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A B S T R A C T 

A black-hole neutron-star binary merger can lead to an electromagnetic counterpart called a kilonova if the neutron star is 
disrupted prior to merger. The observability of a kilonova depends on the amount of neutron star ejecta, which is sensitive to the 
aligned component of the black hole spin. We explore the dependence of the ejected mass on two main mechanisms that provide 
high black hole spin in isolated stellar binaries. When the black hole inherits a high spin from a Wolf–Rayet star that was born 

with least ∼ 10 per cent of its breakup spin under weak stellar core-envelope coupling, rele v ant for all formation pathways, the 
median of the ejected mass is � 10 

−2 M �. Though only possible for certain formation pathways, similar ejected mass results 
when the black hole accretes � 20 per cent of its companion’s envelope to gain a high spin. Together, these signatures suggest 
that a population analysis of black-hole neutron-star binary mergers with observed kilonovae may help distinguish between 

mechanisms for spin and possible formation pathways. We show that these kilonovae will be difficult to detect with current 
capabilities, but that future facilities, such as the Vera Rubin Observatory, can do so even if the aligned dimensionless spin of 
the black hole is as low as ∼0.2. Our model predicts kilonovae as bright as M i ∼ −14.5 for an aligned black hole spin of ∼0.9 

and mass ratio Q = 3.6. 

Key words: black hole physics – gra vitational wa ves – transients: novae – gamma-ray bursts – black hole-neutron star mergers. 
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 I N T RO D U C T I O N  

lthough the majority of observed gravitational waves are sourced by 
lack-hole (BH) binary mergers, the LIGO and Virgo collaborations 
eported the detection of se ven e vents that are consistent with
 new class of compact binary: BH neutron-star (BHNS) binary 
ergers. F or e xamples, assuming uninformativ e priors, the masses

f GW200115 and GW200105 are 8 . 9 + 1 . 2 
−1 . 5 M � and 1 . 9 + 0 . 3 

−0 . 2 M �,
nd 5 . 7 + 1 . 8 

−2 . 1 M � and 1 . 5 + 0 . 7 
−0 . 3 M �, respectively, at the 90 per cent

redible level (Abbott et al. 2021 ). The spin of the black hole (BH)
n GW200115 is not tightly constrained but may be misaligned 
s it is inferred to have a component below the orbital plane at
8 per cent probability, while the dimensionless spin magnitude of the 
H in GW200105 is likely < 0.23 and its direction is unconstrained.
bservations with future ground-based detectors may unco v er more 
HNS binaries and shed light onto their peculiar properties (Brown, 
apano & Krishnan 2021 ). 
If a neutron star (NS) is tidally disrupted by its BH companion

ather than directly plunging beyond its event horizon (Foucart 
020 ), γ -ray emission in the form of a short gamma-ray burst
GRB) may result from accretion on to the remnant stellar-mass 
H (Rosswog 2005 ; Lee & Ramirez-Ruiz 2007 ; Paschalidis, Ruiz &
hapiro 2015 ), and radioactive decay in neutron-rich ejecta may 
roduce a roughly isotropic optical/infra-red emission known as a 
ilonova (Li & Paczy ́nski 1998 ; Roberts et al. 2011 ; Metzger &
erger 2012 ; Barnes & Kasen 2013 ; Metzger 2017 ). The observ-
 E-mail: nsteinle@star .sr .bham.ac.uk 
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bility of an electromagnetic counterpart depends on the amount 
f mass ejected prior to merger. This is sensitive to the binary
ass ratio (Etienne et al. 2009 ; Kyutoku et al. 2011 ; Foucart et al.

012 ), the compactness of the NS (i.e. its mass and radius; Duez
010 ; Kyutoku, Shibata & Taniguchi 2010 ; Kyutoku et al. 2011 ),
nd the aligned spin component of the BH (Etienne et al. 2009 ;
oucart et al. 2011 , 2012 , 2013 ; Kawaguchi et al. 2015 ) because

he radius of the innermost stable circular orbit (ISCO) is smaller
or higher prograde aligned spin. Although optical follow-up was 
ot completely comprehensive, e.g. only ≈ 50 per cent of the sky 
ocation probabilities were searched by the Zwicky Transient Facility 
ZTF; Anand et al. 2021a ), no electromagnetic counterparts were 
bserved for either BHNS event detected by LIGO/Virgo consistent 
ith theoretical expectations from their measured spins and mass 

atios (Gompertz et al. 2022b ). 
Theoretically, BHNSs can form in two broad scenarios: the 

ynamical channel where the compact binary forms in a dense 
tellar cluster (Benacquista & Downing 2013 ), and the isolated 
hannel where an isolated stellar binary forms into the compact 
inary through the various stages of binary evolution (Postnov & 

ungelson 2014 ). Although both channels of formation may explain 
he origin of the LIGO/Virgo population of presently known binary 
Hs (for a re vie w, see e.g. Mapelli 2020 ), the dynamical channel

s expected to produce a substantially smaller number of merging 
HNS binaries (Clausen, Sigurdsson & Chernoff 2013 ; Ye et al.
020 ) compared to what is estimated from current LIGO/Virgo 
bservations, and possibly no counterparts as the mass of the BH
ends to be larger (Arca Sedda 2020 ). The merger rates of isolated
HNS binaries are highly uncertain due to the uncertainties of 

http://orcid.org/0000-0003-0658-402X
http://orcid.org/0000-0002-5826-0548
http://orcid.org/0000-0002-2555-3192
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Figure 1. A diagram of the two evolutionary pathways of BHNS binary 
formation for which we present results in Section 3 . Stellar binaries are 
initialized on the main sequence and evolve in Pathway A1 when the 
initially more massive star undergoes SMT1 and the initially less massive star 
undergoes CEE2. A stellar binary evolves in Pathway B1 when the opposite 
order of events occurs, i.e. the initially more massive and less massive stars 
undergo CEE1 and SMT2, respectively. 
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tellar binary evolution, galactic star formation history, and cosmic
volution of the metallicity dependence of star-forming regions (e.g.
ominik et al. 2015 ; Giacobbo & Mapelli 2018 ; Belczynski et al.
020 ; Broekgaarden et al. 2021 ). 
Population synthesis studies of merger rates of isolated BHNSs

ypically find that the vast majority of binaries will not result in
bservable electromagnetic counterparts (e.g. Fragione 2021 ; Zhu
t al. 2022 ), although the spins of BHs remain uncertain theoretically
see e.g. Belczynski et al. 2020 ) and observationally (Miller &

iller 2015 ). The fraction of BHNSs that yield significant ejecta
an be sensitive to the assumptions that are employed, especially
ssumptions regarding the BH spin. Drozda et al. ( 2020 ) found
his fraction to be � 20 per cent when core-envelope coupling
f their stellar progenitors is sufficiently weak to provide a high
imensionless BH spin magnitude, i.e. χ = 0.9. A similar fraction of
inaries is reported under the assumption that the BH spin magnitude
s χ = 0.5 (Broekgaarden et al. 2021 ). The efficiency (strength) of
ngular momentum transport (core-envelope spin coupling) is an
ncertain aspect of high-mass stellar evolution theory (Maeder &
e ynet 2012 ; Me ynet et al. 2013 ; Belczynski et al. 2020 ) and is not
ell-constrained observationally (Bowman 2020 ). If it is efficient

mplying the core of the stellar progenitor is born with negligible
pin, Belczynski et al. ( 2020 ) pointed out that detection of an
lectromagnetic counterpart of a BHNS binary merger could imply
he BH experienced significant accretion, its progenitor was tidally
ynchronized, or it experienced repeated mergers in dynamical
ormation. On the other hand, if it is inefficient, detection of a coun-
erpart may also imply the BH inherited high spin from its progenitor.
ccretion in stable mass transfer (SMT) is usually considered in
opulation synthesis studies but has not been investigated as a
echanism of high BH spin for significant ejected mass. Similarly,
 systematic study of the dependence of ejected mass on inherited
pin from weak core-envelope coupling has not been explored. 

