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ABSTRACT

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, relevant for all formation pathways, the
median of the ejected mass is 1072 My. 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; ~ —14.5 for an aligned black hole spin of ~0.9
and mass ratio Q = 3.6.

Key words: black hole physics — gravitational waves — transients: novae — gamma-ray bursts —black hole-neutron star mergers.

1 INTRODUCTION

Although the majority of observed gravitational waves are sourced by
black-hole (BH) binary mergers, the LIGO and Virgo collaborations
reported the detection of seven events that are consistent with
a new class of compact binary: BH neutron-star (BHNS) binary
mergers. For examples, assuming uninformative priors, the masses
of GW200115 and GW200105 are 8.97]2 Mg and 1.97)3 Mg,
and 5.773% My and 1.570] Mg, respectively, at the 90 per cent
credible level (Abbott et al. 2021). The spin of the black hole (BH)
in GW200115 is not tightly constrained but may be misaligned
as it is inferred to have a component below the orbital plane at
88 per cent probability, while the dimensionless spin magnitude of the
BH in GW200105 is likely <0.23 and its direction is unconstrained.
Observations with future ground-based detectors may uncover more
BHNS binaries and shed light onto their peculiar properties (Brown,
Capano & Krishnan 2021).

If a neutron star (NS) is tidally disrupted by its BH companion
rather than directly plunging beyond its event horizon (Foucart
2020), y-ray emission in the form of a short gamma-ray burst
(GRB) may result from accretion on to the remnant stellar-mass
BH (Rosswog 2005; Lee & Ramirez-Ruiz 2007; Paschalidis, Ruiz &
Shapiro 2015), and radioactive decay in neutron-rich ejecta may
produce a roughly isotropic optical/infra-red emission known as a
kilonova (Li & Paczyriski 1998; Roberts et al. 2011; Metzger &
Berger 2012; Barnes & Kasen 2013; Metzger 2017). The observ-
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ability of an electromagnetic counterpart depends on the amount
of mass ejected prior to merger. This is sensitive to the binary
mass ratio (Etienne et al. 2009; Kyutoku et al. 2011; Foucart et al.
2012), the compactness of the NS (i.e. its mass and radius; Duez
2010; Kyutoku, Shibata & Taniguchi 2010; Kyutoku et al. 2011),
and the aligned spin component of the BH (Etienne et al. 2009;
Foucart et al. 2011, 2012, 2013; Kawaguchi et al. 2015) because
the radius of the innermost stable circular orbit (ISCO) is smaller
for higher prograde aligned spin. Although optical follow-up was
not completely comprehensive, e.g. only & 50 per cent of the sky
location probabilities were searched by the Zwicky Transient Facility
(ZTF; Anand et al. 2021a), no electromagnetic counterparts were
observed for either BHNS event detected by LIGO/Virgo consistent
with theoretical expectations from their measured spins and mass
ratios (Gompertz et al. 2022b).

Theoretically, BHNSs can form in two broad scenarios: the
dynamical channel where the compact binary forms in a dense
stellar cluster (Benacquista & Downing 2013), and the isolated
channel where an isolated stellar binary forms into the compact
binary through the various stages of binary evolution (Postnov &
Yungelson 2014). Although both channels of formation may explain
the origin of the LIGO/Virgo population of presently known binary
BHs (for a review, see e.g. Mapelli 2020), the dynamical channel
is expected to produce a substantially smaller number of merging
BHNS binaries (Clausen, Sigurdsson & Chernoff 2013; Ye et al.
2020) compared to what is estimated from current LIGO/Virgo
observations, and possibly no counterparts as the mass of the BH
tends to be larger (Arca Sedda 2020). The merger rates of isolated
BHNS binaries are highly uncertain due to the uncertainties of
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stellar binary evolution, galactic star formation history, and cosmic
evolution of the metallicity dependence of star-forming regions (e.g.
Dominik et al. 2015; Giacobbo & Mapelli 2018; Belczynski et al.
2020; Broekgaarden et al. 2021).

Population synthesis studies of merger rates of isolated BHNSs
typically find that the vast majority of binaries will not result in
observable electromagnetic counterparts (e.g. Fragione 2021; Zhu
et al. 2022), although the spins of BHs remain uncertain theoretically
(see e.g. Belczynski et al. 2020) and observationally (Miller &
Miller 2015). The fraction of BHNSs that yield significant ejecta
can be sensitive to the assumptions that are employed, especially
assumptions regarding the BH spin. Drozda et al. (2020) found
this fraction to be < 20 per cent when core-envelope coupling
of their stellar progenitors is sufficiently weak to provide a high
dimensionless BH spin magnitude, i.e. x = 0.9. A similar fraction of
binaries is reported under the assumption that the BH spin magnitude
is x = 0.5 (Broekgaarden et al. 2021). The efficiency (strength) of
angular momentum transport (core-envelope spin coupling) is an
uncertain aspect of high-mass stellar evolution theory (Maeder &
Meynet 2012; Meynet et al. 2013; Belczynski et al. 2020) and is not
well-constrained observationally (Bowman 2020). If it is efficient
implying the core of the stellar progenitor is born with negligible
spin, Belczynski et al. (2020) pointed out that detection of an
electromagnetic counterpart of a BHNS binary merger could imply
the BH experienced significant accretion, its progenitor was tidally
synchronized, or it experienced repeated mergers in dynamical
formation. On the other hand, if it is inefficient, detection of a coun-
terpart may also imply the BH inherited high spin from its progenitor.
Accretion in stable mass transfer (SMT) is usually considered in
population synthesis studies but has not been investigated as a
mechanism of high BH spin for significant ejected mass. Similarly,
a systematic study of the dependence of ejected mass on inherited
spin from weak core-envelope coupling has not been explored.

Motivated by these previous studies, we explore the dependence
of the ejected mass of BHNS binaries in two evolutionary pathways
of the model of isolated formation of Steinle & Kesden (2021). This
model simplified binary stellar evolution in order to parametrize var-
ious processes that are pertinent for evolving the binary spin magni-
tudes and directions. We focus on two mechanisms by which the BH
obtains a high spin magnitude. The first is inheritance of natal spin via
weak stellar core-envelope coupling of the stellar progenitor. Instead
of assuming a single value of the inherited BH spin, e.g. as was done
in Drozdaetal. (2020), we take this a step further by parametrizing the
natal spin of the progenitor Wolf—Rayet (WR) star with the fraction,
[, of its maximum breakup spin. The second mechanism is accretion
of a fraction, f,, of the donor’s envelope that is accreted onto the BH
during SMT. We use the formula of Foucart, Hinderer & Nissanke
(2018) to determine whether the NS is tidally disrupted, allowing
us to parametrize the ejected mass of the NS with the fractions f
and f,. We do not attempt to compute the merger rate of our BHNS
distributions since it would require the use of population synthesis. As
electromagnetic observations of a kilonova from a BHNS would pro-
vide estimates of the ejected mass of the NS, it is crucial to understand
how the uncertainties of binary stellar evolution can lead to BHNSs
with large BH spins. While we cannot forecast reliable population
statistics for BHNSs and the likelihood for kilonova, we attempt to
identify key signatures of the uncertainties of BH spin-up processes
and their impact on the possible kilonova emission. We expect that
these signatures will be useful for statistical analyses of BHNSs with
observed gravitational signals and kilonova counterparts.

