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A B S T R A C T 

The identification of the first confirmed neutron star–black hole (NS-BH) binary mergers by the LIGO, Virgo, and KAGRA 

collaboration provides the opportunity to investigate the properties of the early sample of confirmed and candidate events. 
Here, we focus primarily on the tilt angle of the BH’s spin relative to the orbital angular momentum vector of the binary, 
and the implications for the physical processes that determine this tilt. The posterior tilt distributions of GW200115 and the 
candidate events GW190426 152155 and GW190917 114630 peak at significantly anti-aligned orientations (though display 

wide distributions). Producing these tilts through isolated binary evolution would require stronger natal kicks than are typically 

considered (and preferentially polar kicks would be ruled out), and/or an additional source of tilt such as stable mass transfer. 
The early sample of NS-BH events are less massive than expected for classical formation channels, and may provide evidence 
for efficient mass transfer that results in the merger of more massive NS-BH binaries before their evolution to the compact phase 
is complete. We predict that future gra vitational-wa ve detections of NS-BH events will continue to display total binary masses of 
≈7 M � and mass ratios of q ∼ 3 if this interpretation is correct. Conversely, the high mass of the candidate GW191219 163120 

suggests a dynamical capture origin. Large tilts in a significant fraction of merging NS-BH systems would weaken the prospects 
for electromagnetic detection. Ho we ver, EM observ ations, including non-detections, can significantly tighten the constraints on 

spin and mass ratio. 

Key w ords: gravitational w aves – binaries: general – stars: neutron. 
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 I N T RO D U C T I O N  

he era of gra vitational-wa ve (GW) astronomy has driven a revolu-
ion in our understanding of the physics of compact objects. Since the
rst disco v ery of a merging binary black hole (BBH) system (Abbott
t al. 2016 ), the Advanced LIGO (LIGO Scientific Collaboration
t al. 2015 ), and Virgo (Acernese et al. 2015 ) interferometers have
rovided a remarkable wealth of information on the denizens of
he ‘stellar grav e yard’. P articularly notable milestones include the
dentification of the first intermediate mass black hole (BH; Abbott
t al. 2020a ) and the detection of the landmark GW170817, the first
ignal from a merging binary neutron star (NS) system (Abbott et al.
017a ). The latter event also yielded the first ever electromagnetic
EM) counterpart to a GW event; the gamma-ray burst (GRB)
70817A (Goldstein et al. 2017 ; Hallinan et al. 2017 ; Margutti et al.
017, 2018 ; Savchenko et al. 2017 ; Troja et al. 2017 ; Abbott et al.
017c ; D’Avanzo et al. 2018 ; Lyman et al. 2018 ; Mooley et al.
018 ; Troja et al. 2018 ; Lamb et al. 2019 ), and the kilonova (KN)
T2017gfo (Andreoni et al. 2017 ; Arcavi et al. 2017 ; Chornock et al.
017 ; Coulter et al. 2017 ; Cowperthwaite et al. 2017 ; Drout et al.
017 ; Evans et al. 2017 ; Kasliwal et al. 2017 ; Lipunov et al. 2017 ;
cCully et al. 2017 ; Nicholl et al. 2017 ; Pian et al. 2017 ; Shappee

t al. 2017 ; Smartt et al. 2017 ; Soares-Santos et al. 2017 ; Tanvir et al.
017 ; Utsumi et al. 2017 ; Valenti et al. 2017 ; Villar et al. 2017 ),
 E-mail: b.gompertz@bham.ac.uk 

e  

b  

(  

Pub
eralding the advent of GW-EM multimessenger astronomy (Abbott
t al. 2017b ). 

More recently, the LIGO–Virgo–KAGRA (Kagra Collaboration
t al. 2019 ) collaboration (LVK) announced the detection of the
erger of two NS-BH binary mergers (Abbott et al. 2021c ), com-

leting the set of compact binary merger constituents. The two
inaries were measured to have component masses of 8 . 9 + 1 . 2 

−1 . 5 and
 . 9 + 0 . 3 

−0 . 2 M � (GW200105), and 5 . 7 + 1 . 8 
−2 . 1 and 1 . 5 + 0 . 7 

−0 . 3 M � (GW200115)
ssuming agnostic priors for the spin of the secondary . Interestingly ,
he spin projection of the primary of GW200115 on to the orbital
ngular momentum was ne gativ e with 88 per cent probability,
otentially indicating a significant spin-orbit tilt angle. The primary
pin magnitude of GW200105 was less than 0.23, but its direction
as unconstrained. In addition to the newly confirmed events, known
S-BH candidates also include GW190426 152155 and GW190814

