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Abstract

The LIGO–Virgo–KAGRA Collaboration recently detected gravitational waves (GWs) from the merger of black
hole–neutron star (BHNS) binary systems GW200105 and GW200115. No coincident electromagnetic (EM)
counterparts were detected. While the mass ratio and BH spin in both systems were not sufficient to tidally disrupt
the NS outside the BH event horizon, other, magnetospheric mechanisms for EM emission exist in this regime and
depend sensitively on the NS magnetic field strength. Combining GW measurements with EM flux upper limits,
we place upper limits on the NS surface magnetic field strength above which magnetospheric emission models
would have generated an observable EM counterpart. We consider fireball models powered by the black hole
battery mechanism, where energy is output in gamma rays over 1 s. Consistency with no detection by Fermi-
GBM or INTEGRAL SPI-ACS constrains the NS surface magnetic field to 1015 G. Hence, joint GW detection
and EM upper limits rule out the theoretical possibility that the NSs in GW200105 and GW200115, and the
putative NS in GW190814, retain dipolar magnetic fields 1015 G until merger. They also rule out formation
scenarios where strongly magnetized magnetars quickly merge with BHs. We alternatively rule out operation of the
BH-battery-powered fireball mechanism in these systems. This is the first multimessenger constraint on NS
magnetic fields in BHNS systems and a novel approach to probe fields at this point in NS evolution. This
demonstrates the constraining power that multimessenger analyses of BHNS mergers have on BHNS formation
scenarios, NS magnetic field evolution, and the physics of BHNS magnetospheric interactions.

Unified Astronomy Thesaurus concepts: Gravitational wave astronomy (675); Neutron stars (1108); Magnetic
fields (994); Gamma-ray sources (633)

1. Introduction

The LIGO–Virgo–KAGRA (LVK) collaboration recently
announced the first definitive detections of gravitational waves
(GWs) from neutron stars merging with black holes in the black
hole–neutron star (BHNS) binaries GW200105 and GW200115
(Abbott et al. 2021). These two events join the suspected BHNS
system GW190814 with inferred secondary mass on the cusp
between classification as a large NS and a small BH (Abbott et al.
2020). BHNS systems have long attracted interest for their ability
to generate louder GWs than binary NSs (thanks to the BH), while
still promising a bright electromagnetic (EM) counterpart (thanks
to the NS). Historically, the disruption of the NS has been the
focus of possible EM counterparts to BHNS mergers (e.g.,
Narayan et al. 1992). However, disruption occurs only for a small
region of BHNS parameter space, when the BH is highly spinning
and small, 5–10Me (see Foucart et al. 2018, Belcynski et al.
2008, and Section 3.1 below). Furthermore, given the LVK
population of compact object mergers discovered so far, it is likely
that most BHNS mergers will not disrupt the NS (Drozda 2020;
Fragione 2021).

However, as if often overlooked, the lack of an NS
disruption does not imply the lack of a bright EM counterpart,
and hope is not lost for BHNS multimessenger astronomy.
Bright EM emission is possible and even expected from

nondisrupting systems. The reason lies in the magnetic energy
locked up in the NS magnetosphere, which can be tapped
without breaking apart the NS, just as it is tapped to power the
many observational manifestations of known NSs, e.g., the
pulsars, anomalous x-ray pulses, soft gamma repeaters, and
others (see, e.g., Kaspi 2010).
A promising mechanism for brightening nondisrupting

BHNS systems arises through a coupling of the orbital energy
and magnetic field energy of the merging binary. Magnetic
fields anchored in the NS pass over the BH horizon, generating
an electromotive force that can supply power to accelerate
charges in the magnetosphere analogously to a unipolar
inductor (homopolar generator). Such a mechanism has been
studied extensively in the literature, originally applied to
planetary systems (Goldreich & Lynden-Bell 1969) and more
recently applied to exoplanetary systems (Laine & Lin 2012),
compact object mergers (Vietri 1996; Hansen & Lyutikov 2001;
Lai 2012; Piro 2012) and systems including a BH (Lyuti-
kov 2011; McWilliams & Levin 2011; D’Orazio & Levin 2013;
D’Orazio et al. 2016), in which case we refer to this energy
source as the black hole battery. Encouragingly, numerical
investigations of the BHNS magnetosphere have found
magnetospheric currents and Poynting flux measurements that
agree well with, and possibly exceed, estimates in the above
analytical works (Paschalidis et al. 2013; Carrasco et al. 2021).
A key feature of magnetospheric emission from a BH battery

is its strong dependence on the strength and configuration of
the large-scale magnetic fields anchored in the NS. The total
power available for liberation via the BH battery scales with the
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square of the magnetic field strength at the BH horizon. Hence,
if the binary parameters are known from GW observations and
consistent with a nondisrupting system, then an EM observa-
tion consistent with a BH-battery-powered event provides
information on the NS magnetic field as well as insight into the
BHNS magnetospheric physics. Similarly, a GW-confirmed
nondisrupting BHNS plus an EM upper limit places an upper
limit on the magnetic field anchored in the NS at merger.