This paper is organized as follows: in Section 2, we detail our
model of BHNS formation, NS tidal disruption, and counterpart
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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 Al 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.

light curves; in Section 3, we demonstrate the dependence of the
ejected mass and the corresponding light curves on the mechanisms
for obtaining high BH spin magnitude; and we conclude with a
summary and discussion of implications in Section 4.

2 METHODOLOGY

2.1 Black-hole neutron-star binary formation

A zero-age main sequence (ZAMS) binary star is initialized at the
binary separation azavs with metallicity Z, and with masses m; zams
of the primary star and m; zams of the secondary star such that the
ZAMS mass ratio is qzaMs = mz,ZAMS/mLZAMS < 1. For a detailed
description of this model, see Steinle & Kesden (2021), and for
a detailed review of the physics of the isolated channel, see e.g.
Postnov & Yungelson (2014).

Numerous astrophysical processes of isolated binary evolution are
parametrized. Roche lobe overflow (RLOF) initiates mass transfer
either as a phase of common-envelope evolution (CEE), which dras-
tically shrinks the binary separation, or SMT, where the companion
gains mass and spin angular momentum. The donor completely loses
its envelope in mass transfer and its core emerges as a WR star.
Rather than determining the stability of mass transfer via a critical
mass ratio, as is typically done in population synthesis models, this
is simplified into two evolutionary idealizations: Scenario A occurs
when the primary undergoes SMT and the secondary undergoes
CEE, while conversely so in Scenario B. Although this definition
is independent of the ZAMS masses, the stellar lifetimes are
mass-dependent, implying that both Scenarios admit two possible
evolutionary pathways. Pathways Al and B1 (A2 and B2) occur
when the secondary star undergoes RLOF after (before) the core
collapse supernova (SN) of the primary star. We only present results
for Al and B1, which are depicted in Fig. 1, because the boundary
between pathways Al and A2 (or equivalently, B1 and B2) defined by
the mass ratio is large, i.e. gzams = 1, for the total masses considered
here, e.g. see fig. 14 of Steinle & Kesden (2021). Additionally, equal-
mass binaries are unlikely to form BHNSs as either binary BH or
binary NS formation is more likely.

To form BHNS binaries, rather than BH binaries, we modify
the model of Steinle & Kesden (2021). Most importantly, we
examine stars with lower ZAMS mass, i.e. 13 Mg < mgzams <
25 Mg. These stars may result in either NSs or BHs depending on
the amount of fallback accretion onto the proto-NS during core-
collapse formation. We use the StarTrack implementation of
the rapid energy-expenditure mechanism for the SN explosion, i.e.
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equations (10-14) of Fryer et al. (2012). This provides the mass of
the compact object and the fallback parameter fi, which determines
the fraction of material that falls onto the collapsing core after it was
ejected during the SN. The fraction fi, monotonically increases with
increasing initial mass leading to larger compact remnant masses.
This more physically motivated prescription produces a smooth
transition across the uncertain parameter space between the Hurley,
Pols & Tout (2000) NS model (i.e. their equation 92) and the BH
model of Steinle & Kesden (2021). We assume a mass boundary
of m = 2.5 Mg between NS and BH formation, as in Fryer et al.
(2012). Fallback accretion suppresses the natal kick imparted on the
compact object that forms according to v s = (1 — fin)vk (Fryer
et al. 2012), where BHs that form from stars with ZAMS masses
=23 Mg, are assumed to experience complete fallback, i.e. fi, = I,
and do not experience a natal kick (Heger et al. 2003). The natal
kick velocity magnitude vy is drawn from a Maxwellian distribution
with dispersion o, and the natal kick velocity direction is spatially
isotropic. A smaller value of o is required in Pathway Al than in
B1 to avoid unbinding too many binaries, as the primary SN (SN1)
occurs before CEE has decreased the orbital separation. Stellar winds
decrease the mass and spin of a star throughout its life. As we are
interested in mechanisms that provide high BH spin, we only consider
low ZAMS metallicity, i.e. Z =2 x 107, where winds negligibly
affect the mass and spin of the stellar progenitor (see e.g. Vink, de
Koter & Lamers 2001).

Prior to core collapse, the WR star can experience tides from
its companion. The tidal torque is a strong function of the
binary separation a, i.e. the synchronization time-scale tyn ~
(a/R)""?(m/My)~7>* where m is the WR mass. This implies that
tides are effective at producing high spin magnitudes after CEE.
Tidal synchronization and alignment would seem to be a natural
mechanism for producing significant ejected mass as the ejected
mass is a strong function of the aligned component of the BH spin
magnitude. However, tides in Pathway A1 are only effective on the
secondary WR star as the primary BH forms before CEE occurs,
and thus will not produce observable counterparts unless SMT onto
the secondary main-sequence star is sufficient to cause a mass-ratio
reversal. Broekgaarden et al. (2021) find that highly conservative
mass transfer may reverse the binary mass ratio to allow a tidally
spun-up secondary star to form a highly spinning BH. Consistent with
their results, we find this is realizable in Pathway A1 only for highly
conservative mass transfer in a narrow region of parameter space,
i.e. gzams > 0.9, and therefore we do not explore this in detail here.
In Pathway A2, tides can affect both WR stars potentially allowing
for a high BH spin, but this requires fine-tuning to ensure that the
secondary is still not too massive to form a BH, e.g. gzams ~ 0.95.
If tidal interactions were to produce a highly spinning and aligned
WR star, such a system may yield significant ejected mass (Hu et al.
2022).

Given the difficulties with tidal spin-up, we focus on two al-
ternative mechanisms that may provide high BH spin: (i) the BH
inherits a high spin from weak core-envelope coupling of the stellar
progenitors (relevant in pathways Al and B1), and (ii) the BH
gains a high spin magnitude from accretion during SMT (relevant in
Pathway B1).