Abbott et al. 2021b ), GW190917 114630 (The LIGO Scientific
ollaboration et al. 2021a ), and GW191219 163120 (The LIGO
cientific Collaboration et al. 2021b ). The 2 . 59 + 0 . 09 

−0 . 08 M � secondary
f GW190814 (Abbott et al. 2020b ) is much more massive than even
he heaviest known NSs (Demorest et al. 2010 ; Antoniadis et al. 2013 ;
romartie et al. 2020 ) and is omitted here as a likely BBH event. 
The NS-BH variant of compact object mergers garners particular

ttention because it enables observers to explore the maximum stable
ass of an NS, and the lower ‘mass gap’ between 3–5 M � (e.g. Özel

t al. 2010 ; Farr et al. 2011 ). If the inspiraling NS is disrupted
efore plunging into the BH, EM observations may also be possible
e.g. Kawaguchi et al. 2016 ; Foucart, Hinderer & Nissanke 2018 ;
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. PPD of the BH tilt angles assuming the default spin model of 
Abbott et al. ( 2021d ). The BH spins of GW200115 (red), GW190426 152155 
(orange dashed) and GW190917 114630 (light blue) clearly stand out from 

the BH population (grey), where the solid grey line is the mean of the PPD 

and the shaded region demarcates the 5th and 95th quantile. 
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ern ́andez, Foucart & Lippuner 2020 ; Kr ̈uger & Foucart 2020 ).
ombined with GW measurements of the mass, EM observations 
f compact binary mergers can provide multimessenger constraints 
n the NS equation of state (EoS) (Margalit & Metzger 2017 , 2019 ;
oughlin et al. 2019 ; Dietrich et al. 2020 ; Breschi et al. 2021 ; Nicholl
t al. 2021 ) 

The ability to study non-photonic e vents, pre viously inaccessible 
o traditional EM astronomy, has also led to tighter constraints 
n properties such as merger rates, mass distributions, and binary 
onfigurations (Abbott et al. 2021d ). In turn, these observations can 
e used to elucidate the properties of the population of compact 
inaries prior to the merger. In particular, the mechanism by which 
he binary was formed may imprint itself on the tilt angle θBH ; the
nclination between the BH spin and the binary orbital plane. This
ossibility has been previously explored in e.g. Farr et al. ( 2017 ),
tevenson, Berry & Mandel ( 2017 ), Talbot & Thrane ( 2017 ), Vitale
t al. ( 2017a ), and Roulet et al. ( 2021 ). 

In cases where the binary formed via dynamical capture, whether 
n dense stellar clusters (e.g. Hoang, Naoz & Kremer 2020 ; Rastello
t al. 2020 ; Ye et al. 2020 ) or AGN discs (e.g. McKernan et al.
020a ; McKernan, Ford & O’Shaughnessy 2020b ), we can expect 
n isotropic distribution of tilt angles because the spins of the two
onstituents are independent of one another and the orbital plane is
et by the direction of approach during the capture (e.g. Rodriguez 
t al. 2016 ). Where the system was formed via isolated binary evo-
ution (e.g. Smarr & Blandford 1976 ; Srini v asan 1989 ; Belczynski,
alogera & Bulik 2002 ), the misalignment is expected to be small
ecause viscous forces will align both the spins and the orbit along
he dominant angular momentum plane of the original gas cloud. 

Ho we ver, the identification of significant tilt angles is not necessar-
ly a smoking gun for dynamical capture because several mechanisms 
till exist by which the spin of one or both of the constituents
f a binary formed in isolation may become misaligned with the 
rbital plane. Possible mechanisms include natal kicks that imbue 
 significant velocity on the stellar remnant during core collapse 
e.g. Rodriguez et al. 2016 ), or stable mass transfer that may tilt
he donor star’s spin vector into the orbital plane (e.g. Stegmann 
 Antonini 2021 ). In addition to this, the efficiency with which

ommon-envelope (CE) processes and tidal forces can realign the 
pin and orbit vectors is uncertain. 

Broekgaarden & Berger ( 2021 ) demonstrated that the chirp 
asses, component masses, and mass ratios of GW200105 and 
W200115 are consistent with an isolated binary evolution channel 

n their population synthesis modelling. Combined with the low 

xpected rates of dynamical capture-driven NS-BH mergers (e.g. 
rca Sedda 2020 ; Hoang et al. 2020 ; Ye et al. 2020 ), we consider

he isolated binary formation channel as our preferred pathway. In 
his paper, we investigate the physical processes that may produce 
ignificant spin-orbit anti-alignment, and compare the tilt angles of 
onfirmed or candidate NS-BH mergers to the population of BBH 

ergers presented in (Abbott et al. 2021d ). In Section 2, we describe
he data sample and assess the GW posteriors for the BH tilt angle.

e then draw constraints, on compact binary evolution, in Section 3, 
nd their implications for future observations of compact binaries in 
ection 4. Finally, we discuss our conclusions in Section 5. 

