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Constraining the neutron star—black hole merger rate
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Current template-based gravitational-wave searches for compact binary mergers neglect the general
relativistic phenomenon of spin-induced orbital precession. Owing to their asymmetric masses, gravita-
tional waves from neutron star—black hole (NSBH) binaries are prime candidates for displaying strong
imprints of spin precession. Current searches may therefore miss a significant fraction of the astrophysical
population, and the detected NSBH population may be significantly suppressed or biased. Here we report
the most sensitive search for NSBH binaries to date by including spin precession for the first time. We
analyze data from the entirety of the third LIGO-Virgo-KAGRA gravitational-wave observing run and
show that when accounting for spin precession, our search is up to 100% more sensitive than the search
techniques currently adopted by the LIGO-Virgo-KAGRA collaboration (for systems with strong
precessional effects). This allows us to more tightly constrain the rate of NSBH mergers in the local
Universe. When focusing on a potentially precessing subpopulation of NSBH mergers, the lack of observed
candidates allows us to place an upper limit on the merger rate of Rgy = 79 Gpc~ yr~! with
90% confidence. We then show that if there is no preferred direction of component spin, the overall
rate of NSBH mergers is on average 16% smaller than previously believed. Finally, we report four new
subthreshold NSBH candidates, all with strong imprints of spin precession, but note that these are most

likely to be of terrestrial origin.
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Introduction. The standard approach to observe gravita-
tional-wave (GW) signals from neutron star—black hole
(NSBH) binaries is through template-based matched filter
searches [1-4], a well-established signal processing tech-
nique. Here, a GW signal masked by noise is identified by
matching the data against a pregenerated bank of templates.
A limitation of template-based matched filter searches is
that signals may remain undetected if they are not suffi-
ciently similar to at least one template in the bank. For GW
astronomy, templates are constructed from theoretical
models, and to date LIGO-Virgo-KAGRA (LVK) collabo-
ration analyses are restricted to templates that neglect the
general-relativistic phenomenon of spin-induced orbital
precession [5]. Spin precession arises when there is a
nonzero effective perpendicular spin [6], and hence a spin
angular momentum that is misaligned with the orbital
angular momentum of the binary. A binary with significant
spin precession has effective perpendicular spin close to
unity, while a binary with spins aligned with the orbital
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angular momentum has effective perpendicular spin close
to zero.

Restricting templates to ignore spin precession implies
that a significant fraction of the NSBH population may
remain undetected [7,8]. If we assume that current template
banks can only detect NSBH binaries with minimal spin
precession (effective perpendicular spin < 0.1), we esti-
mate that we could be missing as many as ~85% of GWs
from NSBH binaries formed in the local Universe (assum-
ing an agnostic population of NSBHs, with the neutron
star’s spin < 0.05 inline with observations from Galactic
binaries [9]). This may impact our ability to accurately infer
the NSBH merger rate from GW observations; a more
sensitive search may not only uncover more GW signals,
but may also explore a greater spacetime volume (VT).

Current search pipelines are tailored to detect GWs from
binaries formed through the isolated channel. This is
because minimal spin precession is expected: binaries
formed through the isolated channel evolve from a pair
of massive binary stars, which shed angular momentum
through stable and unstable mass transfer. Although natal
kicks generated through core collapse can cause small
misalignments, we expect the spins of isolated binaries to
be approximately aligned with the orbital angular momen-
tum [10-12]. Current search pipelines are likely to miss
GWs from binaries formed through the dynamic channel—
binaries formed in a dense stellar environment such as
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globular clusters. The reason is because these binaries are
believed to have an isotropic distribution of spins, meaning
that spin precession is more likely [13]. The recent
observation that the NSBH GW200105_162426 [14]
may have non-negligible eccentricity [15]—which would
indicate that it most likely formed through the dynamical
channel—adds further weight to the possibility of a
population of dynamically formed NSBH binaries. It is
of great astrophysical interest to be able to identify, or
equally rule out, NSBHs with spin precession as it will
allow the formation mechanism of NSBHs in the Universe
to be determined.