A high dimensionless BH spin magnitude can be inherited in both
pathways via minimal core-envelope coupling if its WR progenitor
has a sufficiently large initial spin, o = fg x 8, Which is parametrized
by the fraction fg of the dimensionless breakup spin, defined as

_clSsl _ eriR?Qp  , (PR\" X
“Gm "~ Gm  t\Gm ’ ©

XB
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where c is the speed of light, G is the gravitational constant, m is
the mass of the WR star, R is the WR stellar radius (see equation 78
of Hurley et al. 2000), r, is the WR radius of gyration, and Qp
is the breakup angular frequency. For WR stars with ré = 0.075,
xB ~ 15 for m ~ 10 Mg. In the opposite extreme of maximal core-
envelope coupling, angular momentum is efficiently transferred from
the stellar progenitor’s core to its envelope which is lost in mass
transfer. This spin-down is modelled isotropically (see equation 6
of Steinle & Kesden 2021) and produces a natal WR dimensionless
spin o ~ 0.001 for Z =2 x 107

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

d

T = EO. (22)
m

dl — L0 _ 2xEX) (2b)

dm miy MBH

where E(y ) and L( ) are the specific energy and orbital angular mo-
mentum of massive particles at the (prograde) ISCO of the Kerr BH
Bardeen, Press & Teukolsky (1972). We allow for super-Eddington
accretion as in Steinle & Kesden (2021; see their appendix B.2).
Although the secondary star accretes on the main sequence in
Pathway A1, this accretion is ineffective at yielding a highly spinning
BH as any spin that is gained is not inherited by the core under
minimal core-envelope coupling or is dissipated under maximal core-
envelope coupling during mass transfer.

2.2 The ejected mass of a tidally disrupted neutron star

Near the end of the BHNS binary inspiral, the NS can be tidally
disrupted by its BH companion. A simple criterion for whether this
produces an observable electromagnetic signal can be estimated by
comparing the separation, riq, at which tidal disruption occurs with
the radius, Risco, of the ISCO of the BH. Ignoring general relativistic
effects, the tidal disruption separation ry;q can be approximated by
balancing the gravitational acceleration due to the NS, ~ mys/ Rﬁs,
with the tidal acceleration due to the BH, ~ (mpy /rgd)RNs, as riq
~ Rns(mgu/mys)'? (Rees 1988). For a Kerr BH with dimensionless
spin x = ¢S/Gm3y, where S is the magnitude of the spin angular
momentum, Risco 1s given by Bardeen et al. (1972) and depends
sensitively on y. Tidal disruption is preceded by mass-shedding of
the outer layers of the NS at separations that are large compared to the
ISCO of the BH when the tidal force exerted by the BH overcomes
the self-gravity of the NS. As such, the separation at which mass-
shedding begins is much larger than ryq, which is larger than Risco
when the NS is tidally disrupted. However, mass-shedding does not
guarantee tidal disruption, and if the NS plunges into the BH before
being tidally disrupted, then only a low-mass accretion disc may
form 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
of ejected mass are more accurately determined by fits to results
of numerical relativity simulations. These typically quantify the
criterion in terms of the BHNS binary mass ratio Q = mgu/mns
>1, ﬁlsco = Risco/mpu, Which depends on the aligned component
of the BH spin and the NS compactness Cys = Gmns/(Rnsc?). We
use the formula of Foucart et al. (2018) to determine whether the NS
is tidally disrupted and to compute the corresponding ejected mass,

1 —2Cxs

e ’
Mejecta = {Max (04 MY ﬂ&sco# +v, 0)} mys  (3)
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where n = Q/(1 + Q)? is the symmetric mass ratio which enforces
invariance of a change of labels of the NS and BH, o = 0.406, g =
0.139, y = 0.255, and 6 = 1.761 are constants derived from fitting
the above model to 75 numerical relativity simulations (Foucart et al.
2018), and mys is in units of M. Equation (3) is zero if the NS is
not tidally disrupted; it is non-zero if the NS is tidally disrupted.
The ejected mass is largest for highly spinning and aligned BH
spin magnitudes as Risco is smallest for a (prograde) maximally
spinning BH with small mass. A larger NS mass or a smaller NS
radius will result in a larger compactness Cns and a smaller ejected
mass.

We parametrize the ejected mass of BHNSs by the initial spin
of the WR progenitor star as a fraction of its breakup spin f3, and
by the fraction of the donor’s envelope f, that is accreted in SMT.
We also explore the dependence of migjec, On the binary component
masses, 11 2 zams, and the strength of the natal kicks at formation o.
Significant spin-orbit misalignments suppress mgjecra by diminishing
the aligned component of the BH spin. The effect of eccentricity
is not considered in equation (3), but the SN of the secondary star
(SN2) can introduce eccentricity into the binary system. We compute
the time to coalescence (Peters 1964) of our BHNS binaries with
their semimajor axes and eccentricities after SN2, and only compute
Mejecta fOr circularized binaries that merge within the age of the
Universe. Although equation (3) is calibrated to a set of numerical
simulations with dimensionless BH spin <0.97, it is possible for the
BHs in our BHNS binaries to obtain spins >0.97. Despite this, we
use equation (3) which introduces a systematic error in mgjecy for
BHNSs with nearly maximal BH spin.

2.3 Electromagnetic counterparts

Having calculated the ejected mass for our BHNS binaries, we can
take our analysis a step further by predicting their electromagnetic
counterparts. Our BHNS kilonova model is from Gompertz et al.
(in preparation), where the full details will be presented. Here, we
summarize the physics required to convert ejected mass into kilonova
light curves. We note that although this is a somewhat simplified
analytic model rather than a full kilonova simulation, the advantage
of this approach is that we can quickly generate a reasonable estimate
of the kilonova light curve for arbitrary binary parameters. This
allows us to directly connect this model to the end products of
our binary evolution calculations. We divide the total ejected mass
Mejecta IN €quation (3) into two post-merger components: unbound
dynamical ejecta mgy, (Kriiger & Foucart 2020), and bound disc mass
Misc = Mejecta — Mayn- The average velocity of the dynamical ejecta
is determined from the fitting function of Kawaguchi et al. (2016),
who found it has a linear relation with Q in numerical relativity
simulations. We model the dynamical ejecta with a grey opacity of
Kdayn = 10cm? g~ (Tanaka & Hotokezaka 2013; Kasen et al. 2017;
Tanaka et al. 2020).