 G R A  V ITATIONA L-WA  V E  OBSERVATIONS  

o determine whether the BH spin tilt angles θBH observed in the 
S-BH mergers are consistent with the observed astrophysical BH 

opulation, we compare the BH tilt angle measurements of the NS- 
H events to the full GW-detected BH sample, which consists 
 xclusiv ely of BBH mergers. We construct posterior predictive 
istributions (PPD) for the spin tilt using the public posteriors from
he default spin model (Abbott et al. 2021 , 2021a , d ), treating the spin
f each component BH as being independently drawn from the same
nderlying distribution. The default spin tilt distribution is a mixture 
odel consisting of an isotropic component and a second component 

n which the spins are preferentially (anti-) aligned with the orbital
ngular momentum (Talbot & Thrane 2017 ). We note that only the
Hs listed in table 1 of Abbott et al. ( 2021d ) are included in this
opulation analysis. 
Fig. 1 shows the one-dimensional posterior probability density 

PDF) of the cosine of the BH tilt angle for the population of BBH
ergers (grey) alongside the tilt PDFs of the BHs in the individual
S-BH events. We take our posterior sample sets from the most

ecent LVK data release available (Table 1 ). While the BH spin tilts of
W191219 163120 and GW200105 are indistinguishable from the 
rior, the BH spin tilts of GW190426 152155, GW190917 114630, 
nd GW200115 show posterior support that is distinct from the prior
nd the observed BH population. Since the spin measurements are 
ominated by the primary object and the tilt angle is expected to be
argely unchanged after the first supernova (SN) (e.g. Gerosa et al.
018 ), such a difference may reflect discrepancies in either the pre-
N evolution or the magnitude of the natal kicks experienced by the

wo populations. In particular, BHs at the higher end of the BBH
ass distribution likely come from distinct progenitor populations, 

nd form via direct collapse with very little mass ejection and highly
uppressed natal kicks. 

F or a quantitativ e measure of the statistical difference between
he mean BH tilt PPD and the one-dimensional PDF for the five
S-BH candidates, we employ the Jensen–Shannon divergence 

 D JS ; Lin 1991 , see T able 1 ). W e find a departure between the
easured spin tilt posteriors of GW200115, GW190917 114630, and 
W190426 152155, and the median of the observed astrophysical 
H population from the BBH events. The median values of the

pin tilt posteriors for these three events are ≈−0.55, compared 
o + 0.24 for the BBH population. This suggests support for the
ypothesis that the BHs of at least GW200115, GW190917 114630, 
nd GW190426 152155 stand out from the observed population. 
he BH tilt posteriors for GW200105 and GW191219 163120, 
n the other hand, are uninformative relative to the spin tilt prior
nd fully consistent with the population PPD. The cumulative 
istribution functions (CDFs) of GW200115, GW190917 114630, 
nd GW190426 152155 show 79.9, 72.6, and 74.2 per cent of the
otal probability in fa v our of tilts greater than 90 degrees (cos ( θ ) ≤
), respectively. 
MNRAS 511, 1454–1461 (2022) 
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Table 1. GW events taken to be NS-BH merger candidates in this analysis. Data presented are median values with 90 per cent credible 
intervals. 

Event Tilt D JS m 1 m 2 m tot Release Sample set 
cos ( θ ) (M �) (M �) (M �) 

GW190426 152155 −0 . 53 + 1 . 36 
−0 . 43 0.17 5 . 7 + 3 . 9 −1 . 5 1 . 5 + 0 . 8 −0 . 5 7 . 2 + 3 . 5 −1 . 5 GWTC-2 PRECESSINGSPINIMRHM 

GW190917 114630 −0 . 54 + 1 . 27 
−0 . 44 0.17 9 . 3 + 3 . 4 −4 . 4 2 . 1 + 1 . 5 −0 . 5 11 . 4 + 3 . 0 −2 . 9 GWTC-2.1 PRECESSINGSPINIMRHM 

