the
battery power is emitted in the radio bandwidth. While the luminosity and timescale are suggestive of fast radio
bursts (FRBs; millisecond-scale radio transients) NS—-BH coalescence rates are too low to make these a primary
FRB source. Instead, we propose the transients form a FRB sub-population, distinguishable by a double peak
with a precursor. The rapid ramp-up in luminosity manifests as a precursor to the burst which is 20% — 80%
as luminous, given 0.5 ms timing resolution. The main burst is from the peak luminosity before merger. The
post-merger burst follows from the NS magnetic field migration to the BH, causing a shock. NS-BH pairs are
especially desirable for ground-based gravitational wave (GW) observatories since the pair might not other-
wise be detected, with electromagnetic counterparts greatly augmenting the scientific leverage beyond the GW
signal. Valuably, the electromagnetic signal can break degeneracies in the parameters encoded in the GW as
well as probe the NS magnetic field strength, yielding insights into open problems in NS magnetic field decay.
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1. INTRODUCTION

Advanced ground-based interferometers are likely to de-
tect gravitational waves (GWs) from compact binary coa-
lescences within the next few years. Upgrades to aLIGO,
e.g. Harry & the LIGO Scientific Collaboration (2010), are
complete and early observation runs have begun. In the com-
ing years as aLIGO reaches peak sensitivity, they should
be joined by VIRGO, and KAGRA to create a network of
gravitational-wave observatories, e.g. Acernese et al. (2008);
Somiya (2012). The anticipation has motivated a closer look
at the landscape of compact binary sources. Encoded in the
gravitational waveform is information about the source pa-
rameters, ranging from masses and spins to sky location. As
such, a diverse and comprehensive toolkit is needed to ex-
tract the rich information available from these observations.
While some GW source parameters are expected to be very
well measured — e.g., the binary chirp mass — the source dis-
tance and inclination angle suffer from significant degenera-
cies, making them difficult to resolve, e.g. Aasi et al. (2013).

One of the most promising tools for lifting degeneracies in
these parameters is the source’s electromagnetic (EM) coun-
terpart, e.g. Nissanke et al. (2013). In a neutron star — black
hole (NS—-BH) coalescence, if the NS is disrupted a relativis-
tic jet powered by the rapid accretion of material onto the BH
may produce a short gamma ray burst (GRB), e.g. Metzger &
Berger (2012); Nakar (2007). GRBs are difficult to detect as
the beamed emission results in a detection rate < 1 yr~! with
Swift for NS-BH and NS-NS mergers in the aLIGO/VIRGO

volume. However, optical and radio afterglows can origi-
nate from the jet interaction with the medium surrounding the
burst, lasting days to weeks, or weeks to months, respectively.
Another EM counterpart is produced by the radioactive decay
of heavy elements synthesized in the ejecta, powering an opti-
cal “kilonova”, lasting a few days, see Li & Paczynski (1998).

However, most non-spinning BHs do not disrupt their com-
panion NS before the plunge since the disruption radius,
Ttidal = (MBH/MNS)1/3TNS =13 M@ for MNS =14 M@
and rng = 10 km, is inside the Schwarzschild radius of a
BH with Mgy 2 7Mg (slightly larger for spinning BH).
Hence the aforementioned EM follow-up techniques will not
be achievable. Moreover, a GW detector with sensitivity com-
parable to the Einstein Telescope, e.g. Sathyaprakash et al.
(2012) is needed to distinguish NS-BH and BH-BH binaries
with the same mass ratio if the NS is not tidally disrupted,
see Foucart et al. (2013). It is therefore advantageous to have
an EM counterpart for a non-disrupted NS-BH binary, en-
abling the source identification of the GW signal and allowing
for independent source parameter measurements, e.g. Tsang
et al. (2012).

In this letter we describe a transient radio signal, typi-
callg asting a few milliseconds with a luminosity of £ ~
1040 — 10*! ergs/s, resulting from a BH interacting with a NS
magnetic field in a configuration called a “battery”, see Gol-
dreich & Lynden-Bell (1969); Lai (2012); McWilliams &
Levin (2011); Lyutikov (2011), which may represent a frac-
tion of the fast radio burst (FRB) population, e.g. Lorimer
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et al. (2007).