Simulations show that winds will be driven from the surface of the
disc by viscous heating and nuclear recombination (e.g. Ferndndez &
Metzger 2013; Fernandez et al. 2015; Just et al. 2015; Fernandez,
Foucart & Lippuner 2020; Fujibayashi et al. 2020; Kyutoku et al.
2021). We parametrize the mass of this thermal wind as a fraction
of the disc mass mgerm = Emgisc, Where &€ is a function of Q
(Raaijmakers et al. 2021), and assume a velocity vperm = 0.034c¢
(cf. Ferndndez et al. 2020). The average electron fraction (Y, ) of the
thermally driven outflow is expected to be in the range 0.25 < Y,
< 0.35 (e.g. Foucart et al. 2015; Fernandez et al. 2020; Fujibayashi
et al. 2020), with >50 per cent of the outflow expected to possess a
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Table 1. Outflow components for our BHNS kilonova model (Gompertz
et al. in preparation). KF20: Kriiger & 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
Mo) © (em*g™") (deg)
Dynamical ejecta KF20 0.25 10 80-90
Thermal wind F18, R21 0.034 1,5 30-80
Magnetic wind Miherm 0.22 10 0-30

Lanthanide + Actinide fraction X, 4 ac) < 10~* (Ferndndez et al.
2020). We incorporate this as a two-zone model with a leading
‘blue” mass with kpue = 1cm?g~! and a deeper layer of ‘purple’
material with k pyrpie =5 cm? g~! (cf. Tanaka et al. 2020). This choice
reflects the finding that low-Y, material is ejected the earliest in both
hydrodynamic (e.g. Ferndndez et al. 2020) and general-relativistic
magnetohydrodynamic simulations (e.g. Fernandez et al. 2019). The
fraction of blue mass is determined from an observed relationship
with the disc mass via fits to table 2 of Fernandez et al. (2020).
Photons from the purple layer of material must diffuse through the
blue layer to reach the observer.

When magnetic fields are included in full 3D general-relativistic
magnetohydrodynamic models (e.g. Siegel & Metzger 2017, 2018;
Fernandez et al. 2019) an additional magnetically driven outflow is
identified in polar regions. The dynamics of this ejecta depends on
the magnetic field geometry (Christie et al. 2019), but it is expected
to have a mass roughly equal to the mass of the thermal outflow (i.e.
Mpmag = Minerm) and an average velocity of vy, = 0.22 ¢ (Fernandez
et al. 2019). Including this component means that twice the disc
fraction & derived from the fitting function of Raaijmakers et al.
(2021) is ejected in winds, in line with expectations from Ferndndez
et al. (2019) and the Raaijmakers et al. (2021) model. The total
ejected wind mass is always less than 50 per cent of the accretion disc
mass. The magnetic wind is driven from the poles before significant
neutrino irradiation can occur, and therefore has Y, ~ 0.1 (Fernandez
etal. 2019), corresponding to ks = 10 cm* g~". The contribution of
the magnetic wind is highly uncertain. Our setup assumes the polar
field geometry employed by Fernandez et al. (2019), but a more
toroidal configuration (e.g. Siegel & Metzger 2018) should result
in a lower ejecta mass and velocity that may make the magnetic
wind negligible compared to the thermal wind. Further simulations
and/or detections of kilonovae from BHNS mergers will be required
to clarify which is the correct picture. See Christie et al. (2019)
for a discussion on the influence of magnetic fields. Our model is
summarized 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
light curves through semi-analytical models for the heating rate and
deposition (Korobkin et al. 2012; Barnes et al. 2016; Cowperthwaite
et al. 2017; Villar et al. 2017; Metzger 2019), and treats the prop-
agation of photons in the common diffusion approximation (Arnett
1982). 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
of the kilonova emission is therefore identical to models already
published in the literature (Cowperthwaite et al. 2017; Villar et al.
2017; Nicholl etal. 2021). The masses and velocities of the disc winds
and dynamical ejecta that produce this emission are calculated in the
same way as other BHNS-driven models for GRBs (e.g. Ascenzi
et al. 2019) and kilonovae (e.g. Barbieri et al. 2019; Raaijmakers
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Figure 2. The ejected mass mejecta Of the NS and the aligned component of
the dimensionless spin of the BH xgn = x1cos 6 for binaries that evolve in
Pathway Al versus the fraction fg of the breakup spin with which the WR
progenitor star of the BH is born. The stellar binaries are initialized with
my zams = 20 Mg, mz zams = 13 Mg, azams = 6000 Rg, fu =0, and 0 =
30 kms~!, 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 fg, represent the 95th (triangle), 50th
(circle), and 5th (square) percentiles of x gy, and the colour of the markers
indicates the corresponding percentiles of the ejected mass mejecta-

et al. 2021), which all follow the scaling relations for material that
remains outside of the BH apparent horizon derived by Kawaguchi
et al. (2016), Foucart et al. (2018), and Kriiger & Foucart (2020),
where available.

Barbieri et al. (2019) separate their ejecta into dynamical (grey
opacity kayn = 15cm? g7!), wind (kwina = 1 cm? g71), and viscous
(kyis = 5cm? g™ ') ejecta. Our model differs due to the inclusion
of the magnetically driven wind (Christie et al. 2019; Fernandez
et al. 2019) with ke = 10 cm? g~! within 30° from the poles. This
component is included with a free grey opacity between 1cm? g~!
< Kmag < 10cm? g7! in Raaijmakers et al. (2021). However, their
thermal component is assumed to have a much lower grey opacity
than ours: 0.1 cm? g_l < Kiherm < 1 cm? g_'. As a result, our model
predicts more infra-red/less optical emission for a given set of binary
parameters than both Barbieri et al. (2019) and Raaijmakers et al.
(2021).

3 RESULTS

The ejected mass of the BHNS binary ultimately depends on the
ZAMS masses m » zams, binary separation azams, metallicity Z, the
Maxwellian velocity dispersion o that governs the strength of natal
kicks, the breakup spin fraction of the WR star fg, and the fraction
of a donor’s envelope that is accreted in SMT f,. In our results, we
assume Z = (0.0002, which ensures the effect of stellar winds is
negligible. Throughout this work, we assume an NS radius of Rys =
12 km.

3.1 Parameter space exploration

The binaries presented in Figs 2 and 3 are distributions of BHNSs
where one free parameter is varied (the horizontal axis) and all
others are held constant. These figures depict the Sth, 50th, and 95th
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percentiles of the dimensionless spin of the BH xpy = xcos0;
(the vertical axis) and the corresponding percentiles of the ejected
mass Mejecia Of the NS with a colourbar. For fixed binary mass ratio
and NS compactness, Mejecta s monotonic in x gy. As we evolve the
spin magnitudes and directions until BHNS formation, xpy depends
principally on the mechanism by which the BH acquires spin (i.e.
inheritance or accretion) and on the natal kick velocity dispersion o.
These isotropically oriented natal kicks produce scatter in the BH
misalignments cos @, that is preferentially peaked near cos6; ~ 1
since the ZAMS spins are assumed to be aligned with the binary
orbital angular momentum.