Here we use this feature of the predicted BHNS magneto-
spheric emission, along with GW observations and EM
upper limits for LVK events GW200105, GW200115, and
GW190814, to place the first multimessenger constraints on
NS magnetic field strengths in BHNS binaries. To do so we
employ a model for the EM signature of a BH-battery-
powered event developed in D’Orazio et al. (2016,
hereafter DL16) that predicts a short–hard burst of gamma
rays within approximately a second after the merger. For each
system we find that the strength of a dipolar field at the NS
surface is constrained to be 1015 G—within the astro-
physically interesting realm of magnetar field strengths.
Future GW detections plus gamma-ray flux upper limits
could offer constraints as low as 1013−14 G depending on
source distance, binary parameters, and EM flux upper limits.
Given the BHNS event rate, a few events with meaningful
flux upper limits are expected per year. This method offers
not only a new observational constraint on the evolution of
NS magnetic field but also a handle on BHNS formation
channels.

This work is organized as follows. In Section 2 we provide an
overview of the GW observations and EM upper limits. In
Section 3 we present a summary of the BH-battery-powered
fireball model for nondisrupting magnetospheric emission in
BHNS systems. In Section 4 we apply this model to obtain
magnetic field strength upper limits for GW200105, GW200115,
and GW190814. We discuss astrophysical implications and
prospects for the future in Section 5 and conclude in Section 6.

2. Overview of Observations

2.1. Gravitational Waves

The GW observations for GW200105 and GW200115 are
detailed in Abbott et al. (2021). We assume, as concluded in
Abbott et al. (2021), that each binary consists of a more massive
primary BH component and a less massive secondary NS
component. For completeness we also consider GW190814, for
which association with a BHNS merger is likely but less certain
given the large mass of the secondary (Abbott et al. 2020;
Antoniadis et al. 2022). Table 1 lists the relevant binary parameters
that we use in this work: BH mass MBH, NS mass MNS, BH
dimensionless spin SBH (ranging from −1 to 1), and luminosity
distance DL.

5 For all parameters we quote the median values
with 90% credible intervals. For GW200105 and GW200115
we assume the low-NS-spin prior of Abbott et al. (2021).

2.2. Electromagnetic Upper Limits

Here and in Table 2 we summarize the significant gamma-ray
upper limits and excesses reported for each event in the GCN
archives for GW200105 (GCN archive for S200105ae 2020),
GW200115 (GCN archive for S200115j 2020), and GW190814
(GCN archive for LIGO/Virgo S190814bv 2020). For all three
events, no signal was detected by the Fermi Gamma-Ray Burst
Monitor (GBM) above the background, providing a 3σ upper
limit weighted by GW localization probability. Upper limits on
the gamma-ray flux were placed using the analysis pipeline of
Blackburn et al. (2015), updated by Goldstein et al. (2016). The
upper limit depends on the expected signal duration and spectral
template. The standard analysis pipeline considers three spectral
templates: “soft,” “normal,” and “hard,” and three different
durations: “short” (0.128 s), “medium” (1.024 s), and “long”
(8.192 s). We ignore the long and soft combinations because these

Table 1
Double Compact Object Parameters Determined from Gravitational Wave Observations

Event MBH (Me) MNS (Me) SBH DL (Mpc)

GW200105 (Abbott et al. 2021) -
+8.9 1.3
1.1

-
+1.9 0.2
0.2

-
+0.09 0.08
0.18

-
+280 110
110 ( = -

+z 0.06 0.02
0.02)

GW200115 (Abbott et al. 2021) -
+5.9 2.1
1.4

-
+1.4 0.2
0.6

-
+0.31 0.29
0.52

-
+310 110
150 ( = -

+z 0.07 0.02
0.03)

GW190814 (Abbott et al. 2020) -
+23.1 1.1
1.0

-
+2.59 0.08
0.09 0.07 -

+241 41
45 ( = -

+z 0.053 0.01
0.009)

Table 2
Gamma-Ray Upper Limits from GCN Archives

Obs. Loc. Prob. Time Window Energy Range Upper Limit (med.-norm. − short–hard)
Detector (%) (s) (MeV) ( )- - -10 erg s cm7 1 2

GW200105

Fermi-GBM 83.2 tmrg ± 30 10−2
–1 1.8–11

Fermi-GBM 83.2 tmrg ± 30 10−3
–10 2.5–25

INTEGRAL SPI-ACS 50.0 tmrg ± 300 7.5 × 10−3
–2 2.2

GW200115

Fermi-GBM 84.4 tmrg ± 30 10−2
–1 2.8–17

Fermi-GBM 84.4 tmrg ± 30 10−3
–10 4.0–40

GW190814

Fermi-GBM 100 tmrg ± 30 10−2
–1 0.9–5.8

Fermi-GBM 100 tmrg ± 30 10−3
–10 1.3–13

5 To convert between luminosity distance and redshift we assume the same
cosmology as Abbott et al. (2021), with h = 0.679 and ΩM = 0.3065.
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best describe long gamma-ray bursts (GRBs) while the BHNS
EM counterparts detailed below are closer to hard, short GRBs.
The “hard” template assumes a Band function (Band et al. 1993)
with a peak energy at 1MeV and power-law slopes α= 0 and
β= 1.5, while the “normal” spectrum assumes a peak energy at
0.23MeV and power-law slopes α= 1 and β= 2.3 (Blackburn
et al. 2015). For comparison, the energies of emission for
the BHNS fireball (detailed below) peak at ´2.4 MeV
( )B 10 GNS