Moti v ated by these previous studies, we explore the dependence
f the ejected mass of BHNS binaries in two evolutionary pathways
f the model of isolated formation of Steinle & Kesden ( 2021 ). This
odel simplified binary stellar evolution in order to parametrize var-

ous processes that are pertinent for evolving the binary spin magni-
udes and directions. We focus on two mechanisms by which the BH
btains a high spin magnitude. The first is inheritance of natal spin via
eak stellar core-envelope coupling of the stellar progenitor. Instead
f assuming a single value of the inherited BH spin, e.g. as was done
n Drozda et al. ( 2020 ), we take this a step further by parametrizing the
atal spin of the progenitor Wolf–Rayet (WR) star with the fraction,
 B , of its maximum breakup spin. The second mechanism is accretion
f a fraction, f a , of the donor’s envelope that is accreted onto the BH
uring SMT. We use the formula of Foucart, Hinderer & Nissanke
 2018 ) to determine whether the NS is tidally disrupted, allowing
s to parametrize the ejected mass of the NS with the fractions f B 
nd f a . We do not attempt to compute the merger rate of our BHNS
istributions since it would require the use of population synthesis. As
lectromagnetic observations of a kilonova from a BHNS would pro-
ide estimates of the ejected mass of the NS, it is crucial to understand
ow the uncertainties of binary stellar evolution can lead to BHNSs
ith large BH spins. While we cannot forecast reliable population

tatistics for BHNSs and the likelihood for kilonova, we attempt to
dentify key signatures of the uncertainties of BH spin-up processes
nd their impact on the possible kilonova emission. We expect that
hese signatures will be useful for statistical analyses of BHNSs with
bserved gravitational signals and kilonova counterparts. 
This paper is organized as follows: in Section 2 , we detail our
odel of BHNS formation, NS tidal disruption, and counterpart
NRAS 519, 891–901 (2023) 
ight curves; in Section 3 , we demonstrate the dependence of the
jected mass and the corresponding light curves on the mechanisms
or obtaining high BH spin magnitude; and we conclude with a
ummary and discussion of implications in Section 4 . 

 M E T H O D O L O G Y  

.1 Black-hole neutron-star binary formation 

 zero-age main sequence (ZAMS) binary star is initialized at the
inary separation a ZAMS with metallicity Z , and with masses m 1 , ZAMS 

f the primary star and m 2 , ZAMS of the secondary star such that the
AMS mass ratio is q ZAMS = m 2 , ZAMS /m 1 , ZAMS ≤ 1. For a detailed
escription of this model, see Steinle & Kesden ( 2021 ), and for
 detailed re vie w of the physics of the isolated channel, see e.g.
ostnov & Yungelson ( 2014 ). 
Numerous astrophysical processes of isolated binary evolution are

arametrized. Roche lobe o v erflow (RLOF) initiates mass transfer
ither as a phase of common-envelope evolution (CEE), which dras-
ically shrinks the binary separation, or SMT, where the companion
ains mass and spin angular momentum. The donor completely loses
ts envelope in mass transfer and its core emerges as a WR star.
ather than determining the stability of mass transfer via a critical
ass ratio, as is typically done in population synthesis models, this

s simplified into two evolutionary idealizations: Scenario A occurs
hen the primary undergoes SMT and the secondary undergoes
EE, while conversely so in Scenario B. Although this definition

s independent of the ZAMS masses, the stellar lifetimes are
ass-dependent, implying that both Scenarios admit two possible

volutionary pathw ays. Pathw ays A1 and B1 (A2 and B2) occur
hen the secondary star undergoes RLOF after (before) the core

ollapse supernova (SN) of the primary star. We only present results
or A1 and B1, which are depicted in Fig. 1 , because the boundary
etween pathways A1 and A2 (or equi v alently, B1 and B2) defined by
he mass ratio is large, i.e. q ZAMS ≈ 1, for the total masses considered
ere, e.g. see fig. 14 of Steinle & Kesden ( 2021 ). Additionally, equal-
ass binaries are unlikely to form BHNSs as either binary BH or

inary NS formation is more likely. 
To form BHNS binaries, rather than BH binaries, we modify

he model of Steinle & Kesden ( 2021 ). Most importantly, we
xamine stars with lower ZAMS mass, i.e. 13 M � ≤ m ZAMS ≤
5 M �. These stars may result in either NSs or BHs depending on
he amount of fallback accretion onto the proto-NS during core-
ollapse formation. We use the StarTrack implementation of
he rapid energy-expenditure mechanism for the SN explosion, i.e.

art/stac3626_f1.eps
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quations (10–14) of Fryer et al. ( 2012 ). This provides the mass of
he compact object and the fallback parameter f fb which determines 
he fraction of material that falls onto the collapsing core after it was
jected during the SN. The fraction f fb monotonically increases with 
ncreasing initial mass leading to larger compact remnant masses. 
his more physically moti v ated prescription produces a smooth 

ransition across the uncertain parameter space between the Hurley, 
ols & Tout ( 2000 ) NS model (i.e. their equation 92) and the BH
odel of Steinle & Kesden ( 2021 ). We assume a mass boundary

f m = 2.5 M � between NS and BH formation, as in Fryer et al.
 2012 ). Fallback accretion suppresses the natal kick imparted on the
ompact object that forms according to v k, fb = (1 − f fb ) v k (Fryer
t al. 2012 ), where BHs that form from stars with ZAMS masses
 23 M � are assumed to experience complete fallback, i.e. f fb = 1,

nd do not experience a natal kick (Heger et al. 2003 ). The natal
ick velocity magnitude v k is drawn from a Maxwellian distribution 
ith dispersion σ , and the natal kick velocity direction is spatially 

sotropic. A smaller value of σ is required in Pathway A1 than in
1 to a v oid unbinding too many binaries, as the primary SN (SN1)
ccurs before CEE has decreased the orbital separation. Stellar winds 
ecrease the mass and spin of a star throughout its life. As we are
nterested in mechanisms that provide high BH spin, we only consider 
ow ZAMS metallicity, i.e. Z = 2 × 10 −4 , where winds negligibly
ffect the mass and spin of the stellar progenitor (see e.g. Vink, de
oter & Lamers 2001 ). 
Prior to core collapse, the WR star can experience tides from

ts companion. The tidal torque is a strong function of the 
inary separation a , i.e. the synchronization time-scale t sync ∼
 a /R �) 17/2 ( m /M �) −7.54 where m is the WR mass. This implies that
ides are ef fecti ve at producing high spin magnitudes after CEE.
idal synchronization and alignment would seem to be a natural 
echanism for producing significant ejected mass as the ejected 
ass is a strong function of the aligned component of the BH spin
agnitude. Ho we v er, tides in P athway A1 are only ef fecti ve on the

econdary WR star as the primary BH forms before CEE occurs, 
nd thus will not produce observable counterparts unless SMT onto 
he secondary main-sequence star is sufficient to cause a mass-ratio 
eversal. Broekgaarden et al. ( 2021 ) find that highly conserv ati ve
ass transfer may reverse the binary mass ratio to allow a tidally

pun-up secondary star to form a highly spinning BH. Consistent with
heir results, we find this is realizable in Pathway A1 only for highly
onserv ati ve mass transfer in a narrow region of parameter space,
.e. q ZAMS > 0.9, and therefore we do not explore this in detail here.
n Pathway A2, tides can affect both WR stars potentially allowing 
or a high BH spin, but this requires fine-tuning to ensure that the
econdary is still not too massive to form a BH, e.g. q ZAMS ∼ 0.95.
f tidal interactions were to produce a highly spinning and aligned 