The first mechanism that we explore to obtain a highly spinning
BH is inheritance via weak core-envelope coupling for binaries that
evolve in Pathway A1. The WR breakup spin fraction fg determines
X BH and Mejecta as shown in Fig. 2. In the limit of small inherited spins,
ie. fg < 0.01, the aligned BH spin is also very small, causing the
NS to be captured rather than tidally disrupted, and hence mgjecia = 0
by definition. As the BH inherits larger spin, fz 2 0.01, the NS
can be tidally disrupted allowing for non-zero mie., and hence
an observable counterpart. The inherited spin of the BH increases
linearly with larger fg, as x1 o fg x s and m; zawms is held constant (see
equation 1). Meanwhile, the scatter in the aligned BH spin component
XxBu increases with fg because the distribution of misalignments is
biased towards cos 6, ~ 1 with a tail to larger values for this constant
value of o. For fg ~ 0.03, xgy becomes sufficiently large to yield
significant ejected mass, i.e. Mejecta 2, 0.01 M. For f 2 0.05, the
95th percentile (triangles) of e, is largest as the spin magnitude of
the BH x is maximal implying that x gy asymptotes at 1, and xpn
corresponding to the median (circles) of mejecta approaches ~0.9.
The masses of the BH and of the NS are the same for each value of
fg, and if either were larger then mije, would be suppressed. The
kick velocity dispersion which provides the scatter in xpy is 0 =
30 kms~! for these binaries, implying that larger o could decrease
the median of Mgjecr,. The BH and NS masses are fixed in these
distributions with the mass ratio Q = mgy/mys =~ 3.5.

The second mechanism we explore is accretion during SMT for
binaries that evolve in Pathway B1 with the assumption of strong
core-envelope coupling. Fig. 3 displays the dependence of xpu
and mgjecra ON the accreted fraction f;, (top-left panel), the initial
mass of the primary star m; zams (top-right panel), the initial mass
of the secondary star m;zams (bottom-left panel), and the natal
kick strength o (bottom-right panel). As the primary undergoes
core collapse prior to the loss of the envelope of the secondary
star, the primary accretes as a BH. In the top-left and top-right
panels, mpy ranges from ~5 to 9 Mg, as f, and m zams increase,
respectively, and mns >~ 1.3 Mg is constant. In the bottom-left
panel, mpy ranges from ~6.5 to 7 Mg and mys increases sharply
from ~1.3 to 1.7 Mg at my zams = 16 Mg due to the rapid SN
mechanism employed from Fryer et al. (2012). In the bottom-
right panel, the masses mpy ~ 6.7 Mg and mys >~ 1.3 Mg are
constant.

In the top-left panel, the values of m; zams, M2, 7ams, and o are
fixed while f, is varied. The BH spin magnitude x; remains small
for a small amount of accretion f, < 0.1 due to dissipation of the
stellar progenitor’s spin via strong core-envelope coupling during
common envelope evolution. The resultant ejected mass is small.
As f, increases, the BH accretes more gas from its companion’s
envelope resulting in a larger spin magnitude x; and ejected mass
Mejecta. However, the increase of y is non-linear in f; because the
energy E(x ) of an accreted particle (equation 2a) is roughly constant
with an increasing amount of accreted mass while the orbital angular
momentum L(y ) of an accreting particle decreases due the smaller
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Figure 3. The ejected mass mejecta Of the NS and the aligned component of the dimensionless spin of the BH gy = x1co0s 0 as functions of the fraction f,
that is accreted in SMT by the BH (top-left panel), the initial mass m| zams of the primary star (top-right panel), the initial mass m» zams of the secondary star
(bottom-left panel), and the Maxwellian velocity dispersion o of the natal kicks (bottom-right panel). The stellar binaries in the top-left panel are initialized with
mi zams = 20 Mg, ma zams = 15 Mg, azams = 12 000 R, and o = 200 km s7!, in the top-right panel with f; = 0.2, my zams = 15 Mg, azams = 12000
R, and o = 200 km s~!, in the bottom-left panel with f, = 0.2, m1 zams = 20 Mg, azams = 12000 R, and o = 200 km s~!, and in the bottom-right panel
with f; = 0.2, m1 zams = 20 Mg, m2 zams = 15 M@, and azams = 12000 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 fg, represents the 95th (triangle), 50th
(circle), and 5th (square) percentiles of x gy, and the colour of the markers indicates the corresponding percentiles of the ejected mass mejecta -

Risco that results from the higher BH spin. In the limit of large
accretion f, 2 0.4, the BH spin is high x; > 0.5 and increases only
slightly. The ejected mass is significant for even the 5th percentile
of binaries, suggesting that accretion onto the primary BH may be a
promising mechanism for producing observable counterparts.

In the top-right panel of Fig. 3, the values of f,, m» zams, and o are
fixed while m zams is varied, i.e. the initial mass of the BH accretor
increases with increasing m; zams. Since the amount of gas that is
accreted is held constant here, the spin of the BH generally decreases
as the initial mass of the BH increases, as seen in equation (2b)
where mpy is in the denominator. Simultaneously, the radius Risco
of the BH is larger for smaller m; zams due to the small BH mass
but also because the BH spin is high, implying that mgje., is at its
largest. The scatter in the aligned BH spin xpu generally decreases
for increasing m zams as the natal kick velocity is suppressed from
fallback accretion and a larger orbital velocity. For m zams = 22.5
Mg, fallback completely suppresses the natal kick of the primary,

MNRAS 519, 891-901 (2023)

and the misalignment solely originates from the natal kick of the
secondary. In the limit of large m; zams, the BH spin is x; ~ 0.6,
consistent with the results of Steinle & Kesden (2021).

The dependence on m; zams, shown in the bottom-left panel of
Fig. 3 where f,, m| zams, and o are fixed, is complicated from the
interplay of competing factors. For m, zams < 16 Mg, the mass of the
NS is constant. The spin of the accreting BH increases with increasing
ma zams as the envelope of the secondary, and hence the amount of
gas to be accreted increases, implying a larger m.jeca. The scatter in
xBu decreases with increasing m, zams, Which increases the orbital
velocity prior to the second SN. For mj; zams > 16 Mg, the mass
of the NS at formation is larger increasing the NS compactness and
decreasing mgjero despite the larger x py. This competition between
the increase in the BH spin from a larger donor’s envelope in SMT
and the increase in the NS compactness is a distinct feature, but is
possibly model dependent since the dependence of the mass of the
NS on mj zams in uncertain.
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Figure 4. Contours of the maximum, i.e. the 100th percentile, of the ejected mass mejecta as functions of the fraction f, of the donor’s envelope that is accreted
in SMT by the BH and of the fraction fg 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 zams = 20 Mg, m2 zams = 15
Mo, 0 =30 km s~ (o0 = 200 km s~ ), and azams = 6000 Rg (azams = 12000 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.