14 1 2/ / with approximate durations of ∼ ´0.1 s
( )B 10 GNS

14/ . Hence, we choose to consider a range of upper
limits given source templates that range from medium–normal to
short–hard, with the short–hard spectral template providing the
most conservative upper limits. The ranges of the resulting Fermi-
GBM (3σ) upper limit are listed in Table 2.

Table 2 also lists a flux upper limit for GW200105 from
INTEGRAL SPI-ACS.6 This limit is placed using a template
in-between the Fermi medium–normal and short–hard tem-
plates, with an exponentially cut-off α=−0.5 power law and a
peak energy at 0.6 MeV, assuming a burst lasting �1 s. This is
consistent with the range inferred from Fermi.

3. Nondisruption and Emission Model

Given the binary properties inferred from GW observations,
we will use the EM upper limits and a model for EM emission
to place constraints on the NS magnetic field at merger. Hence,
we next demonstrate that the NSs in GW200105, GW200115,
and GW190814 were very likely not disrupted by their
respective BHs and we review the model of DL16 for BH-
battery-powered magnetospheric emission in nondisrupting
BHNS systems.

3.1. Disruption or Not?

What portion of allowed binary parameter space results in
NS disruption outside the BH horizon? We focus on
GW200105 and GW200115 because the 23 Me, nonspinning
BH in GW190814 precludes it from any likely NS disruption.
In Figure 1, we use the criteria of Foucart et al. (2018),
calibrated using general relativistic simulations of BHNS
mergers on circular orbits, to estimate the BH and NS
parameters for which NS disruption occurs. Given BH and
NS masses and a choice of RNS= 10 km, we solve for a
maximum value of the orbit-aligned component of the BH spin,
SBH, below which no remnant NS mass is liberated from the
BH event horizon and above which at least a partial disruption
occurs. These maximum aligned spin components are repre-
sented in Figure 1 by the white-to-black contours, with selected
values marked by the dashed curves, as labeled. The two data
points and associated error bars represent the median and 90%
confidence uncertainties on the BH and NS masses in
GW200105 (teal) and GW200115 (orange; see Table 1). In
addition to the BH spins below which the NS is swallowed
whole, we also solve for the aligned component of the black
hole spin above which a full disruption would occur. We draw
red contours for these spins at values that pass through the
median masses for GW200105 and GW200115.

The dashed teal (orange) contours correspond to the 90%
confidence upper bound on the BH spins of GW200105
(GW200115) as inferred from the GW measurements (Table 1).

For GW200105, the dashed teal contour demonstrates that the
maximum allowed spin magnitude at 90% confidence of 0.27 is
well below the value of ∼0.9 that is required to disrupt the NS.
Hence, no allowed combination of the BH spin and component
masses results in even a partial disruption for GW200105. For
GW200115, no disruption will occur for the median mass and
spin values, but partial disruption can occur for the largest
allowed BH spin values (the dashed orange contour at
SBH= 0.83) and all but the upper limits on the component
masses, assuming spin-orbit alignment. Any misalignment
makes the NS even more difficult to disrupt.7 The red contours
show that a full disruption occurs only if SBH 0.885 for
GW200115 or SBH 0.997 for GW200105. Hence, neither
system could have been fully disrupted given the 90%
confidence system parameters. Hence, a short-GRB-like event
due to NS disruption is unlikely (see also Zhu et al. 2021).

3.2. BH-battery-powered Fireball

We next review the fireball model of DL16. In this model, a
relative velocity between the NS-sourced magnetic fields and
the BH horizon generates an electromotive force in analogy to a
unipolar inductor (Goldreich & Lynden-Bell 1969). The
voltage drop corresponding to this BH battery can be written
in terms of binary parameters and the NS magnetic field
strength as (McWilliams & Levin 2011)

Figure 1. White-to-black contours, with specific values marked by the dashed
curves as labeled, represent the maximum aligned component of the BH spin
for which a BHNS system can be swallowed whole, given BH mass (y-axis),
NS mass (x-axis), and NS radius (fixed at RNS = 10 km). The teal (orange)
dashed lines represent the 90% confidence upper limits on the BH spin from
GW200105 (GW200115) from Table 1. For example, systems lying on the
white line labeled 0.9 will be swallowed whole if the orbit-aligned BH spin
component is below 0.9—they will at least partially disrupt for an aligned BH
spin component above 0.9. Solid red contours represent the required aligned
spin component above which a full disruption occurs. Teal (orange) data points
with error bars represent the values quoted in Table 1. GW190814 would lie to
the far upper right, beyond the plotted domain.