GW191219 163120 0 . 00 + 0 . 74 
−0 . 86 0.07 31 . 1 + 2 . 2 −2 . 8 1 . 17 + 0 . 07 

−0 . 06 32 . 3 + 2 . 2 −2 . 7 GWTC-3 C01:MIXED 

GW200105 0 . 01 + 0 . 90 
−0 . 93 0.03 9 . 0 + 1 . 7 −1 . 7 1 . 91 + 0 . 33 

−0 . 24 11 . 0 + 1 . 5 −1 . 4 GWTC-3 C01:MIXED 

GW200115 −0 . 56 + 1 . 15 
−0 . 40 0.22 5 . 9 + 2 . 0 −2 . 5 1 . 44 + 0 . 85 

−0 . 29 7 . 4 + 1 . 8 −1 . 7 GWTC-3 C01:IMRPHENOMXPHM:HIGHSPIN 
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It is important to note here that all of the statements we make about
he posterior distributions are sensitive to the choice of priors (see
.g. Vitale et al. 2017b ; Mandel & Fragos 2020 ; Zevin et al. 2020 ).
hese are uniform in spin magnitude and isotropic in spin orientation

Abbott et al. 2021b ). Different assumptions about the prior may
roduce different posterior distributions, though quantifying this
ffect is beyond the scope of this paper. 

 C O N S T R A I N T S  O N  C O M PAC T  BINARY  

VO L U T I O N  

he dominant channel for producing compact binary mergers is
xpected to be isolated binary evolution, wherein the two stars are
orn, evolve, and merge without outside interaction. This channel
redicts merger rates of ∼few × 1 −100 Gpc −3 yr −1 , consistent with
he current population of GW-detected NS-BH mergers (Dominik
t al. 2013 ; Mapelli & Giacobbo 2018 ; Wysocki et al. 2018 ;
roekgaarden & Berger 2021 ; Broekgaarden et al. 2021 ). Rates

ower by 1-2 orders of magnitude are predicted from formation in
lobular clusters (Clausen, Sigurdsson & Chernoff 2013 ) or from
solated triples (Fragione & Loeb 2019 ). Ho we ver, gi ven current
odel uncertainties, significant contributions to the merger rate could

lso arise from dynamical interactions in young stellar clusters (but
ee Fragione & Banerjee 2020 ; Hoang et al. 2020 ; Rastello et al.
020 ; Santoliquido et al. 2020 ) and the disks of active galactic nuclei
McKernan, Ford & O’Shaughnessy 2020c ). 

Broadly, the ‘classic’ isolated binary channel proceeds as follows
e.g. Smarr & Blandford 1976 ; Srini v asan 1989 ; Belczynski et al.
002 ): The binary is born with the component spins roughly aligned
ith the orbit. The more massive (primary) component evolves to fill

ts Roche lobe, and initiates stable mass transfer on to the secondary.
ventually, the primary star ends its life as a core-collapse SN and

orms the first compact object, which is usually a BH. The SN imparts
 natal kick on the primary, which can unbind o v er 95 per cent of
ide binaries (e.g. Renzo et al. 2019 ). This natal kick is thought to
e the dominant influence on the eventual tilt of the primary (Gerosa
t al. 2018 ), with the tilt largely unchanged from this point onward. 

If the binary survives the kick, the secondary star will later evolve
o fill its Roche lobe and initiate mass transfer on to the primary.
his transfer can become unstable, and result in a CE phase (e.g.

v anov a et al. 2013 ). The CE rapidly decreases the binary separation
hrough viscous drag. If the CE can be ejected before a merger
ccurs, the subsequent core-collapse SN of the secondary results in
 tight compact object binary that will eventually merge as its orbital
ngular momentum is lost to GW emission. 

.1 Natal kicks 

n the absence of direct observations of BH velocities, the distribution
f their natal kicks is often assumed to be a modified version
NRAS 511, 1454–1461 (2022) 
f the NS natal kick distribution. This is typically taken to be
 Maxwellian distribution with a dispersion of σ = 265 km s –1 ,
ased on the observed velocities of pulsars in the Milky Way
Hobbs et al. 2005 ). Rodriguez et al. ( 2016 ) explored the BBH
ilt angles induced by natal kicks with three different prescriptions
or converting the observed NS kick distribution into a BH kick
istribution: 

(i) ‘Fallback kicks’, wherein some fraction f fb of the ejected mass
proportional to the core mass of the progenitor star) will ‘fall back’
n to the BH, damping its velocity by V 

BH 
kick = (1 − f fb ) V 

NS 
kick . 

(ii) ‘Proportional kicks’, where the BH natal kick is modified in
roportion with the maximum mass of an NS by V 

BH 
kick = 

(
m NS 
m BH 

)
V 

NS 
kick .

(iii) ‘Full kicks’, where V 

BH 
kick = V 

NS 
kick . 