The dependence on o is shown in the bottom-right panel of
Fig. 3 with fixed f,, m zams, and mj zams. Larger values of o
generally produce larger spin-orbit misalignments and smaller x gy,
which suppresses mijeca. The Sth percentile of x gy remains roughly
constant with increasing o because the distributions of cos6; are
biased toward unity. This dependence is similar for binaries that
evolve in A1, except for smaller values of o since common envelope
evolution occurs prior to the natal kick of the primary.

Together, these results demonstrate that although we can produce
rapidly spinning BHs in the isolated formation channel through the
mechanisms of inheritance or accretion, the uncertainties of stellar
binary evolution also affect other parameters such as spin-orbit
misalignments and the binary mass ratio, which themselves affect the
resultant ejected mass. Therefore, a question naturally arises: how
would one distinguish between the two possible formation pathways
explored here? Answering this question for a single (population of)
observed BHNS(s) with statistical rigor would require (hierarchical)
Bayesian parameter estimation. Although such an analysis is beyond
the scope of this work, we can identify regions of the parameter space
that are likely to favour systems with observable electromagnetic
counterparts from either pathway.

The two panels of Fig. 4 depict contours of the maximum possible
ejected mass, i.e. the 100th percentile of mgjecra, under the assumption
of weak core-envelope coupling. For binaries that evolve in Pathway
A1, shown in the left-hand panel (where mgy = 4.6 M, is constant
and mys ranges from >~ 1.3 to 2.5 My over f,), accretion is not an
efficient mechanism for producing significant ejected mass, as the
secondary star accretes during SMT of the primary. Indeed, a small
amount of accretion, i.e. f, < 0.1, can result in large mgjecr if the BH
inherits a high natal spin, i.e. fg = 0.05, because the mass of the NS is
not too large. Increased accretion onto the secondary main sequence
star cause the mass (and hence compactness) of the NS that forms to
be subsequently too large, which suppresses mejeca. For f; ~ 0.25, the
NS is not tidally disrupted, indicated by the grey region. This is even

more prominent for sufficiently small BH natal spins fz < 0.05, as a
smaller NS mass can prevent tidal disruption for smaller BH spin. In
the limit of no accretion f, ~ 0 and negligible inherited BH spin f3
< 0.01, the maximum ejected mass Mgjecia ~ 0.001, consistent with
the 95th percentile in Fig. 2. If we instead assume that mass loss in
BH formation due to the Kerr limit is isotropic rather than negligible,
then more accreted mass can yield larger mejecia due to the primary
BH mass being smaller, although this effect is not significant even
for fz 2 0.05.

Binaries that evolve in Pathway B1 are shown in the right-hand
panel of Fig. 4, where the the primary accretes as a BH during SMT
of the secondary. Here, mpy ranges from ~5 to 9 Mg, over f,, and
mys >~ 1.3 Mg is constant. For small inherited natal spin and small
amounts of accretion, the maximum e, is small due to the small
BH spin. As either f, or fg are increased, the BH spin increases
and allows for a larger maximum gjeco. Consistent with the 95th
percentile in the left-hand panel of Fig. 3, an accreted fraction f, ~
0.5 can produce high BH natal spin and mje., as large as that from
large inherited spin, i.e. fg ~ 0.05 in in Fig. 2.

The left (right-hand) panel of Fig. 5 displays contours of the
maximum of Migjeca as functions of m; zams and f (f,) for binaries
that evolve in Pathway Al (B1) under the assumption of weak
(strong) core envelope coupling. In the left (right-hand) panel for
Al (B1), mpy ranges from ~3.1 to 6 Mg over m; zams (from ~3.1
to 10 Mg over f, and m; zams) and mys =~ 1.3 Mg is constant. In
both pathways, the mass of the BH increases as m; zaus increases,
providing a larger mass ratio Q which suppresses migjeca. In the limit
of small BH spins, i.e. fg — 0 in the left-hand panel and f, — 0
in the right-hand panel, sufficiently large m; zams disallows tidal
disruption of the NS, indicated by the grey region. In Pathway Al,
Mejecta iNCreases sharply as fp increases, consistent with Fig. 2, and
reaches a maximum of njecra ~ 0.4 Mg, for fg 2 0.05 due to maximal
BH spin. Comparatively, in Pathway B1, mjeca increases gradually
as f, increases from 0, because the mass of the BH increases from gas
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Figure 5. Contours of the maximum, i.e. the 100th percentile, of the ejected mass mejeca as functions of the ZAMS mass of the primary m 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 fg of
the breakup spin with which the WR progenitor star of the BH is born under the assumption of weak stellar core-envelope coupling. For binaries that evolve
in Pathway B1 (right-hand panel), we consider the fraction f; 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» zams = 13 Mg, 0 =30 kms™! (o =200 kms™!),
and azams = 6000 R (azams = 12 000 Rp), and assuming negligible (isotropic) mass-loss in formation due to the Kerr limit. The grey regions represent

binaries whose NS is not tidally disrupted.

accretion. This implies that smaller m zams is needed in Pathway
B1 than in Al to obtain very large mgjecra. However, if accretion in
B1 is highly conservative, i.e. f, ~ 0.9, the spin of the BH is near
maximal allowing for larger mejecta at higher values of m zams.

Comparing the contours in Fig. 4 between binaries that evolve from
these two pathways, the asymmetry in the effect of accretion allows
NSs from Pathway B1 (right-hand panel) to be tidally disrupted
and produce significant ejected mass essentially over the entire
spin parameter space, whereas NSs from Pathway Al (left-hand
panel) are not tidally disrupted over half of this region of the spin
parameter space. On the other hand, comparing the contours in
Fig. 5, the mass of the BH can suppress the ejected mass in Bl
more than in Al due to increased BH mass from non-conservative
accretion. This asymmetry provides signatures to distinguish these
two possible formation pathways if the values of f,, fz, and m zams
can be constrained for a population of BHNS binaries observed from
gravitational-wave data, though mpy as measured from gravitational-
wave detections is degenerate with f, and m, zams. Additionally, a
systematically larger mass ratio Q = mpp/mys could be expected for
binaries that evolve from Pathway B1 than in A1 due to accretion by
the BH in Pathway B1.