6 INTEGRAL did report one possibly associated excess with an inferred
luminosity of ∼1049 erg s−1 cm−2, occurring 1.1 s before the merger with
signal-to-noise ratio of 3.3 and a false-alarm probability of 0.01.

7 From measured values of ceff and c1 (the latter being equivalent to our SBH;
Abbott et al. 2021) and assuming zero NS spin results in orbit-aligned BH-spin
components - -

+0.01 0.15
0.1 for GW200105 and - -

+0.17 0.43
0.22 for GW200115, more

strongly supporting nondisruption.
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where r is the binary separation, R is the spin- and mass-

dependent BH horizon radius, ( )W = +G M M rorb BH NS
3 ,

ΩNS is the NS spin angular frequency, SBH is the dimensionless
BH spin, and we have assumed a dipolar magnetic field with NS
surface field strength BNS. The power available to the BH battery
is given by Ohm’s law, the horizon resistivity p= c4 , and
the impedance-matching condition =  NS (see, e.g., Thorne
et al. 1986):
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where the prefactor counts emission from each hemisphere
over which a full voltage drop occurs.

DL16 show that at ∼ ( )´ B10 10 GNS
14/ s before merger, the

magnetosphere becomes opaque to pair production, primarily
from photon–magnetic field (γ–B) interactions. Hence, after this
point, the BH-battery energy is injected into a hot pair plasma.
Because of the steep ∼r−4 scaling of BH battery power, the
injected power can be evaluated as ( ) rmrg , where we take the
separation at merger to be = + r R Rmrg NS (see Section 5.3.2).
The optically thick pair plasma expands under its own pressure
until it reaches a radius Rph a few ( )´ B 10 G14 milliseconds
after merger, where it becomes optically thin to Thomson electron
scattering and emits as a blackbody with an effective temperature
given approximately by
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where σSB is the Stefan–Boltzmann constant, and the initial
injection radius is taken to be r0= rmrg to approximate the size
of the magnetospheric region surrounding the binary at merger
(there is very little dependence on this choice). This effective
temperature takes into account the adiabatic cooling of the fluid
as it expands to Rph and the counteracting effect (in the
observer’s frame) of the Doppler boost from the relativistically
expanding fireball (see below and DL16).

The resulting spectrum is found from integrating the multi-
component blackbody emission over a sphere of radius Rph that is
expanding with Lorentz factor γ=Rph/r0 and with rest-frame
photospheric temperature T0/γ, for initial injection temperature T0.
This calculation is carried out in full in DL16; however, for
simplicity here we remove the integral over the sphere and
approximate the observed flux with the most significantly
contributing portion of the emitting photosphere, the portion
within half opening angle γ and a constant observed temperature at
redshift z of ( ) ( )( ) ( )g g g+ = + = +- - -T z T z T z1 1 1ph

1
0

1
0

1

(see, e.g., Paczynski 1986, and Equation (3)):
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which is the flux from a blackbody with temperature T0 at
redshift z, corresponding to luminosity distance DL.

8 Here ν is
the frequency in the observer’s frame, ( )p g- -2 1 cos 1 is a
geometrical factor accounting for the significantly boosted
region of the sphere, and  is a numerical factor of order unity
that corrects the single-temperature approximation that allowed
removal of the integral over the hemisphere.9 For magnetic
field strengths between 1012 and 1016 G, and binary parameters
considered here, » 1.6 to within a few percent.

4. Results

The total flux predicted within a specified spectral range is
determined by the parameters (BNS, MNS, RNS, ΩNS, MBH, SBH,
DL). For the NS radius we choose RNS= 10 km. For the
unconstrained NS spin we conservatively choose zero spin as this
is likely consistent with astrophysical channels discussed in
Section 5.1, which may bring an NS with strong fields to merger.
The results are not strongly dependent on the NS spin unless it
matches the orbital frequency of the binary (see Equation (1)). If
this occurs in the retrograde sense, then the available power
increases by a factor of four. In the prograde, i.e., tidally locked
case, the BH power drops significantly; however, tidal locking is
not expected for these systems (Bildsten & Cutler 1992; Lai 2012).
Given these parameters for NS radius and spin, a flux upper

limit FUL over the frequency range [ ]n n,min max , and with the
GW-measured ranges on (MNS, MBH, SBH, DL), we solve

( )F F BUL FB,obs max for the maximum allowed NS surface
magnetic field strengths. The most significant constraints come
from the 10−3

–10MeV flux upper limits because these extend
to the high energies where the fireball luminosity peaks. Hence,
we use the corresponding Fermi-GBM flux upper limits in
Table 2 and choose n = -h 10min