R star, such a system may yield significant ejected mass (Hu et al.
022 ). 
Given the difficulties with tidal spin-up, we focus on two al- 

ernative mechanisms that may provide high BH spin: (i) the BH
nherits a high spin from weak core-envelope coupling of the stellar
rogenitors (rele v ant in pathways A1 and B1), and (ii) the BH
ains a high spin magnitude from accretion during SMT (rele v ant in
athway B1). 
A high dimensionless BH spin magnitude can be inherited in both 

athways via minimal core-envelope coupling if its WR progenitor 
as a sufficiently large initial spin, χ0 = f B χB , which is parametrized
y the fraction f B of the dimensionless breakup spin, defined as 

B = 

c| S B | 
Gm 

2 
= 

cr 2 g R 

2 �B 

Gm 

= r 2 g 

(
c 2 R 

Gm 

)1 / 2 

, (1) 
here c is the speed of light, G is the gravitational constant, m is
he mass of the WR star, R is the WR stellar radius (see equation 78
f Hurley et al. 2000 ), r g is the WR radius of gyration, and �B 

s the breakup angular frequenc y. F or WR stars with r 2 g = 0 . 075,
B ∼ 15 for m ∼ 10 M �. In the opposite extreme of maximal core-
nvelope coupling, angular momentum is efficiently transferred from 

he stellar progenitor’s core to its envelope which is lost in mass
ransfer. This spin-down is modelled isotropically (see equation 6 
f Steinle & Kesden 2021 ) and produces a natal WR dimensionless
pin χ0 ∼ 0.001 for Z = 2 × 10 −4 . 

Accretion during SMT can result in a highly spinning primary BH
n Pathway B1 depending on the fraction f a of gas that is accreted.
he increase in its mass m BH and dimensionless spin χ per unit of
ccreted rest mass are given by, 

dm BH 

dm 

= E( χ ) , (2a) 

dχ

dm 

= 

L ( χ) 
m 

2 
BH 

− 2 χE( χ) 
m BH 

, (2b) 

here E ( χ ) and L ( χ ) are the specific energy and orbital angular mo-
entum of massive particles at the (prograde) ISCO of the Kerr BH
ardeen, Press & Teukolsky ( 1972 ). We allow for super-Eddington
ccretion as in Steinle & Kesden ( 2021 ; see their appendix B.2).
lthough the secondary star accretes on the main sequence in 
athway A1, this accretion is inef fecti ve at yielding a highly spinning
H as any spin that is gained is not inherited by the core under
inimal core-envelope coupling or is dissipated under maximal core- 

nvelope coupling during mass transfer. 

.2 The ejected mass of a tidally disrupted neutron star 

ear the end of the BHNS binary inspiral, the NS can be tidally
isrupted by its BH companion. A simple criterion for whether this
roduces an observable electromagnetic signal can be estimated by 
omparing the separation, r tid , at which tidal disruption occurs with
he radius, R ISCO , of the ISCO of the BH. Ignoring general relativistic
ffects, the tidal disruption separation r tid can be approximated by 
alancing the gravitational acceleration due to the NS, ∼ m NS /R 

2 
NS ,

ith the tidal acceleration due to the BH, ∼ ( m BH /r 
3 
tid ) R NS , as r tid 

R NS ( m BH / m NS ) 1/3 (Rees 1988 ). For a Kerr BH with dimensionless
pin χ ≡ cS/Gm 

2 
BH where S is the magnitude of the spin angular

omentum, R ISCO is given by Bardeen et al. ( 1972 ) and depends
ensitively on χ . Tidal disruption is preceded by mass-shedding of 
he outer layers of the NS at separations that are large compared to the
SCO of the BH when the tidal force e x erted by the BH o v ercomes
he self-gravity of the NS. As such, the separation at which mass-
hedding begins is much larger than r tid , which is larger than R ISCO 

hen the NS is tidally disrupted. Ho we ver, mass-shedding does not
uarantee tidal disruption, and if the NS plunges into the BH before
eing tidally disrupted, then only a low-mass accretion disc may 
orm and an observable electromagnetic counterpart is very unlikely 
see e.g. Kyutoku, Shibata & Taniguchi 2021 ). 

The tidal disruption criterion and the computation of the amount 
f ejected mass are more accurately determined by fits to results
f numerical relativity simulations. These typically quantify the 
riterion in terms of the BHNS binary mass ratio Q ≡ m BH / m NS 

1, ˆ R ISCO = R ISCO /m BH , which depends on the aligned component
f the BH spin and the NS compactness C NS = Gm NS /( R NS c 2 ). We
se the formula of Foucart et al. ( 2018 ) to determine whether the NS
s tidally disrupted and to compute the corresponding ejected mass, 

m ejecta = 

[
Max 

(
α

1 − 2 C NS 

η1 / 3 
− β ˆ R ISCO 

C NS 

η
+ γ, 0 

)]δ

m NS (3) 
MNRAS 519, 891–901 (2023) 
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Table 1. Outflow components for our BHNS kilonova model (Gompertz 
et al. in preparation). KF20: Kr ̈uger & Foucart ( 2020 ); F18: Foucart et al. 
( 2018 ); R21: Raaijmakers et al. ( 2021 ). Region angles are from the poles of 
the spin axis. 

Component Mass Velocity Grey opacity Region 
(M �) ( c ) (cm 

2 g −1 ) (deg) 

Dynamical ejecta KF20 0.25 10 80–90 
Thermal wind F18, R21 0.034 1, 5 30–80 
Magnetic wind m therm 

0.22 10 0–30 
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here η = Q /(1 + Q ) 2 is the symmetric mass ratio which enforces
nvariance of a change of labels of the NS and BH, α = 0.406, β =
.139, γ = 0.255, and δ = 1.761 are constants derived from fitting
he abo v e model to 75 numerical relativity simulations (F oucart et al.
018 ), and m NS is in units of M �. Equation ( 3 ) is zero if the NS is
ot tidally disrupted; it is non-zero if the NS is tidally disrupted.
he ejected mass is largest for highly spinning and aligned BH
pin magnitudes as R ISCO is smallest for a (prograde) maximally
pinning BH with small mass. A larger NS mass or a smaller NS
adius will result in a larger compactness C NS and a smaller ejected
ass. 
We parametrize the ejected mass of BHNSs by the initial spin

f the WR progenitor star as a fraction of its breakup spin f B , and
y the fraction of the donor’s envelope f a that is accreted in SMT.
e also explore the dependence of m ejecta on the binary component
asses, m 1 , 2 , ZAMS , and the strength of the natal kicks at formation σ .
ignificant spin-orbit misalignments suppress m ejecta by diminishing

he aligned component of the BH spin. The effect of eccentricity
s not considered in equation ( 3 ), but the SN of the secondary star
SN2) can introduce eccentricity into the binary system. We compute
he time to coalescence (Peters 1964 ) of our BHNS binaries with
heir semimajor axes and eccentricities after SN2, and only compute
 ejecta for circularized binaries that merge within the age of the
niverse. Although equation ( 3 ) is calibrated to a set of numerical

imulations with dimensionless BH spin ≤0.97, it is possible for the
Hs in our BHNS binaries to obtain spins > 0.97. Despite this, we
se equation ( 3 ) which introduces a systematic error in m ejecta for
HNSs with nearly maximal BH spin. 