If the ejected masses can be measured from electromagnetic
follow-up for a population of BHNS binaries whose BH spins
are measured from gravitational-wave data, hierarchical Bayesian
parameter estimation could constrain the likely source of the spin of
the BH. In such an inference study, one could create an astrophysical
model by leveraging the fact that there would be a stronger correlation
between the BH mass and f; than between the BH mass and fg, as
shown by the contours of Fig. 5. Naively, one could expect these
correlations to be opposite, however, this is highly model-dependent
as the relationship between m, zams and f depends on the strength
of core-envelope coupling, of which we simply consider extreme
limits, and the mechanisms that drive stellar angular momentum
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transport, which are uncertain. Subsequently placing the constraints
for the population of binaries in the planes of Figs 4 and 5 could
therefore elucidate possible sources of BH spin and ejected mass,
and possible formation pathways. Although we show the maximum
possible ejected mass in Figs 4 and 5, the results do not change
qualitatively if we instead use the median of Mg, implying that
events with somewhat faint kilonova counterparts can be understood
within these trends. However, these results are best interpreted in the
context of bright kilonova.

3.2 Light curves of electromagnetic counterparts

We consider three values of the aligned BH spin component x gy =
0.2, 0.56, and 0.9, which correspond to the medians of xpy for the
BHNSs from Section 3.1 that evolved under weak core-envelope
coupling with fg = 0.01, 0.03, and 0.1, respectively (i.e. see Fig. 2).
These BHNSs have the same mass ratio Q = mgy/mys =4.7/1.3=3.6
and Rys = 12 km, and yield mgjecia ~ 1073, 1072, and 10~' Mo,
respectively. Though we did not show this in Subsection 3.1, note
that higher Q or a more compact NS can result in a lower ejecta mass
from equation (3) and therefore a fainter electromagnetic transient.
We assume the observer is oriented 30° from the pole, at the boundary
between the thermal and magnetic disc wind outflows. This is done
in order to sample all three emission components and obtain an
‘average’ kilonova, though in practice it is an arbitrary choice. For
0 = 3.6, vgyn = 0.25¢ (Kawaguchi et al. 2016).

The resultant light curves for a merger at an assumed distance
of 200 Mpc are shown in Fig. 6. Their morphology is driven by
the interplay of the three emission components (Table 1) whose
relative contributions depend on the properties of the input binary (cf.
Kawaguchi et al. 2016; Foucart et al. 2018; Kriiger & Foucart 2020;
Raaijmakers et al. 2021). Each component contributes radiation
at different temperatures and on different time-scales, resulting in
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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 curves, respectively,
and each band is shown for the three orbit-aligned BH spins x gy = 0.2, 0.56,
and 0.9 that correspond to the dotted, dashed, and solid curves, respectively.
The 50 median g- and i-band limiting magnitudes from a 30 s exposure
with ZTF (mg > 20.8; m; > 19.9; Bellm et al. 2019) and the Vera Rubin
Observatory (mg > 24.81; m; > 23.92; Ivezi¢ et al. 2019) are shown by the
horizontal dot-dash and dashed lines, respectively.

time- and frequency-dependent light-curve behaviour (e.g. Metzger
et al. 2010; Grossman et al. 2014; Kasen, Ferndndez & Metzger
2015). The fraction of Lanthanides and Actinides in the ejecta is
particularly impactful in this regard; the complex absorption patterns
of these more massive elements absorb much of the light at optical
frequencies, resulting in ‘red’ (infra-red bright) emission (Barnes &
Kasen 2013; Kasen, Badnell & Barnes 2013; Tanaka & Hotokezaka
2013; Kasen et al. 2015; Tanaka et al. 2020). This can be broadly
understood from the approximated grey opacities in Table 1, where
emission components with higher values contribute more in the
infra-red (K-band, orange lines) at later times, while those with
lower values produce optical emission (g-band, green lines) earlier
in the evolution. The i-band (blue lines) is intermediate in frequency
between the two. The total ejecta mass depends strongly on xpy
(e.g. Etienne et al. 2009; Kyutoku et al. 2011; Lovelace et al. 2013;
Kyutoku et al. 2015; Foucart et al. 2018), hence higher spin models
result in more massive winds and dynamical outflows that produce
brighter and longer-lived emission.

Our model shows that while kilonovae from BHNS mergers at this
distance are likely not detectable by the current generation of survey
telescopes like the ZTF (Bellm et al. 2019), the Asteroid Terrestrial
Impact Last Alert System (Tonry et al. 2018) or the Gravitational-
wave Optical Transient Observer (Dyer et al. 2020; Steeghs et al.
2022), these events are expected to be detectable by the Vera Rubin
Observatory (Ivezic et al. 2019; Andreoni et al. 2022). Such a finding
is in line with the non-detections of BHNS merger candidates during
O3 (Hosseinzadeh et al. 2019; Lundquist et al. 2019; Ackley et al.
2020; Andreoni et al. 2020; Antier et al. 2020; Gompertz et al. 2020a;
Oates et al. 2021; Paterson et al. 2021; Anand et al. 2021b), though
GW-triggered events are likely to be probed to greater depths than
untriggered survey observations.

In addition to the kilonova described above, we can estimate the
power of any short GRB that is launched. For aligned spins of gy =
0.2, 0.56, and 0.9, we estimate that 2.0 x 107> Mg, 3.0 x 1072 M,
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and 1.4 x 107! Mg, accretes onto the remnant BH after accounting
for disc wind outflows. The luminosity of the resultant jet can be
approximated by L = €M, /t,ccc’ ergs™", where M, is the mass
accreted in time t,.. and € is the efficiency in converting accretion
power to electromagnetic luminosity (cf. Ruiz, Shapiro & Tsokaros
2021). For efficiencies of the order of 1 per cent and accretion time-
scales <$2s, our accreted masses provide reasonable agreement with
the observed short GRB population, which have typical luminosities
in the 15-150keV Swift-BAT bandpass of ~10% ergs~! (e.g. Gom-
pertz, Levan & Tanvir 2020b, assuming a 10° jet opening angle).
However, the most massive discs, particularly those corresponding
to xgu = 0.9, require accretion time-scales of the order of a hundred
seconds to produce suitable luminosities. This is consistent with the
population of ‘extended emission’ GRBs (Norris & Bonnell 2006;
Norris, Gehrels & Scargle 2010; Gompertz et al. 2013) which were
recently linked to compact object mergers through the detection
of a kilonova alongside GRB211211A (Gompertz et al. 2022a;
Rastinejad et al. 2022; Troja et al. 2022, though see Waxman,
Ofek & Kushnir 2022 for an alternative interpretation) and have
been suggested to arise from BHNS mergers (Troja et al. 2008;
Gompertz et al. 2020b). Such long accretion time-scales may be
achieved through late fall-back from marginally bound tidal tails
(Rosswog 2007; Desai, Metzger & Foucart 2019).