Each prescription was assessed for an isotropic distribution of
icks, and a ‘polar’ distribution confined to a cone with a half opening
ngle of 10 ◦ from the star’s spin axis. Polar kicks are moti v ated by
he observed relationship between the rotation axis and direction of

otion in some pulsars (e.g. Johnston et al. 2005 ; Yao et al. 2021 ).
he BBH population was created by evolving a stellar population
ith the binary stellar evolution (Hurley, Tout & Pols 2002 ) code.
his parent population featured a range of metallicities between
.005 and 1.5 Z �. Primary masses were drawn from a Kroupa ( 2001 )
nitial mass function ranging between 18 and 150 M �, with a flat

ass ratio distribution between 0 and 1. The semimajor axes of the
inaries were drawn from a flat distribution in log space between 10
nd 10 5 R �. The final sample of BBHs was limited to only those that
ould merge via gra vitational-wa ve emission within 13.8 Gyr. The

ilt of the orbit after each natal kick is calculated using the formalism
eveloped in the appendix of Hurley et al. ( 2002 ). After being kicked,
ach binary was evolved (Gerosa & Kesden 2016 ) until it entered
he LIGO band (10 Hz), at which point the tilts are assessed. For
urther discussion on the effects of natal kicks on binary orbits and
ow spin-orbit tilt can be calculated, see e.g. Tauris & Takens ( 1998 ),
randt & Podsiadlowski ( 1995 ), and Kalogera ( 1996 , 2000 ). 
Using the data of Rodriguez et al. ( 2016 ), we investigate the tilt of

he primary star as a function of its mass for each kick prescription
Fig. 2 ). Data are grouped into bins of 2 M �, which is the cause of the
spik y’ curv e. Polar kicks produce misalignments of cos ( θ ) > 0.5 in
lmost all cases, including for full kicks. While only the ‘isotropic
ull kicks’ prescription produces significant tilt across the full range
f masses, the ‘isotropic fallback’ and ‘isotropic proportional’ kick
rescriptions can produce significant, even anti-aligned, tilts for
ower mass stars. If tidal forces can efficiently realign the spins
ith the orbital plane, the expected tilt angles are greatly reduced

Rodriguez et al. 2016 ). Ho we ver, tidal processes will preferentially
ork to align the spin of the less massive object, which is usually

he second SN (Gerosa et al. 2018 ), whereas here we are interested
n the more massive object (since it is the tilt of the BH that is well

easured). 
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Figure 2. The spin-orbit tilt angles induced on a nascent BH as a result of 
the natal kick it receives during SN as a function of its mass for primary 
stars considered in Rodriguez et al. ( 2016 ). Shaded regions show where the 
lower 90 per cent of sources lie for three different kick prescriptions, with the 
median tilts for each indicated by the solid, dashed and dotted lines for the 
fallback, proportional and full kicks, respectively. Data are grouped into bins 
of 2 M �. The upper panel is for polar kicks, and the lower for an isotropic 
distribution. The 90 per cent confidence intervals for the primary mass and 
tilt is shown for GW200115, GW190917 114630, and GW190426 152155. 
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We consider the three events that show significant posterior diver- 
ence from both the prior and the BBH tilt distribution (Table 1 ). The
0 per cent confidence interval of the tilt of GW200115 is inconsistent
ith the 90th centile of tilts for an isolated binary evolution channel

hat fa v ours polar natal kicks, regardless of which prescription is
sed. GW190917 114630 is inconsistent with the proportional and 
allback tilt distributions. The 90 per cent confidence interval of the 
ilt of GW190426 152155 does marginally o v erlap with the 90th
entile of tilts for the polar kick distributions. Considering the three 
vents together, we conclude that a polar kick distribution for BHs
s disfa v oured by the GW observations. Although we are comparing
S-BH mergers to BBH mergers here, Fig. 2 demonstrates that 

ilt can be achieved via natal kicks in lower mass BHs, while in
igher mass cases these natal kicks are suppressed either by fallback 
aterial or conservation of momentum arguments. We expect BBH 

rimaries with masses comparable to the BHs in our NS-BH events 
o be directly comparable. This may not be the case for higher mass
ystems, which could arise through different evolutionary pathways. 

When compared to the isotropic kick distributions (Fig. 2 , 
ower), the peak probabilities of the posterior tilt distributions of 
W200115, GW190917 114630, and GW190426 152155 are to- 
ards the edges of the 90th centile of tilts produced by BH natal kicks,

lthough their confidence intervals extend to more moderate tilts. 
W190917 114630 is inconsistent with the fallback distribution. 
aving three of the first five known events (with the other two
nconstrained) towards the edge of the expected tilt distribution is 
ot impossible, but it may hint at either another mechanism by which
ilt can be induced, or point towards higher-than-expected BH natal 
ick velocities. The latter conclusion was also suggested to explain 
he tilt of the low-mass BBH GW151226 (O’Shaughnessy, Gerosa 
 Wysocki 2017 ), reconcile the relative rates of BBH and binary NS
ergers detected in GW (Chruslinska et al. 2018 ), align the predicted