This transient has a distinctive signature: a rapid luminosity
increase, manifesting as a precursor given sufficient signal-to-
noise ratio and timing resolution, the “burst” from the peak
luminosity before merger, and a post-merger burst at least
0.5 ms after the main burst, due to the migration of the NS
magnetic field to the BH and subsequent magnetic field snap-
ping. For a sufficiently bright burst, the NS magnetic-field
strength may be measured from the main and post-merger
bursts, granting insights into the long-standing issue of NS
magnetic-field decay.

2. THE BLACK HOLE BATTERY

In McWilliams & Levin (2011) a mechanism was proposed
to light up a magnetized NS-BH binary for a few millisec-
onds when the BH moves through the NS dipole field. In this
scenario, the BH acts like a battery, the NS acts like a resis-
tor with its field lines as wires, and the charged particles in
the NS magnetosphere are the current-carriers. The battery
is established when the BH enters the closed magnetic dipole
field lines within the light-cylinder of the spinning NS, de-
fined as 277y, /P = ¢: field lines inside the light cylinder are
closed, those passing outside are open, e.g. Goldreich & Ju-
lian (1969). For a spin period P = 1 s, the battery connects
when the pair are separated by 71, ~ 5 x 107 m—thousands
of Schwarzschild radii apart for a 10 M, BH. However, the
power may be unobservable until the final stages of coales-
cence, see Fig. 1.

In the late inspiral regime, where GWs may be detectable
with ground-based interferometers, the magnetic field thread-
ing the BH event horizon will be significant. In this paper
we pursue the conjecture that the mechanism responsible for
creating coherent broadband radiation in pulsars can similarly
convert a fraction of the energy from the battery into the ra-
dio on a short timescale, similar to giant pulses from the Crab
pulsar, e.g. Cordes et al. (2004), creating rapid transient radio
signals akin to FRBs, e.g. Katz (2015). The radio efficiency
parameter 7, spans many orders of magnitude and increases
with age. Recent radio pulsar observations from Szary et al.
(2014) show that the efficiency parameter 1073 < 5, < 107!
is appropriate for pulsars with 7 > 107 yrs. Guided by known
radio pulsars and in the absence of other theoretical guidance,
we adopt a fiducial value of 7, = 1072,

The luminosity of a BH battery is a function of the BH
mass, Mpy, the magnetic-field strength the NS at the poles,
B, and the NS radius, 1y g, ¢.f. McWilliams & Levin (2011):
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where we have fixed the NS mass to be 1.4 Mg, o =
\/1 —2Mpy/r for a non-spinning BH, with (av/c)? ~
M /r. The scaling above also depends on the unknown re-
sistivities of the plasma and of the NS. In Eq. (1), r(¢) is
the distance from the surface of the NS, and by substituting
(aw/c)? ~ M/r, we implicitly assume a point-particle ap-
proximation. Since Lpagtery € B2, and B? decays as =8, it
is possible that when the BH gets very close to the NS surface
that Lpagery could get a boost of orders of magnitude. Hence,
Eq. (1) is a conservative estimate of the power. A spinning

BH will also boost the luminosity, described in McWilliams
& Levin (2011).

NS magnetic-field decay is a long-standing issue in astro-
physics. While e.g. Narayan & Ostriker (1990); Gonthier
et al. (2002) showed that NS magnetic fields can decay on
a timescale of 105 — 107 yrs, statistical studies by e.g. Stoll-
man (1987); Lorimer et al. (1997); Bhattacharya et al. (1992)
and simulations by Faucher-Giguere & Kaspi (2006) sup-
port decay time constants of > 10® yrs. Moreover, recent
simulations by Gourgouliatos & Cumming (2014) show that
magnetic-field decay in middle-aged neutron stars is dramati-
cally slowed, and may therefore differ from what is currently
drawn on P-P diagrams. We therefore take as plausible
that NS magnetic fields do not significantly decay and con-
sider B, ~ 3 x 10*2 G as a fiducial value. In fact, since
Liattery X B2, f Eq. (1), electromagnetic observations of
BH batteries may provide an avenue to probe the magnetic-
field strength of old NS.