In this Letter, we present for the first time a dedicated
template-based matched filter search for NSBHs which is
sensitive to the whole NSBH population. By restricting
attention to data from the third GW observing run [16], O3,
we find that our search is on average 44% more sensitive
than the search techniques currently adopted by the LVK,
with sensitivity most improved (up to 100%) for systems
demonstrating strong imprints of spin precession. This
enables us to place tighter constraints on the rate of NSBH
mergers in the local Universe. We report an upper limit on
the merger rate of a precessing subpopulation of NSBH
mergers to be Rgy = 79 Gpc ™3 yr~! with 90% confidence.
We then further constrain the overall rate of NSBH mergers
to be on average 16% smaller than the rate we compute
assuming a search that requires no misalignment between
component spin and orbital angular momentum (similar to
those currently adopted by the LVK). Being able to observe
and correctly quantify the NSBH merger rate is of
significant astrophysical interest as it will allow their
underlying source parameters to be measured more accu-
rately. This enables (for example) a better understanding of
the impact of supernova kicks [17]. This letter is accom-
panied by [18] (hereafter Supplemental Material) which
includes supplementary information on our matched filter
search, and how we inferred the merger rate of NSBH
binaries in the local Universe. Supplemental Material [18]
includes Refs. [1-4,8,14,16,19-52].

Matched filter searches. Template-based matched filter
searches identify GW signals by matching the data against
“template” waveforms representing predicted GW signals.
A significant issue for matched-filter searches is the
dimensionality of the problem. When neglecting additional
terms that describe differences between neutron stars and
black holes, for example the tidal deformability of neutron
stars (see e.g. [53]) which is identically zero for black holes
[54,55], a NSBH merger on a circular orbit is described by
15 parameters, and one must be able to observe the signal
anywhere in this 15-dimensional parameter space.

In current LVK searches, the dimensionality of the
problem is decreased by assuming that the angular momen-
tum of the two component bodies is aligned, or antialigned,
with the orbit. One is then able to analytically maximize the

signal-to-noise ratio (SNR) over the binary’s sky location,
orientation, luminosity distance, and time of coalescence,
reducing the problem to four dimensions; the two compo-
nent masses, and two component spin magnitudes. An
interested reader can find detailed descriptions of current
methods in [1-4,19-21].

While undeniably successful, this technique results in a
significant loss in sensitivity for signals where spins are
misaligned with the orbit, in particular systems where this
misalignment causes a precession of the orbital plane [8]. In
[22] we recently proposed a novel method for incorporating
misaligned spins in searches. We apply that method here to
carry out a search for NSBH mergers with misaligned spins
in data from the third LVK observing run. We summarize
the method in Supplemental Material [18], including details
on our template bank and the generation process.

Estimating the neutron star—black hole merger rate. In this
work, we focus on constraining the NSBH merger rate. The
NSBH merger rate is estimated through GW observations
by combining the search sensitivity with the number of
confident GW signals detected. To access a search’s
sensitivity, a search is performed on simulated signals
drawn from a reference population model that has been
added to real GW detector noise. Based on the number of
signals injected and recovered, a sensitivity estimate can be
calculated [50], see Supplemental Material [18] for details.

The novel inclusion of spin precession in our search
means that we achieve on average 44% greater sensitivity to
NSBH mergers compared to search techniques currently
adopted by the LVK [1]. This increases to an average of
85% for highly precessing NSBH systems. This can be seen
in the left-hand panel of Fig. 1, which compares the
sensitivity of our generic-spin search with a comparable
search using only aligned-spin waveforms. For highly
precessing (effective perpendicular spins > 0.75), and high
total mass NSBH systems (total mass > 14My), we
observe > 100% increase in the sensitive volume.
Although it is possible to marginalize over multiple discrete
population models when estimating the sensitive volume,
we assume a single, agnostic population owing to a large
uncertainty in the underlying NSBH population, see
Supplemental Material [18] for details. This analysis
ignores the possibility of the neutron star being tidally
disrupted during merger and deformed during the inspiral.
Tidal disruption is unlikely to play a pivotal role, since most
NSBH binaries are likely to merge before the neutron star is
disrupted for any expected neutron star equation of state
[56]. Likewise, searches that ignore tidal deformability are
likely to capture more than 99% of GW signals from NSBH
binaries [57].