3 MeV and n =h 10 MeVmax
in Equation (4).
Figure 2 illustrates the results of this calculation in MBH versus

DL space because these parameters most greatly affect the result
given their uncertainties and dependence in the flux calculation.
Each row in Figure 2 is for a different GW source, and the
columns bracket the range of optimistic and pessimistic choices
for flux upper limit and BH spin. The higher the prograde spin, the
closer together the pair gets at merger, and the higher the power
input (Equation (1)). Hence, the highest spins allowed by the GW
observation are used in the optimistic cases, while we choose zero
spin in the pessimistic case (consistent with the lowest
observationally allowed BH spins). In each panel of Figure 2
we plot (dashed gray) contours of Blog10 NS required to generate
an EM signal with the indicated choice of flux upper limit and BH
spin. For each panel we use the median value of MNS since the
allowed range quoted in Table 1 only affects our result for Bmax at
the level of a few percent.
To place the upper limit Bmax, we approximate the 2D

posterior on MBH and DL as a bivariate Gaussian. The relevant
90% confidence contours are plotted as the dotted quarter-
ellipses in Figure 2. We then find the values of (MBH, DL) that
maximize Bmax along this ellipse, giving the 90% confidence
upper limits for Bmax. This value is denoted in each panel of
Figure 2 by the thick purple contour. From the pessimistic and

8 Written in terms of angular diameter distance and T0(1 + z)−1 in DL16.
9 Under this single-temperature approximation the spectrum is blackbody, but
in the full calculation, deviations from blackbody arise because the observed
temperature varies across the surface of the photosphere due to the varying
line-of-sight expansion velocity (DL16).
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optimistic values for each GW source we generate a range of
inferred maximum magnetic field values and list these in
Table 3. The majority of the difference between the optimistic
(opt.) and pessimistic (pes.) results in Table 3 is due to the
change in the flux upper limit (factor of ∼ 10 ) as opposed to
the change in spin, which contributes at most a factor of ∼1.6
in the case of GW200115, where the spin ranges from 0.0 to
0.83.10

5. Discussion

5.1. Astrophysical Implications

We have shown that GW observations of BHNS binaries
plus EM upper limits can constrain the strength of the magnetic
field anchored to the NS as it takes its final plunge across the
BH horizon. For the first two definitive BHNS binary
detections, an upper limit on the maximum NS field strength
can be conservatively placed at ∼1015 G, and slightly higher
for GW190814. These values are at the high end of observed
magnetar magnetic field strengths and within theoretically

Figure 2. Constraints on NS surface magnetic field strength for GW200105 (top), GW200115 (middle), and GW190814 (bottom). Dashed gray contours represent the
magnetic field strength required to generate a signal at the Fermi-GBM upper limit in the 10−3

–10 MeV range. The dotted lines connecting MBH–DL error bars
represent the 90% confidence contours for a bivariate Gaussian distribution approximating the joint MBH–DL posteriors. The fiducial NS parameter values are the
median MNS from Table 1, RNS = 10 km, and ΩNS = 0. The thick purple contour is the corresponding 90% confidence upper limit on the magnetic field strength. In
each panel, the arrows point in the direction of allowed magnetic field strength. The left column represents an optimistic estimate and uses the medium–normal
template spectrum and the maximum value of BH spin allowed from the GW observations. The right column represents a more conservative estimate and uses the
short–hard template spectrum and zero BH spin. The two scenarios bracket the range of magnetic field strength upper limits, Bmax in Table 3.

10 Hence, spin-orbit misalignment decreases the optimistic upper limits by
only a modest amount.

5

The Astrophysical Journal, 927:56 (9pp), 2022 March 1 D’Orazio et al.



allowed values. We now assess the astrophysical implications
of these and plausible future upper limits.

5.1.1. Long-lived or Rejuvenated Fields

Theoretical arguments depending on hydromagnetic instabil-
ities that grow the field during the proto-NS stage predict
maximum initial fields strengths up to ∼5× 1016 G (Miralles
et al. 2002). Theoretical work on the coupled evolution of
magnetic fields in the crust and core of NSs is still under
development, but current uncertainty in our understanding
leaves open the possibility that large-scale magnetic fields
anchored in the superconducting core could persist indefinitely
(Lyutikov & McKinney 2011; Elfritz et al. 2016; Bransgrove
et al. 2018; Gusakov et al. 2020). Furthermore, while elegantly
motivated by the picture of NS unification (Kaspi 2010), there
is yet no direct evidence for large-scale dipole-field decay in
NSs (see Igoshev et al. 2021, for an overview of existing
indirect evidence). Hence, the theoretical possibility of long-
lived, strong magnetic fields anchored in NS cores combined
with a lack of direct evidence for fast dipolar field decay
suggests the possibility that NSs could be born with and retain
1016 G poloidal magnetic field components that they take
with them to merger. Indeed the only way to release the energy
in these core-anchored fields and so provide evidence for their
existence would be a resulting NS collision with another
compact object, either through disruption or by tapping these
fields with the black hole battery.