.3 Electromagnetic counterparts 

aving calculated the ejected mass for our BHNS binaries, we can
ake our analysis a step further by predicting their electromagnetic
ounterparts. Our BHNS kilonova model is from Gompertz et al.
in preparation), where the full details will be presented. Here, we
ummarize the physics required to convert ejected mass into kilonova
ight curves. We note that although this is a somewhat simplified
nalytic model rather than a full kilonova simulation, the advantage
f this approach is that we can quickly generate a reasonable estimate
f the kilonova light curve for arbitrary binary parameters. This
llows us to directly connect this model to the end products of
ur binary evolution calculations. We divide the total ejected mass
 ejecta in equation ( 3 ) into two post-merger components: unbound
ynamical ejecta m dyn (Kr ̈uger & Foucart 2020 ), and bound disc mass
 disc = m ejecta − m dyn . The average velocity of the dynamical ejecta

s determined from the fitting function of Kawaguchi et al. ( 2016 ),
ho found it has a linear relation with Q in numerical relativity

imulations. We model the dynamical ejecta with a grey opacity of
dyn = 10 cm 

2 g −1 (Tanaka & Hotokezaka 2013 ; Kasen et al. 2017 ;
anaka et al. 2020 ). 
Simulations show that winds will be driven from the surface of the

isc by viscous heating and nuclear recombination (e.g. Fern ́andez &
etzger 2013 ; Fern ́andez et al. 2015 ; Just et al. 2015 ; Fern ́andez,

oucart & Lippuner 2020 ; Fujibayashi et al. 2020 ; Kyutoku et al.
021 ). We parametrize the mass of this thermal wind as a fraction
f the disc mass m therm 

= ξm disc , where ξ is a function of Q
Raaijmakers et al. 2021 ), and assume a velocity v therm 

= 0.034 c
cf. Fern ́andez et al. 2020 ). The average electron fraction ( Y e ) of the
hermally driven outflow is expected to be in the range 0.25 ≤ Y e 

0.35 (e.g. Foucart et al. 2015 ; Fern ́andez et al. 2020 ; Fujibayashi
t al. 2020 ), with > 50 per cent of the outflow expected to possess a
NRAS 519, 891–901 (2023) 
anthanide + Actinide fraction X ( La + Ac ) < 10 −4 (Fern ́andez et al.
020 ). We incorporate this as a two-zone model with a leading
blue’ mass with κblue = 1 cm 

2 g −1 and a deeper layer of ‘purple’
aterial with κpurple = 5 cm 

2 g −1 (cf. Tanaka et al. 2020 ). This choice
eflects the finding that low- Y e material is ejected the earliest in both
ydrodynamic (e.g. Fern ́andez et al. 2020 ) and general-relativistic
agnetohydrodynamic simulations (e.g. Fern ́andez et al. 2019 ). The

raction of blue mass is determined from an observed relationship
ith the disc mass via fits to table 2 of Fern ́andez et al. ( 2020 ).
hotons from the purple layer of material must diffuse through the
lue layer to reach the observer. 
When magnetic fields are included in full 3D general-relativistic
agnetohydrodynamic models (e.g. Siegel & Metzger 2017 , 2018 ;
ern ́andez et al. 2019 ) an additional magnetically driven outflow is

dentified in polar regions. The dynamics of this ejecta depends on
he magnetic field geometry (Christie et al. 2019 ), but it is expected
o have a mass roughly equal to the mass of the thermal outflow (i.e.
 mag = m therm 

) and an average velocity of v mag = 0.22 c (Fern ́andez
t al. 2019 ). Including this component means that twice the disc
raction ξ derived from the fitting function of Raaijmakers et al.
 2021 ) is ejected in winds, in line with expectations from Fern ́andez
t al. ( 2019 ) and the Raaijmakers et al. ( 2021 ) model. The total
jected wind mass is al w ays less than 50 per cent of the accretion disc
ass. The magnetic wind is driven from the poles before significant

eutrino irradiation can occur, and therefore has Y e ∼ 0.1 (Fern ́andez
t al. 2019 ), corresponding to κmag = 10 cm 

2 g −1 . The contribution of
he magnetic wind is highly uncertain. Our setup assumes the polar
eld geometry employed by Fern ́andez et al. ( 2019 ), but a more

oroidal configuration (e.g. Siegel & Metzger 2018 ) should result
n a lower ejecta mass and velocity that may make the magnetic
ind negligible compared to the thermal wind. Further simulations

nd/or detections of kilonovae from BHNS mergers will be required
o clarify which is the correct picture. See Christie et al. ( 2019 )
or a discussion on the influence of magnetic fields. Our model is
ummarized in Table 1 . 

The BHNS ejecta model is integrated as a module in MOSFIT

Guillochon et al. 2018 ) which converts the r -process masses to
ight curves through semi-analytical models for the heating rate and
eposition (Korobkin et al. 2012 ; Barnes et al. 2016 ; Cowperthwaite
t al. 2017 ; Villar et al. 2017 ; Metzger 2019 ), and treats the prop-
gation of photons in the common diffusion approximation (Arnett
982 ). We use the same modules to calculate the photospheric radius
Nicholl, Guillochon & Berger 2017 ) and the effects of viewing angle
Darbha & Kasen 2020 ) as in Nicholl et al. ( 2021 ). The treatment
f the kilonova emission is therefore identical to models already
ublished in the literature (Cowperthwaite et al. 2017 ; Villar et al.
017 ; Nicholl et al. 2021 ). The masses and velocities of the disc winds
nd dynamical ejecta that produce this emission are calculated in the
ame way as other BHNS-driven models for GRBs (e.g. Ascenzi
t al. 2019 ) and kilonovae (e.g. Barbieri et al. 2019 ; Raaijmakers
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Figure 2. The ejected mass m ejecta of the NS and the aligned component of 
the dimensionless spin of the BH χBH = χ1 cos θ1 for binaries that evolve in 
P athway A1 v ersus the fraction f B of the breakup spin with which the WR 

progenitor star of the BH is born. The stellar binaries are initialized with 
m 1 , ZAMS = 20 M �, m 2 , ZAMS = 13 M �, a ZAMS = 6000 R �, f a = 0, and σ = 

30 km s −1 , and assuming weak core-envelope coupling and negligible mass 
loss in formation due to the Kerr limit. The shape of the markers, connected 
by a vertical line for each value of f B , represent the 95th (triangle), 50th 
(circle), and 5th (square) percentiles of χBH , and the colour of the markers 
indicates the corresponding percentiles of the ejected mass m ejecta . 
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t al. 2021 ), which all follow the scaling relations for material that
emains outside of the BH apparent horizon derived by Kawaguchi 
t al. ( 2016 ), Foucart et al. ( 2018 ), and Kr ̈uger & Foucart ( 2020 ),
here available. 
Barbieri et al. ( 2019 ) separate their ejecta into dynamical (grey

pacity κdyn = 15 cm 

2 g −1 ), wind ( κwind = 1 cm 

2 g −1 ), and viscous
 κvis = 5 cm 

2 g −1 ) ejecta. Our model differs due to the inclusion
f the magnetically driven wind (Christie et al. 2019 ; Fern ́andez
t al. 2019 ) with κmag = 10 cm 

2 g −1 within 30 ◦ from the poles. This
omponent is included with a free grey opacity between 1 cm 

2 g −1 

 κmag < 10 cm 

2 g −1 in Raaijmakers et al. ( 2021 ). Ho we ver, their
hermal component is assumed to have a much lower grey opacity 
han ours: 0.1 cm 

2 g −1 < κ therm 

< 1 cm 

2 g −1 . As a result, our model
redicts more infra-red/less optical emission for a given set of binary 
arameters than both Barbieri et al. ( 2019 ) and Raaijmakers et al.
 2021 ). 

 RESULTS  

he ejected mass of the BHNS binary ultimately depends on the 
AMS masses m 1 , 2 , ZAMS , binary separation a ZAMS , metallicity Z , the
axwellian velocity dispersion σ that governs the strength of natal 

icks, the breakup spin fraction of the WR star f B , and the fraction
f a donor’s envelope that is accreted in SMT f a . In our results, we
ssume Z = 0.0002, which ensures the effect of stellar winds is
egligible. Throughout this work, we assume an NS radius of R NS =
2 km. 