3. GRAVITATIONAL WAVES FROM NS-BH BINARIES

Compact binary coalescences are the most promising
sources of GWs for ground-based interferometers, e.g. Harry
& the LIGO Scientific Collaboration (2010); Acernese et al.
(2008); Somiya (2012). These detectors operate in the high
frequency GW regime, with peak sensitivity between 50 and
1000 Hz. Let us consider a NS-BH binary with My =
10 Mg and Mng = 1.4 Mg. Such a binary has a chirp mass
M. = p3PM?/> = 3 Mg, where = mymso/M is the
reduced mass of the binary and M = my + my is its total
mass. We are interested in the last few milliseconds before
coalescence, for reasons described in Sec. 4, therefore the
binary’s GW frequency and time to coalescence are reported
here at the innermost stable circular orbit 6 Mpy. The binary
separation r(¢) is computed via Peters (1964):

1/4
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hence, for a binary M = 11.4 Mg separated by r(t) =
6 Mp, the GW frequency is 470 Hz. The time to coales-
cence t. from 6 Mpy is obtained via Eq. (2):

- r(t) 4 u -1 M -2
tc_7'8ms(6MBH) (1.2 M@> (11.4M@> '
(3)

The detection rates for ground-based interferometers depend
on the expected rates of compact binary coalescence events.
Due to the lack of direct EM observations of compact bi-
nary systems containing BHs, NS—-BH rates are based on
population-synthesis models, e.g. Abadie et al. (2010). The
recent local merger rate for NS-BH binaries with M, =
3.2 Mg is 3—20 Gpc~3 yr—1, see Dominik et al. (2015), with
the expected detection rate of 1 — 6 yr—* with aLIGO and 2
— 15 yr=!, using a 3-detector network. For M, = 3M,, the
detection probability scales by 0.75 for by aLIGO, see Fig. 6
of Dominik et al. (2015).

Host identification and parameter estimation are difficult
tasks, e.g. Veitch et al. (2015), especially for non-disrupted
and non-spinning NS-BH mergers. Numerically, the differ-
ences between a BH-BH and a NS-BH gravitational wave-
form, orbital evolution, and characteristics of the final rem-
nant cannot be resolved if they have the same mass ratio,
see Foucart et al. (2013). In fact, Foucart et al. (2013) claim




Distance (Gpc) Sy (Jy)  Liadio (erg/s) Ref

FRB 010724 1.0 30 5.03 x 10%3  Lorimer et al. (2007)
FRB 110220 2.8 1.3 1.71 x 1043 Thornton et al. (2013)
FRB 110703 3.2 0.5 8.58 x 10*2  Thornton et al. (2013)
FRB 131104 1.0 2.0 3.35 x 10*2  Ravietal. (2015)
FRB 110627 2.2 0.4 3.24 x 10*2  Thornton et al. (2013)
FRB 120127 1.7 0.5 2.42 x 10*2 Thornton et al. (2013)
FRB 140514 1.7 0.47 2.28 x 10%2  Petroff et al. (2015)
FRB 011025 2.1 0.3 2.22 x 1042 Burke-Spolaor & Bannister (2014)
FRB 121102 1.0 0.4 6.70 x 1041 Spitler et al. (2014)
FRB 010621 0.7 0.4 3.28 x 101 Keane et al. (2012)
Table 1

Luminosities of reported fast radio bursts, cf. Eq. (4), are comparable to Eq. (1). The current population does not, however, show the distinctive precursor or
double peak of the BH battery. So far, all FRBs have been found at 1.4 GHz with distances inferred from their dispersion measure-induced frequency sweeps.
The luminosity from Ravi et al. (2015) is drawn from their Fig. 3 at 1432 MHz, and for the Keane et al. (2012) burst, we fix h = 0.7 for illustrative purposes.

that only an EM counterpart could prove the presence of a NS
in low-spin systems, until the advent of GW detectors with
a sensitivity comparable to the proposed Einstein Telescope,
e.g. Sathyaprakash et al. (2012).