Hence, the multimessenger constraints considered here rule
out the existence of long-lived 1015 G dipolar magnetic fields
retained on the merging NSs in GW200105 and GW200115.
An estimate of the fraction of NSs expected to be born with
fields above 1015 G, however, is beyond the scope of this work.
Similarly, we rule out any mechanism that pumps the large-
scale poloidal magnetic field component to high values during
inspiral.11

5.1.2. Magnetar Plus Black Hole Merger Scenarios

Taking a more conservative direction, we can employ the
existence of the observed population of high-magnetic-field
NSs, also known as magnetars. Magnetars have field strengths
up to a few times 1015 G, inferred from spin-down arguments
(see Igoshev et al. 2021, and references therein) and also more
direct cyclotron measurements (Tiengo et al. 2013). From a
combination of arguments involving kinematic association with
a supernova remnant or young star cluster, NS galactic
position, or NS spin, one can infer typical magnetar lifetimes of

105 yr (see Igoshev et al. 2021, and references therein).
Hence, under the assumption that the magnetic field compo-
nents responsible for magnetar behavior disappear at the end of
the magnetar lifetime, and that these are the large-scale fields
that power the black hole battery, then the upper limits derived
here rule out GW200105 or GW200115 as products of a
(strong-field)-magnetar–BH merger. A necessary condition for
such a merger is that the time between magnetar formation and
merger is shorter than the magnetar lifetime of 104–105 yr. It is
then natural to ask what formation channels, if any, can act on
this timescale and can so be ruled out for these and similar
future events.
Dynamical pairing. If a magnetar is formed in a dense

cluster, such as a nuclear star cluster, it can be brought to
merge with a BH through various dynamical pathways. One
is through direct GW capture, where the initially unbound NS
becomes bound to a BH through the emission of GWs at its
first pericenter passage. Considering now a system with
constant velocity dispersion, v, and uniform density of BHs,
n, the characteristic time for an NS to be captured by a BH is
tc∼ 1/(nσcv), where σc is the capture cross section (e.g.,
Lee 1993). For a population of BHs with mass M= 10 Me,
and an NS with mass m= 1.4 Me one then finds

( ( )) ( )» ´ - - -t v n10 yr 10 km s 10 pcc
12 1 11 7 5 3 1/ // . Therefore,

pairing up magnetars through chance encounters involving
GW capture in dense clusters is highly unlikely. The same
conclusion, but with different scalings, is found in the case
where the merger is mediated through a three-body interac-
tion between a binary BH and the NS, which suggests that
BH–magnetar mergers are not easily assembled through
standard chaotic dynamics, unless more exotic pathways are
considered (see, e.g., the active galactic nuclei scenario:
McKernan et al. 2020; Yang et al. 2020a; Tagawa et al.
2021).
That the merger rate involving NSs in stellar clusters

generally is low (Mandel & Broekgaarden 2021) has also
recently been shown using state-of-the-art Monte Carlo cluster
codes (Ye et al. 2020).
Binary stellar evolution. The merger rates of BHNS

binaries are predicted to be dominated by massive binaries
that evolved in isolation in contrast to those that evolve in
dynamical environments (see Mandel & Broekgaarden 2021,
for a review). Therefore, we use a synthetic population created
with the rapid population synthesis element of the COMPAS
(Stevenson et al. 2017; Vigna-Gómez et al. 2018; Team
COMPAS et al. 2022) suite v02.19.01 (available via Vigna-
Gómez et al. 2021) to estimate the merger time distribution of
BHNSs from isolated binary evolution. The population
consists of 107 massive binaries (M> 5 Me) at representative
metallicities Z= {0.02, 0.0142, 0.01, 0.001, 0.0001} follow-
ing the setup from Vigna-Gómez et al. (2020). We only
consider BHNS binaries in which the NS is the second
compact object to form.
The number of BHNS binaries per total mass evolved, the

yield, is approximately - -M10 5 1
 for all metallicities. The

fraction of BHNSs with merger times<0.1Myr is 2/1000. In
this population, short-lived BHNS binaries are the product of
exotic formation channels and/or fortuitous natal kicks. This
fraction rises to 1/100 for merger times shorter than a few
tens of millions of years, and 1/10 for merger times less than
a few hundred million years.

Table 3
Range of Magnetic Field Upper Limits Bmax Using Fermi-GBM Upper Limits

over 10−3
–10 MeV

Bmax (G) (opt. − pes.)

GW200105 6.3 × 1014–2.2 × 1015

GW200115 4.4 × 1014–2.3 × 1015

GW190814 1.3 × 1015–4.2 × 1015

Note. Optimistic (opt.) and pessimistic (pes.) values bracket the range as
described in Figure 2.

11 See, for example, the mechanism in Zrake & MacFadyen (2013), which,
however, generates a turbulent and not an ordered field, and likely requires full
NS disruption.
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Hence, if we assume that magnetars can be formed in binary
systems (Xu et al. 2022) and that the NS can only hold onto
large magnetic fields for the magnetar lifetime, then ∼103

BHNS mergers formed through isolated binary evolution are
required within a detectable EM horizon before the signal
described here is expected. On the other hand, we can use this
calculation to estimate that after observing ∼10 BHNS mergers
via GWs within a detectable EM horizon and with no EM
counterpart, we begin to constrain timescales for retention of a
large magnetic field to less than ∼108 yr. Below we estimate
how many such events within a detectable EM horizon are
expected with present-day instruments.

