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Abstract

In this work, we analyze black hole-neutron star (BHNS) events using an
astrophysically-motivated prior to derive updated, more tightly constrained
estimates for component masses, mass ratios, and effective inspiral spin. For
most BHNS systems, the mean primary mass shifts to higher values, with
significant cases such as GW190426 and GW200115, where the primary mass
is entirely excluded from the lower-mass gap. While the primary mass of
GW230529 remains within the gap, its mean value shifts slightly upward. In
contrast, the secondary mass generally shifts toward the higher end of the mass
spectrum. These changes highlight the substantial influence of prior choices-
particularly the spin prior-on the inferred mass distributions. Additionally,
for all BHNS events, the effective inspiral spin is tightly concentrated around
zero, reinforcing the expectation of nearly nonspinning components in these
systems. We also discuss the classical common-envelope formation scenario,
which is widely considered the dominant channel for BHNS formation, where
the BH formed from the more massive progenitor star is typically expected to
have negligible spin.
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Abstract

In this work, we analyze black hole-neutron star (BHNS) events using an
astrophysically-motivated prior to derive updated, more tightly constrained
estimates for component masses, mass ratios, and effective inspiral spin. For
most BHNS systems, the mean primary mass shifts to higher values, with
significant cases such as GW190426 and GW200115, where the primary mass
is entirely excluded from the lower-mass gap. While the primary mass of
GW230529 remains within the gap, its mean value shifts slightly upward. In
contrast, the secondary mass generally shifts toward the higher end of the mass
spectrum. These changes highlight the substantial influence of prior choices—
particularly the spin prior—on the inferred mass distributions. Additionally,
for all BHNS events, the effective inspiral spin is tightly concentrated around
zero, reinforcing the expectation of nearly nonspinning components in these
systems. We also discuss the classical common-envelope formation scenario,
which is widely considered the dominant channel for BHNS formation, where
the BH formed from the more massive progenitor star is typically expected to
have negligible spin.

Key words: gravitational waves — stars: black holes — stars: neutron

1. Introduction

Mergers of black hole-neutron star (BHNS) systems are prime targets for gravi-
tational wave (GW) detection by Advanced LIGO (Aasi et al. 2015), Advanced
Virgo (Acernese et al. 2015), and KAGRA (Somiya 2012; Aso et al. 2013) ob-
servatories. By the end of the third observing run, the LIGO-Virgo-KAGRA
(LVK) Collaboration had detected several BHNS events, including GW190426
(Abbott et al. 2021c), GW190917 (Abbott et al. 2024), GW191219, GW200105,
and GW200115 (Abbott et al. 2021a, 2023a; Nitz et al. 2023). At the beginning
of the fourth observing run on 2023 May 29, the high-significance detection of
GW230529 occurred at 18:15:00 UTC, detected by the LIGO Livingston obser-
vatory while the other detectors were offline or insufficiently sensitive (Abac
et al. 2024). The primary component mass of GW230529 was inferred (90%
confidence interval) under a high-spin secondary prior. Since the maximum NS
mass is assumed to be 2.5 Me in this study, the system was classified as a BHNS
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merger, with the BH mass lying in the lower-mass gap (i.e., 2.5-5 Me, see Shao
2022 for a recent review).

To date, six BHNS candidates have been reported by the LVK Collaboration,
and their main properties are summarized in Table 1 .

In previous studies, it was pointed out that the properties of binary BH systems
(i.e., spin and component masses) depend on the choice of priors (Galaudage et
al. 2021; Roulet et al. 2021; Vitale et al. 2022). In particular, some individual
events were reanalyzed with different priors than the LVK default one. Assum-
ing a more massive BH with no spin, the less massive component of GW190412
was inferred to be fast spinning (Mandel & Fragos 2020). Similarly, Mandel &
Smith (2021) suggested that a prior of nonspinning BH for GW200115 is more
consistent with current astrophysical understanding. For GW190521, Fishbach
& Holz (2020) pointed out that it likely straddles the pair-instability gap by re-
analyzing its signal with a population-informed prior on less massive BH mass.
Recently, Chattopadhyay et al. (2025) examined the effects of prior selection
on the inferred properties of GW230529, finding that the inferred mass distribu-
tion is highly dependent upon the spin prior. The findings above confirm that
the choice of a prior can play a critical role in inferring the properties of GW
sources.