4 CONCLUSIONS AND DISCUSSION

The possibility of observing electromagnetic counterparts, i.e. short
GRBs and kilonovae, from the merger of BHNS binaries is an
exciting prospect for multimessenger astronomy. The existence and
detectability of these counterparts is sensitive to the properties of
the BHNSs that produce them, implying that accurate modelling
of populations of BHNS binaries is crucial for understanding the
prevalence of counterparts in the Universe. Currently, there are
great uncertainties in models of BHNS binary formation and spin
evolution.

The most important BHNS properties for producing a large amount
of ejecta mass mgjecra, and hence a detectable counterpart, are the
masses of the BH and NS, and the aligned component of the BH spin
xBu- We explored the dependence of these quantities on two key
mechanisms by which BHs in BHNS binaries may obtain high spin
magnitude. Either the BH inherits spin from its WR stellar progenitor
that evolved under weak core-envelope coupling with a fraction f
of its maximum breakup spin, or the BH gains spin by accreting a
fraction f, of its companion’s envelope. Significant mejec, is possible
from:

(1) Inheritance of high BH spin yx; via weak core-envelope
coupling with fg 2 0.03, where xpy scales linearly with fz until
the Kerr limit is saturated.

(ii) Accretion of high BH spin, where the BH spin scales non-
linearly with f,. The mass of the BH increases with increasing f,,
which suppresses migjecta if the initial mass of the BH is too large.

(iii) Spin-orbit misalignments that are not too large, where the
source of misalignments are natal kicks.

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

We also identify signatures of fg and f, on the BH spin and possible
ejected mass in two formation pathways defined as Al (B1) when
the primary star undergoes SMT (common envelope evolution) and
the secondary undergoes common envelope evolution (SMT). An
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asymmetry exists between the ejected mass of BHNSs in these
pathways, as moderate, not highly conservative accretion can provide
a high BH spin and significant ejected mass in B1 but not in Al. For
a given stellar initial mass function, we predict more high-ejecta-
mass kilonovae for binaries that evolve in Pathway Al if typically
fs 2 0.04, while kilonovae from binaries that evolve in Pathway
B1 can be limited by increased BH mass from (moderate, not highly
conservative) accretion. We assumed a low metallicity Z=2 x 107,

As the simple model we consider here is not capable of producing
realistic predictions of the BHNS population, we expect that these
signatures for BH spin can help to distinguish these two formation
pathways — we note that other formation pathways are certainly
possible for isolated binaries, see e.g. Broekgaarden et al. (2021).
To do so, with statistical rigor would require hierarchical Bayesian
analysis of BHNS binaries with gravitational-wave detections in con-
junction with electromagnetic follow-up of kilonova observations,
and more sophisticated models of binary evolution than considered
here. Nevertheless, acquiring a statistically large population of
observed BHNSs may prove difficult, especially ones with kilonova
counterparts, implying that Bayesian analysis of individual events
may also be useful. Although such a task is not trivial, it is certainly
feasible since constraints on f, have already been placed on the
LIGO/Virgo BH binary events via a backwards sampling scheme
and the COSMIC population synthesis code (Wong et al. 2022).
For example, Bayesian analysis using gravitational wave data of a
BHNS event and a detailed population synthesis model can provide
constraints on fg, f,, and mpy, a detailed kilonova model used on
electromagnetic observations can provide constraints on 7migjecta, and
together the possible formation history of the binary can be probed
by leveraging the signatures identified here, e.g. Figs 4 and 5.

The strength of core-envelope coupling is an underlying process of
the progenitors of stellar-mass BHs, implying this uncertainty affects
all formation channels of BHNS binaries. When we showed the effect
of accretion in Pathway B1, we assumed that core-envelope coupling
was strong, which provides negligible natal BH spin magnitudes.
Binaries that evolve in Pathway Al under strong core-envelope
coupling will retain negligible BH spins in the absence of other spin-
up mechanisms, which disallows significant mejeca. In reality, the
strength of core-envelope coupling is possibly not extremely weak or
strong and depends on the mechanism that drives angular momentum
transport within the stellar interior. Population synthesis models
typically assume that core-envelope coupling is strong, however, this
is uncertain for high mass stellar progenitors of BHs (Bowman 2020).
We contend that better understanding of this process is crucial for
predicting mejecio and the detectability of BHNS binary counterparts.
If strong core-envelope coupling is prevalent in high-mass stars in
nature, the results of this study offer predictions that can be used
to rule out the presence of weak core-envelope coupling in the
progenitors of BHNSs.

In our model, disc accretion can produce a highly spinning BH in
Pathway B1 where the secondary star undergoes SMT. It is suspected
that this accretion needs to be highly super-Eddington to achieve large
BH spin (Zevin & Bavera 2022). Eddington-limited accretion would
greatly Suppress x i, Mejecta» and the observability of any counterpart.
However, super-Eddington accretion is not impossible in principle,
as the Eddington limit depends on the geometry of the accretion
and various kinds of instabilities. It is suspected that ultra-luminous
X-ray binaries contain NSs accreting far above the Eddington limit,
and 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
our BHNS binaries. Although there exist considerable uncertainties
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in the physics of kilonova, the light-curve model utilized here is
robust and reflects the current understanding. We showed that the
kilonova emission that results from our highly spinning BHNSs are
undetectable by ZTF, but will be discovered by future telescopes
such as the Vera Rubin Observatory. Binaries that inherit high BH
spin with fg 2 0.03 and binary mass ratio Q = 3.6 are predicted to
produce kilonovae with peak brightness M; ~ —14.5 for a few days
of observing time and should be detectable from up to ~500 Mpc
away in a 30 s visit by Rubin.

Such systems may also produce short GRBs (e.g. Paschalidis et al.
2015), and we showed that the expected jet luminosity is consistent
with the observed short GRB population. However, drawing direct
links between the properties of the binaries and the GRB light curves
is not possible due to uncertainties in the jet launch mechanism,
the process by which y-rays are produced in the jet, and the highly
variable circumstellar environment. The isotropic nature of kilonovae
also makes them more promising electromagnetic counterparts for
gravitational wave detections of BHNSs compared to the strongly
beamed short GRBs.

Although the two BHNS mergers GW200115 and GW200105
found by LIGO/Virgo had unfavourable parameters for producing
electromagnetic counterparts, our results show that rapidly rotating
BHs in BHNS binaries, significant ejecta masses, and detectable
kilonova emission are possible through accretion and inheritance
of spin. Comparing the distributions of ejected masses from future
electromagnetic searches with the binary parameters inferred by
gravitational wave detectors offers a promising means to determine
the physical mechanism producing the BH spin in these systems.
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