Note that both formation scenarios above assume that the
magnetar lifetime spans a continuous period starting from NS
formation, but there is still much to learn about magnetar life
cycles. There is evidence for evolution into and out of the
magnetar stage suggested by some radio pulsars, for which a
growing poloidal magnetic field is inferred via measurements
of the braking index. For example, at its current rate of inferred
field growth, PSR 1734-3333 would be reclassified as a
magnetar in a few tens of thousands of years (Espinoza et al.
2011), suggesting the possibility of a bidirectional evolution
between the two classes. Additionally, magnetic fields can be
buried by gas accretion and reemerge later, suggesting the
possibility of “hidden magnetars” (Geppert et al. 1999). These
possibilities could increase the chances for magnetar–BH
mergers by delaying the emergence of strong magnetar field
strengths to a later time after NS formation.

5.2. Prospects for Future Observations

In the future, when we have N total constraints similar to
those considered here, we will be able to establish that 1/N
BHNS mergers do not, for example, contain NSs with long-
lived dipole fields above a given strength. Above we estimated
what this fraction might be for some viable astrophysical
scenarios; here we estimate what N may grow to given current
merger rates and EM horizons.

How many do we expect to see in coming years? Assuming
that these two events are representative of the population, the
BHNS merger rate is estimated at -

+45 33
75 Gpc−3 yr−1, or a

higher -
+130 69
112 Gpc−3 yr−1 when assuming a broader mass

distribution (Abbott et al. 2021). Considering that the majority
of the BHNS parameter space represented in Figure 1 does not
result in NS disruption, we assume that most of the coming
BHNS events will not result in an NS disruption (Fra-
gione 2021) and provide additional upper limits on the NS
magnetic field strength (if not an actual EM counterpart).
Assuming that useful limits can be made for systems out to
300Mpc, we expect -

+1.2 0.9
2.0 or -

+3.5 1.9
3.0 events per year of

observing time. For even more useful, closer events within
100Mpc, we expect -

+0.05 0.03
0.08 or -

+0.13 0.07
0.11 events after one year

of observations. Hence a few events similar to those studied
here are expected in a coming year of observations and ten
years may be needed to detect a system nearer than 100Mpc.

What field strengths can we expect to probe? From Figure 2
we see that moving GW2001105 or GW2001115 closer, to
within 100Mpc, can decrease the upper limit to ∼1014 G.
Because the magnetic field strength upper limit scales as the
square root of the flux upper limit, a future BHNS merger with
similar properties to GW2001105 could result in a 1013 G
constraint for a 100× better flux upper limit than used here.
More robust upper limits may be possible in the future, not

only with more sensitive EM detectors but with GW advance
warnings from low-frequency detectors such as LISA
(Sesana 2016; Amaro-Seoane et al. 2017), TianQin (Luo
et al. 2016; Liu et al. 2020), or DECIGO (Isoyama et al. 2018).

5.3. Caveats

5.3.1. Observational Constraints

Recently Mandel & Smith (2021) carried out a reanalysis of
the GW200115 event, specifically on the recovery of mass and
spins using a more astrophysically informed prior on the BH
spin. Mandel & Smith (2021) recover a BH spin that is
consistent with zero and a tighter constraint on the BH mass of

-
+ M7.0 0.4
0.4

. This lower high end of the BH mass estimate
results in a decreased Bmax in the pessimistic zero-spin case
(see Figure 2). However, in the optimistic maximum-spin case,
reducing the BH spin from 0.83 to 0.0 has the overall effect of
increasing Bmax for GW200115. This results in a Bmax range for
GW200115 of ´ ´ B8.1 10 G 2.6 10 G14

max
15 when

using the binary component values inferred in Mandel &
Smith (2021).
Throughout, we have used the low-NS-spin prior for the GW

parameter values. If we instead use the high-spin priors of
Abbott et al. (2021), the largest change in the recovered system
parameters is at the ∼0.1 Me level for the BH mass, resulting
in an insignificant change to our magnetic field upper limits. A
larger, though still minimal effect comes from including a
nonzero ΩNS, as discussed in Section 4.
As discussed in Section 2.2, the gamma-ray flux upper limits

are derived from temporal-spectral models of the expected
emission, based on gamma-ray bursts. We used upper limits
that derived from choices of the spectrum and signal duration
that most closely match the fireball emission models. However,
these are not tailored to the fireball models. Given uncertainties
in the fireball model that we discuss below, however, we expect
that the chosen upper limits are sufficient for the level of
approximation here.