Figure 1 shows the largest difference in sensitive volume
for NSBH systems with large effective perpendicular spin.
Although the maximum neutron star spin observed from
Galactic binary neutron star mergers is < 0.05 [9] we argue
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Percentage change in the search sensitivity to NSBH mergers (left) and percentage change in the merger rate of NSBHs in the

local Universe (upper right) between a template bank which includes spin precession (generic spin) and a template bank which restricts
spins to be aligned with the orbital angular momentum (aligned spin). The change in sensitive volume is shown as a function of the
binaries’ total mass and the degree of spin precession (encoded by the effective perpendicular spin y,,). The change in NSBH merger rate
is shown just as a function of the effective perpendicular spin. Assuming the full parameter space, y,, < 1, we infer the NSBH merger rate
to be 16% smaller than previously published results. We also show the fraction of precessing NSBH binaries in the Universe as a
function of y,, (lower right). According to our generic spin search, we estimate that no more than 30% of NSBHs in the Universe undergo
spin precession for an independent subpopulation of NSBH binaries with y, > 0.4.

that highly precessing NSBH binaries are astrophysically
possible. Given that the effective perpendicular spin is
highly dependent on the dynamics of the primary object for
asymmetric component mass binaries [6], highly precess-
ing NSBH systems require the black hole to have large spin
magnitudes that are misaligned with the orbital angular
momentum. First, highly spinning black holes are possible:
although the current black hole population estimates from
GW observations point toward low spin magnitudes, with
half of spin magnitudes less than 0.26 (based on binary
black hole mergers) [58], rapidly spinning black holes have
been observed through GW [38,59] and x-ray observations
[60-62]. In fact, Cygnus X-1 is expected to form an NSBH
binary with a near-maximal spin black hole [63]. Second,
spin magnitudes misaligned with the orbital angular
momentum are possible: NSBH binaries formed through
dynamic capture are expected to produce precessing
binaries [13]. Similarly, although binaries formed in iso-
lation are expected to have spins primarily aligned with the
orbital angular momentum [10], precessing binaries are
possible in certain regions of the parameter space [64], and
as a consequence of supernova kicks [13,65] and sub-
sequent evolution via mass transfer [66].

The LVK employs a search that restricts spins to be
aligned with the orbital angular momentum, and covers
binaries with masses between 2M and 500M [38]. We

generated a reduced version of this LVK search by similarly
restricting spins to be aligned with the orbital angular
momentum, but covering the same NSBH parameter space
as our generic spin search. While the full LVK search is also
configured to find GW signals observed in one [67] or more
[1] GW detectors, we limit all searches in this study to find
coincident signals in two GW detectors. Since they are the
most sensitive, we restrict attention to data collected by
LIGO-Hanford and LIGO-Livingston [68].

Once the search sensitivity has been estimated, the
number of confident GW signals found by our search must
be determined. A confident GW signal is an event of
astrophysical origin with a False Alarm Rate (FAR) smaller
than 102 yr~!'. The False Alarm Rate is defined as how
often an event of equivalent or greater significance would
occur. To date,the LVK has reported several GW signals
from NSBH binaries [14,38,69]. However, our search found
only one confident detection: (see Fig. 1 in Supplemental
Material [18]): GW200115_042309 [14], a multidetector
NSBH candidate reported by the LVK collaboration
[14,38,43]. We did not find GW200105_162426 [14]
since this was a single detector candidate when ignoring
the data collected by Virgo [70]. Our search found
GW200115_042309 with a FAR of 1.8 x 1073 yr™! and a
probability of astrophysical origin 99.9%. Through Bayesian
inference techniques, GW200115_042309 was inferred to
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have minimal precession; it was found that the effective
perpendicular spin <0.4 [14].