nd observed spin distributions of the BBH population (Callister, 
arr & Renzo 2020 ) and in independent analyses of GW200105
nd GW200115 (Fragione, Loeb & Rasio 2021 ). Some estimates 
f BH velocities from low mass X-ray binaries imply velocities of
0 km s −1 or less (Mandel 2016 ), though other studies prefer higher
ick velocities of > 100 km s −1 (Repetto, Igoshev & Nelemans 2017 ).
lternatively, Zhu ( 2021 ) suggests that large tilt angles could be

chieved in GW200115 with an extremely high velocity (600 km s –1 )
atal kick to the NS during the second SN in the binary if it were
irected within 30 ◦ of the pre-SN orbital plane. 

.2 Additional tilt from stable mass transfer 

tegmann & Antonini ( 2021 ) explore the effects of stable mass
ransfer prior to the first SN on the tilt angle of BBH systems.

ass transfer is shown to slowly tilt the donor (primary) star from
n (assumed) initially aligned configuration (cos ( θ ) = 0.9–1.0) 
ntil the spin is significantly misaligned (cos ( θ ) ∼ 0). End-to-end
imulations accounting for mass transfer, natal kicks, tidal forces, 
nd the CE phase result in a population of BBH mergers with a tilt
ngle distribution that peaks at an aligned configuration, but remains 
elatively flat between cos ( θ ) = 1 and cos ( θ ) = 0. If tides are weak,
his distribution may even become bimodal around cos ( θ ) = 1 and
os ( θ ) = 0. Anti-aligned spins (cos ( θ ) < 0) remain comparatively
are; an order of magnitude or more less common. 

The median tilts of our sample with significant divergence between 
osterior and prior (Table 1 ) lie well away from the peaks of the tilt
ngle probability distributions discussed in Stegmann & Antonini 
 2021 ). Ho we ver, the 90 per cent confidence intervals are broad, and
onsistent with cos ( θ ) = 0, where the probability rapidly rises. The
nclusion of tilt via stable mass transfer therefore serves to ease the
ension between the expectations for BH kicks and the peak posterior
easurements. Ho we ver, the peaks of the distributions still fa v our

ilts that are greater than would be expected from a combination of
anonical BH kick velocities and tilting via stable mass transfer (cf.
tegmann & Antonini 2021 ). 

.3 Obser v ational implications for binary evolution physics 

ndependent of its potential to induce tilt, stable mass transfer prior
o the first SN has important effects on the mass distribution and
erger rate of NS-BH binaries (Kruckow et al. 2018 ; Broekgaarden

t al. 2021 ; Shao & Li 2021 ). In particular, when accretion of the
ass lost by the primary on to the secondary is efficient, binaries

ollowing the ‘classic’ channel (see Section 3) tend to merge before
hey can become compact binaries (Broekgaarden et al. 2021 ). This
eads to a reduction of the o v erall NS-BH merger rate, and a rise in
he relative rates of non-traditional channels such as those that a v oid
E (or alternatively experience it twice), or those that proceed via
hemically homogeneous evolution (e.g. Marchant et al. 2017 ). 
MNRAS 511, 1454–1461 (2022) 
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We emphasize that the predictions for a higher efficiency stable
ass transfer pathway are in good agreement with the observations

f the first two confirmed NS-BH mergers, and the candidates
W190426 151255 and GW190917 114630. In particular, Model
 in Broekgaarden et al. ( 2021 ), which fixes the fraction of mass

ost by the donor that is accreted by the secondary to β = 0.5,
redicts that the GW-detected distribution of NS-BH mergers will
eak at a total binary mass of ≈7 M �, with a preference for mass
atios of q ≈ 3. This compares fa v ourably to our sample (Table 1 ),
articularly GW190426 151255 and GW200115. The exception is
W191219 163120, which has a 31.1 M � BH that is not well
 xplained by an y of the progenitor pathway models. Furthermore, the
vent-based NS-BH merger rate derived in Abbott et al. ( 2021c ) from
W200105 and GW200115 is fully consistent with the expected
erger rate of Model C in Broekgaarden et al. ( 2021 ), although both

xhibit broad distributions. 
The early NS-BH merger observations may therefore suggest that

he ‘classic CE’ formation channel where binaries undergo one CE
hase may be less common than expected in NS-BH events. If orbital
ecay is indeed being facilitated in many cases by efficient stable
ass transfer or two CE phases, then future NS-BH merger events

e.g. during the LVK O4 run) will continue to show total binary
asses distributed around 7 M �. This is in contrast to the mass

istribution in the fiducial model of Broekgaarden et al. ( 2021 ),
hich peaks at around 15 M � (in part because more massive systems