.1 Parameter space exploration 

he binaries presented in Figs 2 and 3 are distributions of BHNSs
here one free parameter is varied (the horizontal axis) and all 
thers are held constant. These figures depict the 5th, 50th, and 95th
ercentiles of the dimensionless spin of the BH χBH = χ1 cos θ1 

the vertical axis) and the corresponding percentiles of the ejected 
ass m ejecta of the NS with a colourbar. For fixed binary mass ratio

nd NS compactness, m ejecta is monotonic in χBH . As we evolve the
pin magnitudes and directions until BHNS formation, χBH depends 
rincipally on the mechanism by which the BH acquires spin (i.e.
nheritance or accretion) and on the natal kick velocity dispersion σ .
hese isotropically oriented natal kicks produce scatter in the BH 

isalignments cos θ1 that is preferentially peaked near cos θ1 ≈ 1 
ince the ZAMS spins are assumed to be aligned with the binary
rbital angular momentum. 
The first mechanism that we explore to obtain a highly spinning

H is inheritance via weak core-envelope coupling for binaries that 
volve in Pathway A1. The WR breakup spin fraction f B determines
BH and m ejecta as shown in Fig. 2 . In the limit of small inherited spins,

.e. f B < 0.01, the aligned BH spin is also very small, causing the
S to be captured rather than tidally disrupted, and hence m ejecta = 0
y definition. As the BH inherits larger spin, f B � 0.01, the NS
an be tidally disrupted allowing for non-zero m ejecta and hence 
n observable counterpart. The inherited spin of the BH increases 
inearly with larger f B , as χ1 ∝ f B χB and m 1, ZAMS is held constant (see
quation 1 ). Meanwhile, the scatter in the aligned BH spin component 
BH increases with f B because the distribution of misalignments is 
iased towards cos θ1 ∼ 1 with a tail to larger values for this constant
alue of σ . For f B ∼ 0.03, χBH becomes sufficiently large to yield
ignificant ejected mass, i.e. m ejecta � 0.01 M �. For f B � 0.05, the
5th percentile (triangles) of m ejecta is largest as the spin magnitude of
he BH χ1 is maximal implying that χBH asymptotes at 1, and χBH 

orresponding to the median (circles) of m ejecta approaches ≈0.9. 
he masses of the BH and of the NS are the same for each value of
 B , and if either were larger then m ejecta would be suppressed. The
ick velocity dispersion which provides the scatter in χBH is σ = 

0 km s −1 for these binaries, implying that larger σ could decrease
he median of m ejecta . The BH and NS masses are fixed in these
istributions with the mass ratio Q = m BH / m NS 
 3.5. 
The second mechanism we explore is accretion during SMT for 

inaries that evolve in Pathway B1 with the assumption of strong
ore-envelope coupling. Fig. 3 displays the dependence of χBH 

nd m ejecta on the accreted fraction f a (top-left panel), the initial
ass of the primary star m 1 , ZAMS (top-right panel), the initial mass

f the secondary star m 2 , ZAMS (bottom-left panel), and the natal 
ick strength σ (bottom-right panel). As the primary undergoes 
ore collapse prior to the loss of the envelope of the secondary
tar, the primary accretes as a BH. In the top-left and top-right
anels, m BH ranges from 
 5 to 9 M � as f a and m 1 , ZAMS increase,
espectively, and m NS 
 1.3 M � is constant. In the bottom-left
anel, m BH ranges from 
 6.5 to 7 M � and m NS increases sharply
rom 
 1.3 to 1.7 M � at m 2 , ZAMS = 16 M � due to the rapid SN
echanism employed from Fryer et al. ( 2012 ). In the bottom-

ight panel, the masses m BH 
 6.7 M � and m NS 
 1.3 M � are
onstant. 

In the top-left panel, the values of m 1 , ZAMS , m 2 , ZAMS , and σ are
xed while f a is varied. The BH spin magnitude χ1 remains small
or a small amount of accretion f a � 0.1 due to dissipation of the
tellar progenitor’s spin via strong core-envelope coupling during 
ommon envelope evolution. The resultant ejected mass is small. 
s f a increases, the BH accretes more gas from its companion’s

nvelope resulting in a larger spin magnitude χ1 and ejected mass 
 ejecta . Ho we ver, the increase of χ1 is non-linear in f a because the

nergy E ( χ ) of an accreted particle (equation 2a ) is roughly constant
ith an increasing amount of accreted mass while the orbital angular
omentum L ( χ ) of an accreting particle decreases due the smaller
MNRAS 519, 891–901 (2023) 
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Figure 3. The ejected mass m ejecta of the NS and the aligned component of the dimensionless spin of the BH χBH = χ1 cos θ1 as functions of the fraction f a 
that is accreted in SMT by the BH (top-left panel), the initial mass m 1 , ZAMS of the primary star (top-right panel), the initial mass m 2 , ZAMS of the secondary star 
(bottom-left panel), and the Maxwellian velocity dispersion σ of the natal kicks (bottom-right panel). The stellar binaries in the top-left panel are initialized with 
m 1 , ZAMS = 20 M �, m 2 , ZAMS = 15 M �, a ZAMS = 12 000 R �, and σ = 200 km s −1 , in the top-right panel with f a = 0.2, m 2 , ZAMS = 15 M �, a ZAMS = 12 000 
R �, and σ = 200 km s −1 , in the bottom-left panel with f a = 0.2, m 1 , ZAMS = 20 M �, a ZAMS = 12 000 R �, and σ = 200 km s −1 , and in the bottom-right panel 
with f a = 0.2, m 1 , ZAMS = 20 M �, m 2 , ZAMS = 15 M �, and a ZAMS = 12 000 R �. In each panel, we assume strong stellar core-envelope coupling and isotropic 
mass loss in formation due to the Kerr limit. The shape of the markers, connected by a vertical line for each value of f B , represents the 95th (triangle), 50th 
(circle), and 5th (square) percentiles of χBH , and the colour of the markers indicates the corresponding percentiles of the ejected mass m ejecta . 
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 ISCO that results from the higher BH spin. In the limit of large
ccretion f a � 0.4, the BH spin is high χ1 > 0.5 and increases only
lightly. The ejected mass is significant for even the 5th percentile
f binaries, suggesting that accretion onto the primary BH may be a
romising mechanism for producing observable counterparts. 
In the top-right panel of Fig. 3 , the values of f a , m 2 , ZAMS , and σ are

xed while m 1 , ZAMS is varied, i.e. the initial mass of the BH accretor
ncreases with increasing m 1 , ZAMS . Since the amount of gas that is
ccreted is held constant here, the spin of the BH generally decreases
s the initial mass of the BH increases, as seen in equation ( 2b )
here m BH is in the denominator. Simultaneously, the radius R ISCO 

f the BH is larger for smaller m 1 , ZAMS due to the small BH mass
ut also because the BH spin is high, implying that m ejecta is at its
argest. The scatter in the aligned BH spin χBH generally decreases
or increasing m 1 , ZAMS as the natal kick velocity is suppressed from
allback accretion and a larger orbital v elocity. F or m 1 , ZAMS � 22 . 5
 �, fallback completely suppresses the natal kick of the primary,
NRAS 519, 891–901 (2023) 
nd the misalignment solely originates from the natal kick of the
econdary. In the limit of large m 1 , ZAMS , the BH spin is χ1 ∼ 0.6,
onsistent with the results of Steinle & Kesden ( 2021 ). 