The classical Common Envelope (CE) scenario is the most widely accepted
formation channel for the majority of BHNS binaries (e.g., Giacobbo & Mapelli
2018; Belczynski et al. 2020; Drozda et al. 2022; Shao & Li 2021; Broekgaarden
et al. 2021; Zhu et al. 2024). In this framework, the immediate progenitor of a
BHNS binary emerging from the CE phase is a close binary system comprising
an NS or a BH and a helium star. If the first-formed compact object is a BH, its
spin is expected to be negligible, as suggested by studies (Qin et al. 2018; Fuller
& Ma 2019; Belczynski et al. 2020; Fuller & Lu 2022). This aligns with the
near-zero spin distribution observed in BHNS candidate systems from the O3
GW catalog (Zhu et al. 2022), which may indicate that NSs in these systems are
directly plunged into their companion BHs without significantly altering their
spin. Conversely, for a subset of progenitor systems where the NS forms first,
the helium star can be spun up via tidal interactions by the NS companion,
potentially producing a BH with a high, aligned projected spin upon collapse
(Qin et al. 2018; Hu et al. 2022). Given the currently observed low spins in
BHNS populations, it is reasonable to conclude that the first scenario—where
BHs form with negligible spin—dominates the contribution to most observed
BHNS events.

In this work, we investigate the impact of astrophysical priors on the properties
of BHNS populations and explore the implications for their origins. We begin
by outlining the methodology in Section 2, followed by the presentation of our
main results in Section 3. Finally, we summarize our key conclusions with some
discussion in Section 4.
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2. Methods

In our analysis, we utilize the posterior data derived from the low-spin prior tem-
plate for GW191219, GW200105, GW200115, and GW230529. For GW190917
and GW190426, we adopt the IMRPhenomXPHM and PrecessingSpinIMRHM
waveform models, respectively. Table 1 displays the posterior distributions of
the component masses and the effective inspiral spins for all candidate BHNS
events, obtained using the LVK default priors. With the assumption of a max-
imum NS mass of 2.5 Me, GW190917 is classified as a BHNS event. Notably,
GW190814 and GW200210 are excluded from our analysis, as the inferred mass
of the less massive component is higher than 2.5 Me (the maximum NS mass
assumed in this study). The posterior data for these BHNS candidates were
sourced from the Gravitational Wave Open Science Center (https://www.gw-
openscience.org/eventapi/html/GWTC/; Abbott et al. 2021b).

Isolated CE Channel

It is widely accepted that the majority of BHNS binaries form through the
classical isolated CE channel (Phinney 1991; Tutukov & Yungelson 1993; Hur-
ley et al. 2002; Kalogera et al. 2007; Belczynski et al. 2016; Ablimit & Maeda
2018; Kruckow et al. 2018; Mapelli & Giacobbo 2018; Neijssel et al. 2019; Bav-
era et al. 2020; Belczynski et al. 2020; Drozda et al. 2022; Shao & Li 2021;
Broekgaarden et al. 2021; Roméan-Garza et al. 2021; Hu et al. 2022; Mandel &
Broekgaarden 2022; Xing et al. 2024). In this scenario, the more massive star
evolves more rapidly than its companion, eventually expanding into a red su-
pergiant after exhausting core hydrogen burning. During this phase, the outer
hydrogen envelope is stripped through a combination of stellar winds and/or
mass transfer to the companion. Consequently, the star loses the majority of
its angular momentum, assuming efficient coupling between the stellar core and
envelope (Spruit 2002). As a result, the first-born black hole, which forms prior
to the CE phase, is expected to have a negligible spin (Qin et al. 2018; Fuller &
Ma 2019; Belezynski et al. 2020). This expectation is consistent with the finding
of negligible BH spin in BHNS candidates reported by Zhu et al. (2022). The
secondary star could potentially be spun up into a fast-spinning, newly formed
NS through efficient tidal interactions. However, it would quickly slow down
due to magnetic braking. Consequently, NSs in BHNS mergers are generally
expected to have low spins.