hould be easier to detect in GW). A preference for lower mass (5–
5 M �) BHs (and higher mass NSs), compatible with the observed
S-BH sample, was also shown in Giacobbo & Mapelli ( 2018 ). 
Conversely, some dynamical capture channels suggest NS-BH
ergers that are significantly more massive than expected for the

solated binaries (e.g. Rastello et al. 2020 ). This pathway may
rovide a natural explanation for GW191219 163120. Rastello
t al. ( 2020 ) find that roughly 25 per cent of NS-BH mergers
esulting from dynamical capture will have a total binary mass of
 30 M �. They estimate the overall rate of mergers formed in this
ay to be ∼28 Gpc −3 yr −1 , a factor of ∼2 less than the isolated

volution merger rate of ∼49 Gpc −3 yr −1 (Santoliquido et al. 2020 ).
herefore, our relative observed rates of four NS-BH mergers
onsistent with isolated binary evolution to one v ery massiv e ( m tot 

 30 M �) NS-BH merger potentially driven by dynamical capture
s in good agreement with the rates derived by Rastello et al. ( 2020 )
nd Santoliquido et al. ( 2020 ). 

Predictions from population synthesis modelling for the spin
agnitude of the BH at the point of merger are uncertain. A common

rediction for BBH evolution is that a BH will have essentially
ero spin at the point of merger, having lost most of its angular
omentum to stellar winds, mass transfer or angular momentum

ransport at the point of collapse (e.g. Qin et al. 2018 ; Fuller &
a 2019 ). It should be noted that despite supporting anti-aligned

ilts, the broad posterior spin distributions of GW190426 152155,
W190917 114630, and GW200115 are consistent with this picture.
o we ver, highly spinning and anti-aligned BBHs are expected in

ases with weak stellar core-envelope coupling or through tidal
ynchronisation (Steinle & Kesden 2021 ). A BH may also be spun
p prior to its collapse if it is born second, resulting in a large
pin at the point of merger (Bavera et al. 2020 ; Chattopadhyay
t al. 2021 ). Ultimately, high-mass X-ray binaries (Miller & Miller
015 ) and long GRBs (e.g. Fryer et al. 2019 ) both provide evidence
hat some BHs must be rapidly rotating in binary systems at some
oint in their evolution. The true picture is awaiting observational
onfirmation, although given the degeneracies in the GW posteriors,
ssociated EM constraints will likely be required to uniquely identify
he characteristics of the pre-merger binary. 
NRAS 511, 1454–1461 (2022) 
 I MPLI CATI ONS  F O R  MULTI MESSENGER  

VENTS  

S-BH mergers are a potential source of EM emission if the NS is
isrupted during inspiral, such that some of the material remains
utside of the BH event horizon. Hot, dense, and neutron-rich
aterial could facilitate rapid neutron capture (r-process; Lattimer
 Schramm 1974 ; Eichler et al. 1989 ; Freiburghaus, Rosswog &
hielemann 1999 ) nucleosynthesis, which would lead to a thermal

ransient known as a kilonova (KN; Li & Paczy ́nski 1998 ; Rosswog
005 ; Metzger et al. 2010 ; Barnes & Kasen 2013 ; Metzger 2017 )
hen the newly formed unstable heavy elements flow away from the
erger site in winds and dynamical ejecta, and decay to stability.

f a few tenths of a solar mass accrete on to the BH then the
erger may also power a short GRB, if a relativistic jet can be

aunched successfully (Blandford & Znajek 1977 ; Barbieri et al.
019 ; Gompertz, Le v an & Tanvir 2020b ). 
The dominant properties that predict the remnant mass outside

f the BH event horizon are the orbit-aligned component of the
pin of the pre-merger BH ( χBH ) and the mass ratio of the binary,
 . The compactness of the NS is also important. Fig. 3 shows
he expected remnant mass (cf. Foucart et al. 2018 ) as a function
f χBH and q , assuming an NS with M = 1.4 M � and a radius
f 12 km. Essentially, no mass is expected to remain outside of
he event horizon for any of our NS-BH candidates, making the
rospect of an EM accompaniment unlikely. We note that follow-up
f these four events during O3 did not yield any detected counterparts
Hosseinzadeh et al. 2019 ; Lundquist et al. 2019 ; Paterson et al.
020 ; Gompertz et al. 2020a ; Anand et al. 2021 ). While this
utcome is in line with the expected absence of an EM transient
rom modelling (see also Zhu et al. 2021 ), efforts to constrain one
ere also hindered by a combination of poor localizations (1300,
100, 7700, 900 deg 2 , 90 per cent containment) and large distances
370 + 320 