The dependence on m 2 , ZAMS , shown in the bottom-left panel of
ig. 3 where f a , m 1 , ZAMS , and σ are fixed, is complicated from the

nterplay of competing factors. For m 2 , ZAMS < 16 M �, the mass of the
S is constant. The spin of the accreting BH increases with increasing
 2 , ZAMS as the envelope of the secondary, and hence the amount of

as to be accreted increases, implying a larger m ejecta . The scatter in
BH decreases with increasing m 2 , ZAMS , which increases the orbital
elocity prior to the second SN. For m 2 , ZAMS ≥ 16 M �, the mass
f the NS at formation is larger increasing the NS compactness and
ecreasing m ejecta despite the larger χBH . This competition between
he increase in the BH spin from a larger donor’s envelope in SMT
nd the increase in the NS compactness is a distinct feature, but is
ossibly model dependent since the dependence of the mass of the
S on m 2 , ZAMS in uncertain. 

art/stac3626_f3.eps
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Figure 4. Contours of the maximum, i.e. the 100th percentile, of the ejected mass m ejecta as functions of the fraction f a of the donor’s envelope that is accreted 
in SMT by the BH and of the fraction f B of the breakup spin with which the WR progenitor star of the BH is born. In the left-hand panel are binaries that evolve 
from Pathway A1, where the secondary star accretes as a main-sequence star, and in the right-hand panel are binaries that evolve from Pathway B1, where the 
primary star accretes after forming a BH. The stellar binaries in the left-hand panel (right-hand panel) are initialized with m 1 , ZAMS = 20 M �, m 2 , ZAMS = 15 
M �, σ = 30 km s −1 ( σ = 200 km s −1 ), and a ZAMS = 6000 R � ( a ZAMS = 12 000 R �), and assuming weak core-envelope coupling and negligible (isotropic) 
mass-loss in formation due to the Kerr limit. The grey region in the left-hand panel represents binaries whose NS is not tidally disrupted. 
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The dependence on σ is shown in the bottom-right panel of 
ig. 3 with fixed f a , m 1 , ZAMS , and m 2 , ZAMS . Larger values of σ
enerally produce larger spin-orbit misalignments and smaller χBH , 
hich suppresses m ejecta . The 5th percentile of χBH remains roughly 

onstant with increasing σ because the distributions of cos θ1 are 
iased toward unity. This dependence is similar for binaries that 
volv e in A1, e xcept for smaller values of σ since common envelope
volution occurs prior to the natal kick of the primary. 

Together, these results demonstrate that although we can produce 
apidly spinning BHs in the isolated formation channel through the 
echanisms of inheritance or accretion, the uncertainties of stellar 

inary evolution also affect other parameters such as spin-orbit 
isalignments and the binary mass ratio, which themselves affect the 

esultant ejected mass. Therefore, a question naturally arises: how 

ould one distinguish between the two possible formation pathways 
xplored here? Answering this question for a single (population of) 
bserved BHNS(s) with statistical rigor would require (hierarchical) 
ayesian parameter estimation. Although such an analysis is beyond 

he scope of this work, we can identify regions of the parameter space
hat are likely to fa v our systems with observable electromagnetic 
ounterparts from either pathway. 

The two panels of Fig. 4 depict contours of the maximum possible
jected mass, i.e. the 100th percentile of m ejecta , under the assumption
f weak core-envelope coupling. For binaries that evolve in Pathway 
1, shown in the left-hand panel (where m BH = 4.6 M � is constant

nd m NS ranges from 
 1.3 to 2.5 M � o v er f a ), accretion is not an
fficient mechanism for producing significant ejected mass, as the 
econdary star accretes during SMT of the primary. Indeed, a small
mount of accretion, i.e. f a � 0.1, can result in large m ejecta if the BH
nherits a high natal spin, i.e. f B � 0.05, because the mass of the NS is
ot too large. Increased accretion onto the secondary main sequence 
tar cause the mass (and hence compactness) of the NS that forms to
e subsequently too large, which suppresses m ejecta . For f a ∼ 0.25, the
S is not tidally disrupted, indicated by the grey region. This is even
ore prominent for sufficiently small BH natal spins f B � 0.05, as a
maller NS mass can prevent tidal disruption for smaller BH spin. In
he limit of no accretion f a ∼ 0 and negligible inherited BH spin f B 
 0.01, the maximum ejected mass m ejecta ≈ 0.001, consistent with 

he 95th percentile in Fig. 2 . If we instead assume that mass loss in
H formation due to the Kerr limit is isotropic rather than negligible,

hen more accreted mass can yield larger m ejecta due to the primary
H mass being smaller, although this effect is not significant even

or f B � 0.05. 
Binaries that evolve in Pathway B1 are shown in the right-hand

anel of Fig. 4 , where the the primary accretes as a BH during SMT
f the secondary. Here, m BH ranges from 
 5 to 9 M � o v er f a , and
 NS 
 1.3 M � is constant. For small inherited natal spin and small

mounts of accretion, the maximum m ejecta is small due to the small
H spin. As either f a or f B are increased, the BH spin increases
nd allows for a larger maximum m ejecta . Consistent with the 95th
ercentile in the left-hand panel of Fig. 3 , an accreted fraction f a ∼
.5 can produce high BH natal spin and m ejecta as large as that from
arge inherited spin, i.e. f B ∼ 0.05 in in Fig. 2 . 

The left (right-hand) panel of Fig. 5 displays contours of the
aximum of m ejecta as functions of m 1 , ZAMS and f B ( f a ) for binaries

hat evolve in Pathway A1 (B1) under the assumption of weak
strong) core envelope coupling. In the left (right-hand) panel for 
1 (B1), m BH ranges from 
 3.1 to 6 M � o v er m 1 , ZAMS (from 
 3.1

o 10 M � o v er f a and m 1 , ZAMS ) and m NS 
 1.3 M � is constant. In
oth pathways, the mass of the BH increases as m 1 , ZAMS increases,
roviding a larger mass ratio Q which suppresses m ejecta . In the limit
f small BH spins, i.e. f B → 0 in the left-hand panel and f a → 0
n the right-hand panel, sufficiently large m 1 , ZAMS disallows tidal 
isruption of the NS, indicated by the grey region. In Pathway A1,
 ejecta increases sharply as f B increases, consistent with Fig. 2 , and

eaches a maximum of m ejecta ∼ 0.4 M � for f B � 0.05 due to maximal
H spin. Comparativ ely, in P athway B1, m ejecta increases gradually
s f a increases from 0, because the mass of the BH increases from gas
MNRAS 519, 891–901 (2023) 
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Figure 5. Contours of the maximum, i.e. the 100th percentile, of the ejected mass m ejecta as functions of the ZAMS mass of the primary m 1 , ZAMS , which 
forms the BH, and of a mechanism for obtaining high black spin spin. For binaries that evolve in Pathway A1 (left-hand panel), we consider the fraction f B of 
the breakup spin with which the WR progenitor star of the BH is born under the assumption of weak stellar core-env elope coupling. F or binaries that evolve 
in Pathway B1 (right-hand panel), we consider the fraction f a of the donor’s envelope that is accreted in SMT by the BH under the assumption of strong 
core-envelope coupling. The stellar binaries in the left-hand panel (right-hand panel) are initialized with m 2 , ZAMS = 13 M �, σ = 30 km s −1 ( σ = 200 km s −1 ), 
and a ZAMS = 6000 R � ( a ZAMS = 12 000 R �), and assuming negligible (isotropic) mass-loss in formation due to the Kerr limit. The grey regions represent 
binaries whose NS is not tidally disrupted. 
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ccretion. This implies that smaller m 1 , ZAMS is needed in Pathway
1 than in A1 to obtain very large m ejecta . Ho we ver, if accretion in
1 is highly conserv ati ve, i.e. f a ∼ 0.9, the spin of the BH is near
aximal allowing for larger m ejecta at higher values of m 1 , ZAMS . 
Comparing the contours in Fig. 4 between binaries that evolve from

hese two pathways, the asymmetry in the effect of accretion allows
Ss from Pathway B1 (right-hand panel) to be tidally disrupted

nd produce significant ejected mass essentially o v er the entire
pin parameter space, whereas NSs from Pathway A1 (left-hand
anel) are not tidally disrupted o v er half of this region of the spin
arameter space. On the other hand, comparing the contours in
ig. 5 , the mass of the BH can suppress the ejected mass in B1
ore than in A1 due to increased BH mass from non-conserv ati ve

ccretion. This asymmetry provides signatures to distinguish these
wo possible formation pathways if the values of f a , f B , and m 1 , ZAMS 

an be constrained for a population of BHNS binaries observed from
ra vitational-wa ve data, though m BH as measured from gravitational-
ave detections is degenerate with f a and m 1 , ZAMS . Additionally, a

ystematically larger mass ratio Q = m BH / m NS could be expected for
inaries that evolve from Pathway B1 than in A1 due to accretion by
he BH in Pathway B1. 