4. FAST RADIO BURSTS FROM BH BATTERIES

Fast radio bursts (FRBs) are a recently identified class of
single, coherent, millisecond radio pulses, e.g. Lorimer et al.
(2007); Keane et al. (2012); Thornton et al. (2013); Ravi
et al. (2015); Burke-Spolaor & Bannister (2014); Spitler et al.
(2014); Petroff et al. (2015); Katz (2014). They are marked by
the characteristic frequency sweep indicative of propagation
through a cold plasma, but with a dispersion measure (DM)
or total electron column density, suggesting an origin from
extragalactic compact objects, e.g. Cordes & Lazio (2002);
Lorimer et al. (2007); Keane et al. (2012); Thornton et al.
(2013); Luan & Goldreich (2014); Ravi et al. (2015). Sev-
eral candidates have been proposed as FRB sources, including
NS mergers, e.g. Li & Paczynski (1998); Hansen & Lyutikov
(2001); Totani (2013), “supramassive” NS collapse Falcke &
Rezzolla (2014) and giant pulses or bursts from magnetars,
e.g. Popov & Postnov (2013, 2007).

So far nine FRBs have been found at Parkes by Lorimer
et al. (2007); Thornton et al. (2013); Burke-Spolaor & Ban-
nister (2014); Ravi et al. (2015); Petroff et al. (2015) and one
was found at the Arecibo Radio Telescope by Spitler et al.
(2014). To determine if the hypothesized short-lived burst of
radio waves from the battery phase of NS-BH binaries may
form a sub-population of FRBs, we examine the energetics of
known FRBs in Table 1 and compare to Eq. (1).

We take the characteristic flux density of a FRB to be
S, = 1 Jy and assume that it is at a distance D = 1 Gpc,
see Table 1. There is essentially no spectral information cur-
rently available on FRBs, with all of the published FRBs hav-
ing been detected at 1.4 GHz. We therefore assume that they
are relatively broadband emitters, similar in nature to radio
pulsars, with a typical bandwidth Av comparable to the fre-
quency of emission (i.e. Av/v ~ 1). Finally, with little in-
formation available on possible beaming angles, we assume
Q ~ 1 sr. We find that the typical luminosity is then
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While FRBs have the required luminosity to have originated
from BH batteries, the rates for FRBs —roughly 2.3x10% yr—!
Gpc—3, e.g. Totani (2013) — are three orders of magnitude
larger than the optimistic estimate of NS-BH merger rate of

20 yr~! Gpc—3, see Dominik et al. (2015). Our claim is not
that all FRBs originate from BH batteries, rather that there
could be multiple populations of FRBs (analogous to the mul-
tiple populations—long and short—for GRBs), with some of
the FRBs being the radio counterpart to a non-disrupted NS—
BH binary coalescence, possibly associated with a GW event.

While these sources may be rare, the Canadian Hydrogen
Intensity Mapping Experiment (CHIME) is being outfitted
with a fast-detection backend with projected rates approach-
ing 10* yr=! (V. Kaspi 2015, private comm.), and a pro-
posed augmentation of the Very Large Array’s processing ca-
pability would enable discovery rates approaching 10% yr—!
(C. Law 2015, private comm.). A modest estimate is that as
many as 5000 FRBs could be discovered over the next 5 years.

The fast radio transients we describe are distinctive. Firstly,
there is a ramp-up in the luminosity due to the NS orbiting
and plunging into the BH. The continuous luminosity increase
may appear as at least one precursor when binned, Fig. 1. We
estimate the luminosity until the light ring at 3 Mpy, since
the applicability of Eq. (4) breaks down at close separations.
In fact, though winding still, the NS begins to plunge between
6 Mpy and 3 Mpp. However, in principle the power only
surges as the NS approaches the horizon. In fact, McWilliams
& Levin (2011) show that systems with significant BH spin
are even more luminous than non-spinning ones.