Once the search sensitivity has been estimated and the
number of confident GW observations determined, the
merger rate density can be calculated. Given that our
generic-spin search did not find any evidence for NSBH
binaries with effective perpendicular spin > 0.4, we place
upper limits on the merger rate of a theoretical subpopu-
lation of precessing NSBHs in the local Universe, see
Supplemental Material [18] for details. Defining a precess-
ing subpopulation of NSBH binaries as effective
perpendicular spin > 0.4, we infer an upper limit on the
merger rate at 90% confidence to be Ryy = 79 Gpc™3 yr!.
This reduces to Rsy = 13 Gpc— yr~! at 50% confidence.
Our generic-spin search reduces the upper limit on the
merger rate by 40% compared to a comparable search using
only aligned-spin waveforms.

Our generic-spin search also allows us to place tighter
constraints on the overall rate of NSBH mergers in the local
Universe. Assuming a Poisson likelihood over the astro-
physical rate, a Jeffreys prior, and marginalizing over a
15% uncertainty arising from calibration uncertainties from
the GW detectors, we tighten the merger rate density of
NSBHs in the local Universe to 447192 Gpc—yr~!; a
reduction of 16% on average compared to the merger rate
estimated when using a search with no spin precession
(similar to those currently adopted by the LVK) [1]
52713% Gpe=3 yr~!. Although our reported merger rate
density assumes a single confident detection and data
restricted to O3 only, we expect a similar reduction when
more confident detections and data are included. Indeed, if
we assume two confident detections, we similarly observe a
16% reduction in the inferred NSBH merger rate.

In the upper right-hand panel of Fig. 1, we show the
change in the NSBH rate as a function of the effective
perpendicular spin. Assuming negligible spin precession
(effective perpendicular spin ~0), we find comparable
merger rate estimates between our search and an equivalent
LVK analysis. This is expected since the change in sensitive
volume for NSBHs with negligible spin precession remains
close to 0. However, as soon as spin precession becomes
significant (effective perpendicular spin > 0), we infer a
smaller merger rate than previously believed. When con-
sidering the fully precessing parameter space, we observe a
merger rate that is 16% lower than that estimated with the

tools currently adopted by the LVK. We report that the
change in the NSBH merger rate is approximately linear in
the effective perpendicular spin.

Impact on the underlying NSBH population. Quantifying
the fraction of precessing NSBH binaries in the Universe
has significant implications for understanding the forma-
tion mechanism of NSBHs. We estimate an upper limit on
the fraction of precessing NSBH binaries by directly
comparing the rate of precessing binaries (assuming zero
observations) with the expected rate of NSBH mergers for
the population as a whole. If the two rate estimates are in
agreement, zero precessing NSBH binaries are expected in
the Universe. In the bottom right-hand panel of Fig. 1, we
show the fraction of precessing NSBH binaries as a
function of y,. Assuming an independent subpopulation
of precessing NSBH binaries that has y, > 0.4, we
estimate that no more than 30% of NSBH binaries in
the Universe undergo spin precession. This increases to
35% for y,, > 0.8. Owing to the improved sensitivity of our
generic-spin search, we see a significant reduction in the
estimated fraction of precessing NSBH binaries compared
to that obtained from an aligned-spin search (similar to
those currently adopted by the LVK). Assuming an
independent subpopulation of precessing NSBH binaries
with y, > 0.8, ignoring all prior beliefs, we reduce the
expected fraction of precessing NSBH binaries in the
Universe by ~40%. We note that this is an indicative
measurement and does not account for the uncertainties on
the rate estimates.

New marginal NSBH observations. We report four new
subthreshold NSBH candidates, GW190421_ 203205,
GW190916_134302, GW191225_091958, GW200310_
030555, all with False Alarm Rates 10 yr‘1 <FAR <
6yr~! and probability of astrophysical origin p,g, < 1%.
Each candidate’s FAR, signal-to-noise ratio, and probability
of astrophysical origin is given in Table I. Given the small
probability of astrophysical origin, it is likely that these are of
terrestrial origin and were therefore not included in our
merger rate estimate.