If the ejected masses can be measured from electromagnetic
ollow-up for a population of BHNS binaries whose BH spins
re measured from gra vitational-wa ve data, hierarchical Bayesian
arameter estimation could constrain the likely source of the spin of
he BH. In such an inference study, one could create an astrophysical
odel by leveraging the fact that there would be a stronger correlation

etween the BH mass and f a than between the BH mass and f B , as
hown by the contours of Fig. 5 . Naively, one could expect these
orrelations to be opposite, ho we ver, this is highly model-dependent
s the relationship between m 1 , ZAMS and f B depends on the strength
f core-envelope coupling, of which we simply consider extreme
imits, and the mechanisms that drive stellar angular momentum
NRAS 519, 891–901 (2023) 
ransport, which are uncertain. Subsequently placing the constraints
or the population of binaries in the planes of Figs 4 and 5 could
herefore elucidate possible sources of BH spin and ejected mass,
nd possible formation pathways. Although we show the maximum
ossible ejected mass in Figs 4 and 5 , the results do not change
ualitatively if we instead use the median of m ejecta , implying that
vents with somewhat faint kilonova counterparts can be understood
ithin these trends. Ho we ver, these results are best interpreted in the

ontext of bright kilonova. 

.2 Light cur v es of electromagnetic counter parts 

e consider three values of the aligned BH spin component χBH =
.2, 0.56, and 0.9, which correspond to the medians of χBH for the
HNSs from Section 3.1 that evolved under weak core-envelope
oupling with f B = 0.01, 0.03, and 0.1, respectively (i.e. see Fig. 2 ).
hese BHNSs have the same mass ratio Q = m BH / m NS = 4.7/1.3 = 3.6
nd R NS = 12 km, and yield m ejecta ∼ 10 −3 , 10 −2 , and 10 −1 M �,
espectively. Though we did not show this in Subsection 3.1 , note
hat higher Q or a more compact NS can result in a lower ejecta mass
rom equation ( 3 ) and therefore a fainter electromagnetic transient.

e assume the observer is oriented 30 ◦ from the pole, at the boundary
etween the thermal and magnetic disc wind outflows. This is done
n order to sample all three emission components and obtain an
av erage’ kilono va, though in practice it is an arbitrary choice. F or
 = 3.6, v dyn = 0.25 c (Kawaguchi et al. 2016 ). 
The resultant light curves for a merger at an assumed distance

f 200 Mpc are shown in Fig. 6 . Their morphology is driven by
he interplay of the three emission components (Table 1 ) whose
elative contributions depend on the properties of the input binary (cf.
a waguchi et al. 2016 ; F oucart et al. 2018 ; Kr ̈uger & Foucart 2020 ;
aaijmakers et al. 2021 ). Each component contributes radiation
t different temperatures and on different time-scales, resulting in

art/stac3626_f5.eps
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Figure 6. Predicted kilonova light curves from the model described in 
Section 3.2 at an assumed distance of 200 Mpc. The orange, blue, and green 
lines correspond to the K -band, i -band, and g -band light curv es, respectiv ely, 
and each band is shown for the three orbit-aligned BH spins χBH = 0.2, 0.56, 
and 0.9 that correspond to the dotted, dashed, and solid curves, respectively. 
The 5 σ median g - and i -band limiting magnitudes from a 30 s exposure 
with ZTF ( m g > 20.8; m i > 19.9; Bellm et al. 2019 ) and the Vera Rubin 
Observatory ( m g > 24.81; m i > 23.92; Ivezi ́c et al. 2019 ) are shown by the 
horizontal dot-dash and dashed lines, respectively. 
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ime- and frequency-dependent light-curve behaviour (e.g. Metzger 
t al. 2010 ; Grossman et al. 2014 ; Kasen, Fern ́andez & Metzger
015 ). The fraction of Lanthanides and Actinides in the ejecta is
articularly impactful in this regard; the complex absorption patterns 
f these more massive elements absorb much of the light at optical
requencies, resulting in ‘red’ (infra-red bright) emission (Barnes & 

asen 2013 ; Kasen, Badnell & Barnes 2013 ; Tanaka & Hotokezaka
013 ; Kasen et al. 2015 ; Tanaka et al. 2020 ). This can be broadly
nderstood from the approximated grey opacities in Table 1 , where 
mission components with higher values contribute more in the 
nfra-red ( K -band, orange lines) at later times, while those with
o wer v alues produce optical emission ( g -band, green lines) earlier
n the evolution. The i -band (blue lines) is intermediate in frequency
etween the two. The total ejecta mass depends strongly on χBH 

e.g. Etienne et al. 2009 ; Kyutoku et al. 2011 ; Lo v elace et al. 2013 ;
yutoku et al. 2015 ; Foucart et al. 2018 ), hence higher spin models

esult in more massive winds and dynamical outflows that produce 
righter and longer-lived emission. 
Our model shows that while kilonovae from BHNS mergers at this

istance are likely not detectable by the current generation of surv e y
elescopes like the ZTF (Bellm et al. 2019 ), the Asteroid Terrestrial
mpact Last Alert System (Tonry et al. 2018 ) or the Gravitational-
ave Optical Transient Observer (Dyer et al. 2020 ; Steeghs et al.
022 ), these events are expected to be detectable by the Vera Rubin
bservatory (Ivezi ́c et al. 2019 ; Andreoni et al. 2022 ). Such a finding

s in line with the non-detections of BHNS merger candidates during 
3 (Hosseinzadeh et al. 2019 ; Lundquist et al. 2019 ; Ackley et al.
020 ; Andreoni et al. 2020 ; Antier et al. 2020 ; Gompertz et al. 2020a ;
ates et al. 2021 ; Paterson et al. 2021 ; Anand et al. 2021b ), though
W-triggered events are likely to be probed to greater depths than 
ntriggered surv e y observations. 
In addition to the kilonova described abo v e, we can estimate the

ower of any short GRB that is launched. For aligned spins of χBH =
.2, 0.56, and 0.9, we estimate that 2.0 × 10 −3 M �, 3.0 × 10 −2 M �,
nd 1.4 × 10 −1 M � accretes onto the remnant BH after accounting
or disc wind outflows. The luminosity of the resultant jet can be
pproximated by L = εM acc / t acc c 2 erg s −1 , where M acc is the mass
ccreted in time t acc and ε is the efficiency in converting accretion
ower to electromagnetic luminosity (cf. Ruiz, Shapiro & Tsokaros 
021 ). For efficiencies of the order of 1 per cent and accretion time-
cales � 2s, our accreted masses provide reasonable agreement with 
he observed short GRB population, which have typical luminosities 
n the 15–150 keV Swift -BAT bandpass of ∼10 49 erg s −1 (e.g. Gom-
ertz, Le v an & Tanvir 2020b , assuming a 10 ◦ jet opening angle).
o we ver, the most massive discs, particularly those corresponding 

o χBH = 0.9, require accretion time-scales of the order of a hundred
econds to produce suitable luminosities. This is consistent with the 
opulation of ‘extended emission’ GRBs (Norris & Bonnell 2006 ; 
orris, Gehrels & Scargle 2010 ; Gompertz et al. 2013 ) which were

ecently linked to compact object mergers through the detection 
f a kilonova alongside GRB 211211A (Gompertz et al. 2022a ;
astinejad et al. 2022 ; Troja et al. 2022 , though see Waxman,
fek & Kushnir 2022 for an alternative interpretation) and have 
een suggested to arise from BHNS mergers (Troja et al. 2008 ;
ompertz et al. 2020b ). Such long accretion time-scales may be

chieved through late fall-back from marginally bound tidal tails 
Rosswog 2007 ; Desai, Metzger & Foucart 2019 ). 

 C O N C L U S I O N S  A N D  DI SCUSSI ON  

he possibility of observing electromagnetic counterparts, i.e. short 
RBs and kilonovae, from the merger of BHNS binaries is an

xciting prospect for multimessenger astronomy. The existence and 
etectability of these counterparts is sensitive to the properties of 
he BHNSs that produce them, implying that accurate modelling 
f populations of BHNS binaries is crucial for understanding the 
re v alence of counterparts in the Universe. Currently, there are
reat uncertainties in models of BHNS binary formation and spin 
volution. 