The relative strength of the precursor to the burst is easily
computed: L£(t)/Lo = [r(t)/ro]~ 7, and substituting Eq. (2)
gives L(t)/Lo = (At/Aty)~"/*, where At = t. — t. For
example, we compare the luminosity of a canonical 10 M,
BH and 1.4 Mg NS BH battery at the light ring to the lu-
minosity 0.5 ms earlier. Using Eq. (3), t. ~ 0.5 ms and
L(t)/Lo = 0.29. The luminosity of the precursor is there-
fore ~ 30% of the burst. If such a burst were detected with
S/N of 30, the precursor would thus have a S/N = 9. In Fig.
1(d), the relative signal strength is so computed for a range
of BH masses. We find that the precursor can be between
20% — 80% of the luminosity of the main burst, depending on
bin resolution. The current FRB population has been detected
with S/N 2> 10, e.g. Lorimer et al. (2007); Burke-Spolaor &
Bannister (2014). While none show evidence of a precursor,
even higher S/N is likely required to detect the precursor.

The second signature of this FRB sub-population is a post-
merger burst from the migration of the NS magnetic field to
the BH and the subsequent violent magnetic-field snapping.
This second peak is also predicted by the magnetic shock
from a supramassive NS collapse into a BH, called a “blitzar”
from Falcke & Rezzolla (2014). In both the battery and blitzar
model, a shock travels outwards and produces radio emis-



[ T T T | T]

z 104! |- | 6Mpu 3Mz '__

o0 g | E

5 - ]

< C | ]

. i ]

7 1010k ' A

E : ' // ]

E i ! 1 ]

— 1039 %, i

- I E

10 8 6 4 2 0

Time to Coalescence [ms]
(a) BH Battery luminosity, 1ms resolution

10% T T T T =

= 10 | -

2 oMk 3
2 10PE

Z 107k

2 10M E 3

S 10 .

1039 E | | | ]

5 4 3 2 1 0

Time to light ring [s]

(c) BH Battery luminosity for My = 10 Mg, B = 10° G

B I I I I 1]
= 104 b | 6Mpn 3Mpy_
o0 = | E
92, B I ]
o B ]
:‘5) 1040 = I =
= F E
é - | ]
5 B ]
— 1039 = I 3

E ! 3

10 8 6 4 2 0

Time to Coalescence [ms]

(b) BH Battery luminosity, 0.5 ms resolution

O~9 T T T T T T T T T I T T T I T T T I T T T

08| 0.5ms bins ettt ]
0.7__- 1 ms bins __—'_’:
[ — 5 ms bins PR ]
06 ° e -
Q05 . 3
= 0.4 — . - -
EI/ 0.3 — . - =
02 :‘-' - ]
0.1 i —
0.0 L v e b s
8 12 16 20 24 28 32

Black Hole Mass [Mg)]

(d) Relative luminosity of precursor to main burst at light ring

Figure 1. Luminosity of NS—BH binary. In panels (a) and (b) Mgy = 10 Mg and B = 3 x 10'2 G. Bars are the integrated luminosity in each bin.
Rapid increase in luminosity milliseconds before coalescence may generate a precursor, given sufficient bin resolution. In panel (a) we do not include the final
millisecond, since the energetics are highly uncertain, and in (b) we halt at 3 Mpy. For a magnetar with B = 10'® G, the BH battery luminosity would be
visible for over 5 s, panel (c). While the luminosity depends on all the parameters in Eq. (1), the relative strength of the precursor to the burst luminosity is only
a function of the BH and NS masses, reported at a separation r(t). In panel (d) we fix r(t) = 3 My and Myxs = 1.4 M and show that for 0.5 ms bins, one
can detect precursors with luminosities ~ 20% — 80% of the peak (burst) luminosity. The noise in the telescope is proportional to 1/v/At, Lorimer & Kramer
(2012), where At is the time step (bin size), hence one gains 1/2 in sensitivity moving from 0.5 ms to 1 ms bins, at the expense of the visibility of the precursor.

sion which is in turn modulated by the ringdown of the BH
event horizon, resulting in exponentially decaying sub-ms ra-
dio pulses. For the battery model, the delay between the main
FRB and the post-merger burst is at least the sum of the time
to coalescence and the light-crossing time of the BH, e.g for
Mgpy = 10 Mg is ~ 500 ps + 50 ps > 0.5 ms. It is probably
much longer since the magnetized BH could retain a magne-
tosphere which itself supports the magnetic field for longer,
e.g. Lyutikov (2011). This admittedly naive estimate rein-
forces the importance of 0.5 ms resolution, so that one can in
principle resolve even this (these) post-merger burst(s) from
magnetic field snapping and BH ringdown.