Using the methodology outlined in Mandel & Smith (2021), we adopt default
priors for the component masses and assume independent spin magnitude distri-
butions for the BH and NS. Figure 1 presents the two prior distributions of the
BH spin magnitude: the astrophysically-motivated prior and the LVK default
prior. These spin magnitudes follow truncated normal distributions centered at
zero. The spin prior distributions are defined as:

Wastro(XBH) = N(M)@ Ji)
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where N denotes the normal distribution truncated to the interval [0, 1].
vk (Xga) and 7y (Xng) represent the uniform distribution from 0 to 0.99.
The parameter y is the mean value, and o, is selected to ensure that each spin
distribution has a standard deviation of approximately 0.01.

To calculate the updated posteriors on BH mass m; and NS mass my, and X.g
under the astrophysical prior, we reweight the LVK posterior samples using:

Pactro (6]d) o ”ast“fjspm(ed)

TLVK

where 7., and Ty represent the probability density of the astrophysical
prior and the default LVK prior used for each event’s parameter estimation,
respectively.

3. Results

With our target sample of BHNS events, we adopt the astrophysically-motivated
prior to infer their properties: component masses, mass ratio, and effective
inspiral spin. As an example, we first present the results for GW190917 in
Figure 2. We note that the newly inferred primary mass is m; = X 4+Y M with
the LVK default prior, while the secondary mass m, is smaller compared to the
LVK default prior. This updated result indicates a shift in the mass ratio (¢ =
msy/my) to a lower value. Notably, the updated parameters exhibit a narrower
distribution, resulting in tighter constraints. Additionally, the effective inspiral
spin is sharply concentrated around zero, suggesting that both components have
nearly zero spins.

Figure 3 presents the newly inferred component masses for all BHNS events,
analyzed using two distinct priors. For most BHNS events, the posterior dis-
tributions are more tightly constrained when employing the astrophysically-
motivated prior. Notably, GW191219, the most asymmetric event, is inferred
to have a primary mass of m; = A 4+ BM, which is slightly lower than the es-
timate obtained with the LVK default prior. Since the marginalized posteriors
of individual parameters are correlated, our choice of prior not only affects the
target parameter but also updates the posteriors of other correlated parameters
(Vitale et al. 2017). This newly derived tighter constraint on the posterior shifts
the mass ratio to higher values, leading to a lower primary mass.

Furthermore, GW230529, recently reported at the start of the fourth observing
run, is found to have a primary mass of m; = C &£ DM, placing it within
the so-called lower-mass gap. This result aligns with previous findings, which
indicate that the choice of spin prior significantly influences the inferred mass
distributions (Chattopadhyay et al. 2025).

Figure 4 compares the component masses and effective inspiral spin using
two distinct priors. For several BHNS events, particularly GW190426 and
GW200115, the primary mass shows posterior samples partially falling within
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the lower-mass gap when analyzed with the default prior. In contrast, the
astrophysically-motivated prior yields tighter constraints on the primary mass,
with no samples lying in the lower-mass gap. Similarly, the secondary mass is
more precisely constrained under the astrophysically-motivated prior, with its
mean value shifting toward the lower end of the mass spectrum.

Additionally, the effective inspiral spin is tightly constrained around zero, im-
plying that both the BH and NS exhibit negligible spins. This result supports
the conclusion that a nonspinning binary scenario aligns better with current
astrophysical expectations.

4. Conclusions and Discussion

In this work, we analyze BHNS events using an astrophysically-motivated prior,
which provides updated and more tightly constrained estimates for component
masses, mass ratios, and effective inspiral spin. For most BHNS systems, the
mean primary mass shifts to higher values. Specifically, for GW190426 and
GW200115, the posterior samples are fully excluded from the so-called lower-
mass gap. While the primary mass of GW230529 still falls within the gap,
its mean value shifts slightly toward higher values. Conversely, the secondary
mass tends to shift toward the higher end of the mass spectrum. These shifts
highlight the significant impact that the choice of prior, particularly the spin
prior, has on the inferred mass distributions. Additionally, for all BHNS events,
the effective inspiral spin is tightly concentrated around zero, reinforcing the
preference for nearly nonspinning components in these systems.

It is widely accepted that the classical CE formation scenario is the dominant
channel contributing to the BHNS population. In this scenario, the BH formed
from the more massive progenitor star is generally expected to have negligible
spin.
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