The most important BHNS properties for producing a large amount 
f ejecta mass m ejecta , and hence a detectable counterpart, are the
asses of the BH and NS, and the aligned component of the BH spin
BH . We explored the dependence of these quantities on tw o k ey
echanisms by which BHs in BHNS binaries may obtain high spin
agnitude. Either the BH inherits spin from its WR stellar progenitor

hat evolved under weak core-envelope coupling with a fraction f B 
f its maximum breakup spin, or the BH gains spin by accreting a
raction f a of its companion’s envelope. Significant m ejecta is possible 
rom: 

(i) Inheritance of high BH spin χ1 via weak core-envelope 
oupling with f B � 0.03, where χBH scales linearly with f B until
he Kerr limit is saturated. 

(ii) Accretion of high BH spin, where the BH spin scales non-
inearly with f a . The mass of the BH increases with increasing f a ,
hich suppresses m ejecta if the initial mass of the BH is too large. 
(iii) Spin-orbit misalignments that are not too large, where the 

ource of misalignments are natal kicks. 

Instead, higher metallicity Z would produce a smaller BH spin 
agnitude due to stellar winds that suppress the amount of ejected
ass and the brightness of a possible kilonova, but could also produce
 lower BH mass that enhances the ejected mass. 

We also identify signatures of f B and f a on the BH spin and possible
jected mass in two formation pathways defined as A1 (B1) when
he primary star undergoes SMT (common envelope evolution) and 
he secondary undergoes common envelope evolution (SMT). An 
MNRAS 519, 891–901 (2023) 

art/stac3626_f6.eps


900 N. Steinle, B. P. Gompertz and M. Nicholl 

M

a  

p  

a  

a  

m  

f  

B  

c  

 

r  

s  

p  

p  

T  

a  

j  

a  

h  

o  

c  

m  

f  

L  

a  

F  

B  

c  

e  

t  

b
 

t  

a  

o  

w  

B  

c  

u  

s  

s  

t  

t  

i  

W  

p  

I  

n  

t  

p
 

P  

t  

B  

g  

H  

a  

a  

X  

a  

(
 

o  

i  

r  

k  

u  

s  

s  

p  

o  

a
 

2  

w  

l  

i  

t  

v  

a  

g  

b
 

f  

e  

B  

k  

o  

e  

g  

t

A

T  

d  

f  

L  

H
G  

G  

C  

i  

a

D

T  

t

R

A
A
A
A
A
A
A
A
A
A  

B  

B

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/891/6889525 by U
niversity of Birm

ingham
 user on 18 July 2023
symmetry exists between the ejected mass of BHNSs in these
athways, as moderate, not highly conserv ati v e accretion can pro vide
 high BH spin and significant ejected mass in B1 but not in A1. For
 given stellar initial mass function, we predict more high-ejecta-
ass kilonovae for binaries that evolve in Pathway A1 if typically

 B � 0.04, while kilonovae from binaries that evolve in Pathway
1 can be limited by increased BH mass from (moderate, not highly
onserv ati ve) accretion. We assumed a low metallicity Z = 2 × 10 −4 .

As the simple model we consider here is not capable of producing
ealistic predictions of the BHNS population, we expect that these
ignatures for BH spin can help to distinguish these two formation
athways – we note that other formation pathways are certainly
ossible for isolated binaries, see e.g. Broekgaarden et al. ( 2021 ).
o do so, with statistical rigor would require hierarchical Bayesian
nalysis of BHNS binaries with gra vitational-wa ve detections in con-
unction with electromagnetic follow-up of kilonova observations,
nd more sophisticated models of binary evolution than considered
ere. Nevertheless, acquiring a statistically large population of
bserved BHNSs may prove difficult, especially ones with kilonova
ounterparts, implying that Bayesian analysis of individual events
ay also be useful. Although such a task is not trivial, it is certainly

easible since constraints on f a have already been placed on the
IGO/Virgo BH binary events via a backwards sampling scheme
nd the COSMIC population synthesis code (Wong et al. 2022 ).
 or e xample, Bayesian analysis using gra vitational wa ve data of a
HNS event and a detailed population synthesis model can provide
onstraints on f B , f a , and m BH , a detailed kilonova model used on
lectromagnetic observations can provide constraints on m ejecta , and
ogether the possible formation history of the binary can be probed
y leveraging the signatures identified here, e.g. Figs 4 and 5 . 
The strength of core-envelope coupling is an underlying process of

he progenitors of stellar-mass BHs, implying this uncertainty affects
ll formation channels of BHNS binaries. When we showed the effect
f accretion in Pathway B1, we assumed that core-envelope coupling
as strong, which provides negligible natal BH spin magnitudes.
inaries that evolve in Pathway A1 under strong core-envelope
oupling will retain negligible BH spins in the absence of other spin-
p mechanisms, which disallows significant m ejecta . In reality, the
trength of core-envelope coupling is possibly not extremely weak or
trong and depends on the mechanism that drives angular momentum
ransport within the stellar interior. Population synthesis models
ypically assume that core-envelope coupling is strong, ho we ver, this
s uncertain for high mass stellar progenitors of BHs (Bowman 2020 ).

e contend that better understanding of this process is crucial for
redicting m ejecta and the detectability of BHNS binary counterparts.
f strong core-envelope coupling is pre v alent in high-mass stars in
ature, the results of this study offer predictions that can be used
o rule out the presence of weak core-envelope coupling in the
rogenitors of BHNSs. 
In our model, disc accretion can produce a highly spinning BH in

athway B1 where the secondary star undergoes SMT. It is suspected
hat this accretion needs to be highly super-Eddington to achieve large
H spin (Zevin & Bavera 2022 ). Eddington-limited accretion would
reatly suppress χ1 , m ejecta , and the observability of any counterpart.
o we ver, super-Eddington accretion is not impossible in principle,

s the Eddington limit depends on the geometry of the accretion
nd various kinds of instabilities. It is suspected that ultra-luminous
-ray binaries contain NSs accreting far abo v e the Eddington limit,

nd some may contain accreting BHs that exceed the Eddington limit
Miller et al. 2019 ; Gao, Li & Shao 2022 ). 

We also computed realistic light curves of kilonova counterparts to
ur BHNS binaries. Although there exist considerable uncertainties
NRAS 519, 891–901 (2023) 
n the physics of kilonova, the light-curve model utilized here is
obust and reflects the current understanding. We showed that the
ilonova emission that results from our highly spinning BHNSs are
ndetectable by ZTF, but will be disco v ered by future telescopes
uch as the Vera Rubin Observatory. Binaries that inherit high BH
pin with f B � 0.03 and binary mass ratio Q = 3.6 are predicted to
roduce kilonovae with peak brightness M i ∼ −14.5 for a few days
f observing time and should be detectable from up to ∼500 Mpc
way in a 30 s visit by Rubin. 

Such systems may also produce short GRBs (e.g. Paschalidis et al.
015 ), and we showed that the expected jet luminosity is consistent
ith the observed short GRB population. Ho we ver, drawing direct

inks between the properties of the binaries and the GRB light curves
s not possible due to uncertainties in the jet launch mechanism,
he process by which γ -rays are produced in the jet, and the highly
ariable circumstellar environment. The isotropic nature of kilonovae
lso makes them more promising electromagnetic counterparts for
ra vitational wa ve detections of BHNSs compared to the strongly
eamed short GRBs. 

Although the two BHNS mergers GW200115 and GW200105
ound by LIGO/Virgo had unfa v ourable parameters for producing
lectromagnetic counterparts, our results show that rapidly rotating
Hs in BHNS binaries, significant ejecta masses, and detectable
ilonova emission are possible through accretion and inheritance
f spin. Comparing the distributions of ejected masses from future
lectromagnetic searches with the binary parameters inferred by
ra vitational wa ve detectors offers a promising means to determine
he physical mechanism producing the BH spin in these systems. 
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