Since our generic-spin search found these marginal
candidates, it is likely that they exhibit strong evidence
for spin precession. If real, they are astrophysically
significant as they differ from current population estimates

TABLE I.  Properties of the subthreshold NSBH candidates uniquely found by our search. For each candidate we
report the GPS time, False Alarm Rate, signal-to-noise ratio (SNR), and probability of astrophysical origin pgy,.
Name GPS time False Alarm Rate (yr™') SNR Pastro (%)
GW190421_203205 1239913943.259 6.7 9.7 0.7
GW190916_134302 1252676600.135 10.0 9.5 0.5
GW191225_091958 1261300816.100 8.3 9.8 0.5
GW200310_030555 1267844773.573 10.0 9.7 0.4
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FIG. 2. Corner plot showing the marginalized posterior prob-
ability for the primary mass and effective perpendicular spin for
the newly reported subthreshold NSBH candidates. Contours
represent the 90% credible interval. The prior for the effective
perpendicular spin is shown for comparison.

for NSBHs [52], which favor the isolated formation
mechanism [71]. We perform Bayesian inference, under
the assumption that these subthreshold NSBH candidates
are of astrophysical origin, to infer the properties of each
source. The details of our Bayesian analyses are given in
Supplemental Material [18].

Figure 2 shows the posterior probability distribution for
three of the four candidates’ primary mass and effective
perpendicular spin. We do not include GW190421_203205
since its posteriors are highly peaked, indicating a possible
issue during sampling. This makes it difficult to inspect the
90% credible interval; we infer the primary mass to be
8.1707M, and effective perpendicular spin 0.2280-003. We
find that all but one candidate has significant spin pre-
cession, with effective perpendicular spin constrained away
from 0, and away from the prior indicating an informative
measurement. If real, these newly reported marginal NSBH
candidates indicate a distinct population likely formed
through dynamic capture.

The inferred secondary masses generally remain con-
sistent with the observed population of neutron stars;
we infer my = 1.1704M g, 1.1703M g and 1.25)5M for
GW190916_134302, GW191225_091958, and
GW200310_030555, respectively. GW190421_203205 infers
a notably smaller secondary mass m, = 0.791f8"?23M®
but this could be a consequence of the sampling
issues highlighted above. For all candidates except
GW190916_134302, the effective spin parallel with the

orbital angular momentum [72] is negative, with more than
88% probability. This remains consistent with the dynamic
capture hypothesis.

Conclusion. We present for the first time a dedicated
template-based matched filter search for NSBHs that is
sensitive to the whole NSBH population. We apply our
search to all data collected during the third GW observing
run, and place upper limits on the merger rate of a theorized
subpopulation of precessing NSBH candidates. We further
constrain the overall NSBH merger rate, and show that on
average the inferred NSBH merger rate is reduced by 16%
compared to the results we compute when assuming a
search that requires no misalignment between component
spin and orbital angular momentum (similar to those
currently adopted by the LVK). Although we only consid-
ered data collected during O3, we envisage a similar
reduction in merger rate when more data are considered.
We further identify four new subthreshold NSBH candi-
dates, all with strong imprints of spin precession. However,
we note that these are most likely to be of terrestrial origin.

Given that our more refined NSBH search contains only
~3x more templates than a reduced search currently adopted
by the LVK, we highly encourage its use in the future. Our
search has the potential to help determine the formation
mechanism of NSBHs in the local Universe, as well as
constrain properties of the surrounding environment.
Moreover, our generic-spin search may also discover pre-
cessing NSBHs that would otherwise remain undetected.

While this is the first time that a dedicated NSBH search
that incorporates the effects of spin precession has been
performed on Advanced LIGO and Virgo observing run
data, we note that our search neglects eccentricity and does
not include subdominant GW multipole moments. It has
been shown that it is significantly more important to
include precession than subdominant multipoles in
NSBH searches [29], and we further verify this in
Supplemental Material [18]. The distribution of eccentric-
ity, from a variety of channels, was shown in [73]. The
authors show that in general the eccentricity of the binary at
10 Hz was less than 0.1 for at least 90% of systems. This
level of eccentricity is small enough such that noneccentric
searches would still be able to confidently detect the
observed GW signals [74]. Nevertheless, the possible
observation that the NSBH GW200105_162426 has an
eccentricity ~0.2 at 20 Hz emission frequency may elevate
the priority of developing eccentric search techniques, see
e.g. [73].
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