The luminosity of the post-merger peak depends on the NS
period ¢ g, magnetic field strength and radius, as well as the
fraction of magnetic field energy available for the burst, np,
see Eq. (4) of Falcke & Rezzolla (2014), and is potentially as
bright as the main burst:
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5. DISCUSSION

The population of FRBs described here may have a double
peak as well as a precursor: the precursor is from the binned
ramp-up in luminosity, followed by the main burst at max-
imum luminosity, and a post-merger burst due to magnetic
field shock. Figure 1 shows examples of the luminosity of the
BH battery milliseconds before coalescence. When observed
with sufficient time resolution, ~ 0.5 ms, and signal-to-noise,
the notable precursor feature emerges. The post-merger burst
can manifest due to the migration of the NS magnetic field to
the BH at the time of coalescence, and the subsequent mag-
netic field shock, similar to a FRB from the “blitzar” model.
This post-merger burst would occur at least ~ 0.5 ms after the
main FRB, for a 10 M BH, and depending on the NS’s in-
trinsic parameters, and may be as luminous as the main burst,
see Eq. (5). While we consider a non-spinning BH in this
study, spin would make the system even more luminous and
change the innermost stable circular orbit from 6 Mpy to
Mgy, if prograde. The luminosity ramp-up itself may con-
tain some structure pulsed at the NS orbital frequency. This
would be most interesting immediately before merger, thus
at the millisecond level, and would therefore require a very
strong EM signal to be detectible.



The distance to a FRB is estimated using the DM, and
are in fact upper bounds with an uncertainty of around 20%,
e.g. Thornton et al. (2013). If the sources are closer, the radio
emission efficiency and other parameters in Eqgs. (1) and (4)
could be significantly smaller.

The most recent merger rates for NS-BH systems with
M, = 3.2 Mg, range from 3 — 20 Gpc=3 yr~!, of which
2 — 15 yr~! are expected to be detected via GW emission
with a 3-detector network, see Dominik et al. (2015). If
M. = 3 Mg, 75% of these sources are expected to be de-
tected. Some of these may have EM counterparts from the
NS disruption, while the majority do not and may belong to
the NS-BH population described here. An EM counterpart
from a NS—BH coalescence allows for an independent BH and
NS mass measurement, Eq. (1), as well for a complementary
distance measurement to the source, if other parameters are
sufficiently well constrained. In the event of a NS-BH GW
detection, a coincident EM detection may be possible via new
low-latency pipelines sending out triggers, outlined in e.g.
Nissanke et al. (2013); Chu et al. (2015), or if the telescope
is already pointed at the source. This is most probable for
telescopes such as CHIME, which shares ~ 20% of the two-
detector LIGO network sky localization arc from Kasliwal &
Nissanke (2014), Fig. 2. While we rely on sky localization
arcs from Kasliwal & Nissanke (2014), who consider NS-NS
binaries, a comparable S/N for a NS-BH binary would have
similar sky localization prospects. In fact, coincident detec-
tion prospects with low-frequency radio arrays are especially
tantalizing, as dispersion may delay the radio signal, further
enabling a possible LIGO/Virgo trigger; Yancey et al. (2015);
Trott et al. (2013).

In addition to the coherent radio emission, we also ex-
pect a burst of synchrocurvature radiation in X-rays and/or
gamma-rays, which may be more difficult to detect. How-
ever, if the power is heavily reprocessed with longer radio
emission timescales—perhaps even much after an initial x-
ray or gamma-ray burst—then we are looking for a new kind
of radio transient. Indeed, the brief transient EM radiation
from the BH battery may be detectible in many wavelengths,
and as such may be detected first and more frequently than the
GW signal, thereby informing NS—-BH merger rates.

Even without a GW counterpart, the radio transients from
NS-BH binaries offer a unique avenue to explore the prop-
erties of the cosmic population of NS-BH binaries and po-
tentially measure the magnetic field of old NS. In the age of
transient searches, we encourage observers to consider these
fascinating source candidates.
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