5.3.2. Fireball Model

Throughout we have assumed that the total energy injected
into the fireball is the full BH battery power at a separation

= + r R Rmrg NS . This is motivated by the final binary
separation where magnetic fields from the NS can be dragged
across the BH horizon and generate the voltage of Equation (1).
Figure 3 shows how our results for the magnetic field upper
limits vary for a range of choices for rmrg. For the largest rmrg,
we conservatively choose the innermost stable circular orbit
(ISCO) of a test mass orbiting a nonspinning BH. For the
smallest rmrg, we choose the natural scale of the problem, the
horizon radius. At such small separations one might expect that
the BH-battery operation as we describe it here breaks down or
that power is swallowed by the BH. Meanwhile, the larger,
nonspinning ISCO separations may be too conservative
because the BH battery may not yet be out of power at this
earlier point in the merger. We make our fiducial choice
(denoted by the dots in Figure 3) because even if the BHNS is
no longer on adiabatically decaying circular orbits below the
ISCO (due also to tidal and higher-order relativistic effects), it
still has relativistic motion that continues to generate an
electromotive force and power the BH battery (e.g., D’Orazio
& Levin 2013). For highly spinning BHs, the ISCO approaches
R and is smaller than our fiducial rmrg. Further understanding
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of the BH-battery-powered emission may eliminate the need to
include this parameter or help to choose its value more
accurately.

We have not considered misalignment of the BH spin, NS
magnetic field, and orbital angular momentum (however, see
Carrasco et al. 2021) nor have we considered nondipolar
magnetic field configurations. We have not considered beaming
of the signal, which would increase the volume in which events
could be observed while decreasing the fraction of BHNS
systems for which magnetospheric emission would be
observed. Thus far, numerical force-free general relativistic
simulations of BHNS magnetospheres predict only weak
emission anisotropy—Paschalidis et al. (2013) find that the
Poynting flux carries away energy in a broad beam that could
result in a lighthouse-like effect.

5.3.3. Non-fireball Emission

We have focused on magnetospheric emission via the DL16
fireball model because it relies on relatively simple, robust
energetics arguments and predicts a frequency-dependent flux
that we can compare with observed upper limits. However, just
as the escaping radiation can take on many forms in the
analogous pulsar magnetosphere, so could it for the BHNS
binary magnetosphere. For example, Mingarelli et al. (2015)
argue that the BH battery could power radio emission
reminiscent of fast radio bursts. Sridhar et al. (2021) have
developed models of shock-powered bursts of coherent radio
emission occurring just prior to merger. Carrasco et al. (2021)
carry out global force-free simulations of an NS with a pure
dipole magnetic field orbiting in a Kerr spacetime, finding
∼10×BH-battery luminosities and finding that flux tubes
transport electric currents similarly to what is predicted in the
analytical BH-battery models (see also Paschalidis et al. 2013).
Additionally they find that energy can be transported outward
by reconnection and large-scale Alfvén waves. They consider
EM signatures at radio frequencies, but other manifestations of
this energy transport are possible and require further study. A

number of recent works have also begun to develop possible
signatures due to charging and discharging of the BH via the
Wald (1974) mechanism (Levin et al. 2018; Dai 2019; Pan &
Yang 2019; Zhang 2019; Zhong et al. 2019; Yang et al. 2020b;
Chen & Dai 2021). Interestingly many of these mechanisms
still have total power that scales with the square of the magnetic
field strength, but expected energies of emission will likely
vary. Crustal cracking in the NS may allow for an EM
counterpart that is also strongly dependent on magnetic field
strength and could be considered alongside magnetospheric
emission in future work (see Neill et al. 2021, and references
therein). In the future, as models for EM emission in
nondisrupting BHNSs mature, a compendium of signatures at
different observing bands should be generated and used to
place a range of model-dependent magnetic field constraints.

6. Conclusion

We have presented the first multimessenger constraints on NS
magnetic field strengths, providing a rare observational handle on
the magnetic fields of NSs at these likely late stages of their lives,
before merger with a black hole. The present observations require
magnetic field strengths below ∼1015 G, in the realm of magnetar
field strengths. This rules out the theoretically possible, high-
strength long-lived or rejuvenated fields at merger, and is
consistent with the expectation that black holes and young
magnetars do not merge. Future observations with present
technology may enhance these constraints by adding a few
similar multimessenger BHNS constraints per year, with the
expectation of a nearby (100 Mpc) event, which could constrain
field strengths below 1013−14 G, in the next ten years. The limiting
factor in achieving better constraints is the gamma-ray flux
sensitivity—more sensitive EM upper limits would enhance these
constraints with the square root of the flux sensitivity.
Observations with the power to constrain the NS magnetic

field at astrophysically interesting scales warrant further
understanding of the BHNS magnetospheric physics. This will
lead to more accurate predictions for the expected frequency-
dependent flux and timing of radiation from these systems,
which will contribute to searches for these signatures and to
tighter constraints from nondetection. It will also hone
predictions for multiwavelength signatures of these events,
which can be leveraged in addition to multimessenger
constraints as a more powerful probe of BHNS magnetospheres
and the evolution of NS magnetic fields.
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