−300 , 720 + 340 
−310 , 280 + 110 

−110 , 300 + 150 
−100 Mpc) for GW190426 152155,

W190917 114630, GW200105, and GW200115 respectively (Ab-
ott et al. 2021c , b ; The LIGO Scientific Collaboration et al.
021a ). 
If NS-BH mergers do show low χBH , whether due to a low spin
agnitude or large tilt, the prospects for NS-BH-driven KNe and
RBs are poor. Ho we ver, Fig. 3 demonstrates that with a modest in-

rease in the GW-measured spin, EM observations could significantly
ighten the constraints on χBH and q by independently detecting or
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uling out a transient. This possibility has important implications for 
onstraining the properties of nuclear matter through multimessenger 
bserv ations e ven where no detection is made. Furthermore, the 
resence or absence of EM-bright NS-BH mergers provides an 
mmediate constraint on their average spins, and therefore their 
rogenitor pathways, as discussed in Section 3.3. 

 C O N C L U S I O N S  

e investigate the tilt angles of the recently announced NS-BH 

erger events GW200105 and GW200115 (Abbott et al. 2021c ) 
nd the candidates GW190426 152155, GW190917 114630, and 
W191219 163120, and compare them to the tilt angles derived for

he known population of BBH events (Abbott et al. 2021d ). The
osterior tilt distributions of GW200115, GW190917 114630, and 
W190426 152155 place them in a low-probability region of the 
PD of BBH tilt angles, with peaks that fa v our anti-aligned spins
though the distributions are broad). The tilt angles of GW200105 
nd GW191219 163120 are unconstrained. Since the measurements 
re dominated by the properties of the primary in all binaries, the tilts
easured at the point of merger are largely set following the first SN

assuming isolated binary evolution and that the BH formed first). 
ence, the discrepancy in the populations may reflect differences in 

he pre-SN evolution or the distribution of natal kick velocities. 
The peaks of the posterior tilt distributions in these events are 

n tension with canonical assumptions for BH natal kicks where 
elocities are either attenuated by post-SN fallback of material or 
odified in proportion with the BH mass (cf. Rodriguez et al. 2016 ).

f real, this may be resolved via BHs that are imbued with kick
elocities of comparable magnitudes to NSs (see also O’Shaughnessy 
t al. 2017 ; Repetto et al. 2017 ; Chruslinska et al. 2018 ; Atri
t al. 2019 ; Fragione et al. 2021 ), extreme NS kick velocities (Zhu
021 ), and/or extra tilt induced by stable mass transfer (Stegmann 
 Antonini 2021 ). Ho we ver, the broad distributions also extend to
ore moderate tilts within their 90 per cent confidence intervals. We 

lso show that the distribution of kicks are likely isotropic, since 
referentially polar kicks (moti v ated by the observed correlation 
etween the kick direction and spin axis of newly formed pulsars;
ohnston et al. 2005 ; Yao et al. 2021 ) are inefficient at producing tilt.

Independent of our considerations for the tilt angles, the early 
ample of NS-BH events and candidates display lower total binary 
asses and mass ratios than expected under typical assumptions for 

tellar evolution. These properties are consistent with an evolutionary 
athway that features efficient stable mass transfer prior to the first
N, e.g. Model C in Broekgaarden et al. ( 2021 ). The rates predicted
y this model also match the event-based rate of NS-BH mergers in
bbott et al. ( 2021c ). If this is a general property of binary evolution

hen the ‘classic’ channel may be much less common than is typically
ssumed, with more massive stellar binaries merging before they 
ecome compact objects. We predict that future NS-BH detections 
n GW will continue to be distributed around a total binary mass of

7 M � and a mass ratio of q ≈ 3 if this is the correct interpretation.
If the suggestion of highly tilted BHs in NS-BH mergers is real then

he prospects for EM accompaniments are poor, since the amount of
aterial that is stripped from the NS before merger is a function of the

rbit-aligned spin component of the BH. Anti-aligned spins like the 
nes found at the peaks of the posterior distributions for GW200115, 
W190917 114630, and GW190426 152155 are particularly detri- 
ental to the prospects for multimessenger observations of NS-BH 

inaries (e.g. Foucart et al. 2018 ). Ho we ver, the weak constraints
n ke y EM-predictiv e properties like χBH and q demonstrate the 
eed for future studies that link GW signals to their expected EM
ounterparts. In tandem, these can provide much stricter constraints 
n the parameter space, helping to break degeneracies in the GW
easurements. 
We suggest that the evidence from the early LVK observations of

S-BH spins, masses and rates points towards a high mass transfer
fficiency and strong isotropic BH natal kicks, which are both key
ngredients for future population synthesis models. 
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