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ABSTRACT
The gravitational-wave signal from the neutron star-black hole (NSBH) merger GW200105 is consistent with this binary having
significant orbital eccentricity close to merger. This raises the question of how eccentric NSBHs form. Compact binaries that
evolve in isolation radiate away any orbital eccentricity long before their gravitational-wave signal enters the sensitive frequency
range of the LIGO-Virgo-KAGRA detector network. Meanwhile, dynamical environments—which can be conducive to mergers
on eccentric orbits—produce very few NSBHs. Here, we focus on a formation channel that efficiently produces NSBHs with
both misaligned spins and significant eccentricity close to merger: isolated field triples. We estimate the minimum measurable
eccentricity of NSBHs at 10 Hz orbit-averaged gravitational-wave frequency, 𝑒min,10, finding that for GW200105, GW200115,
and GW230529-like systems, 𝑒min,10 is O(0.01). For a GW190814-like unequal-mass binary with significant higher-order mode
content, 𝑒min,10 = 0.003; this is an order of magnitude lower than when higher modes are not present. For dominant-mode signals
from binaries with 𝑚2 = 1.5 M⊙ and total masses from 3 M⊙ ≤ 𝑀 ≤ 50 M⊙ , we find 0.008 ≤ 𝑒min,10 ≤ 0.022. The relationship
between 𝑀 and 𝑒min,10 is linear when the binaries are non-spinning. When the binaries are maximally spin-precessing, 𝑒min,10
decreases as mass ratio becomes more unequal. We estimate the sensitivity of a quasi-circular aligned-spin templated search
to NSBH mergers from field triples, finding that we recover only 46% of systems that would have been detected with a search
containing the full physics of the injected population. Finally, we show that if ∼ 1/3 of present NSBH detections are measurably
eccentric, then ≥ 40% are consistent with an isolated field triple origin.
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1 INTRODUCTION

The LIGO-Virgo-KAGRA (LVK) Collaboration (Abbott et al. 2018)
has reported the confident detection of three neutron star-black
hole (NSBH) mergers via their gravitational-wave (GW) signals.
GW200105 and GW200115 (Abbott et al. 2021b), reported during
the LVK’s third observing run (O3), have primary component masses
consistent with being black holes (BHs), and secondary masses con-
sistent with being neutron stars (NSs). GW230529 (Abac et al. 2024),
reported during the fourth observing run (O4), has an NS secondary
and a primary with an ambiguous mass of 2.5 ≲ 𝑚1 ≲ 4.5 M⊙ ,
which resides within the “lower mass gap” between NS masses and
BH masses; GW230529 is thought to most likely be a low-mass
NSBH, given the theoretical Tolman-Oppenheimer-Volkoff (TOV)
upper limit to NS masses (𝑀TOV = 2.25+0.08

−0.07M⊙ (Fan et al. 2024);
see also (Tolman 1939; Oppenheimer & Volkoff 1939; Kalogera &
Baym 1996; Rezzolla et al. 2018)). Other candidates are consis-
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tent with being of NSBH origin, although with lower probability.
GW190814 (Abbott et al. 2020), detected in O3, is an ambiguous
merger with a secondary residing in the lower mass gap; GW190814,
again due to the TOV mass limit, is thought most likely to be a binary
BH merger. There are six lower-significance or ambiguous NSBH
candidates in the second observing run (O2) and O3 (Abbott et al.
2021a, 2024, 2023). In the engineering run preceding O4, the NSBH
candidate GW230518_125908 was detected (The LIGO Scientific
Collaboration et al. 2025a).

Renewed interest in one of these NSBHs, GW200105, has recently
arisen due to follow-up studies finding evidence for measurable or-
bital eccentricity in this GW signal (Fei & Yang 2024; Morras et al.
2025a; de Lluc Planas et al. 2025; Kacanja et al. 2025a; Jan et al.
2025; Tiwari et al. 2025). The Bayes factor in favour of the eccen-
tric hypothesis over the quasi-circular hypothesis is low: for example,
de Lluc Planas et al. (2025) find log10 Bayes factors from≈ 0.1 to 1.2
depending on prior settings, indicating negligible to mild preference
of the eccentric hypothesis. Nonetheless, these findings motivate fur-

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stag323/8483881 by D

uthie Library, U
W

C
M

 user on 19 February 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

2 I. Romero-Shaw et al.

ther investigation into the formation, detection, and identification of
eccentric NSBHs.

In general, an NSBH merger may form as a result of the isolated
evolution of a massive stellar binary (e.g., Portegies Zwart & Yungel-
son 1998; Belczynski et al. 2002; Dominik et al. 2012; Broekgaarden
& Berger 2021; Xing et al. 2024; Chattopadhyay et al. 2022), in which
case the binary would merge with undetectable eccentricity (Peters
1964; Belczynski et al. 2002). Alternatively, the binary may form
via a pathway that allows it to retain significant eccentricity close to
merger. For binary BHs, detectable eccentricities at a GW frequency
of 10 Hz, 𝑒10, are possible when formation and merger occurs in
densely-populated environments like globular or nuclear star clusters
and active galactic nuclei (AGN) (e.g., Rodriguez et al. 2018; Zevin
et al. 2019; Chattopadhyay et al. 2023; Tagawa et al. 2021). However,
NSBH mergers from globular cluster environments are not expected
to contribute significantly to LVK observations: the predicted local
merger rate densities ≲ 0.17 Gpc3 yr−1(Clausen et al. 2013; Hoang
et al. 2020; Ye et al. 2020) are low compared to the NSBH merger rate
inferred from GW observations, 9.1-84 Gpc3 yr−1(The LIGO Scien-
tific Collaboration et al. 2025b). Moreover, the few NSBH binaries
that could be produced in these environments do not retain measur-
able eccentricities close to merger (Arca Sedda 2020). NSBHs can be
formed efficiently in young star clusters, with rates ∼ 28 Gpc3 yr−1,
but are ejected and merge in the field, leading them to have negligible
eccentricities at merger (Rastello et al. 2020). Detectably-eccentric
NSBHs may be produced in nuclear clusters, but, similarly, local
merger rate densities are predicted to be very low, ≲ 0.10 Gpc3 yr−1

(Fragione et al. 2019). Rates of NSBH mergers in AGN are potentially
high and consistent with observed LVK rates, but their eccentricities
are uncertain (McKernan et al. 2020).

An NSBH that is observed with detectable close-to-merger eccen-
tricity may instead result from the evolution of isolated hierarchical
triples in the galactic field, where the tertiary companion can drive
large-amplitude von Zeipel-Kozai-Lidov (ZKL) oscillations of the
NSBH eccentricity in the inner binary (Zeipel 1909; Kozai 1962;
Lidov 1962; Naoz 2016). As a result, efficient gravitational-wave
emission at highly eccentric pericentre passages shrinks the orbit of
the NSBH, effectively decouples it from further perturbation from
the tertiary, and can lead to an inspiral and merger with residual
eccentricity. Owing to the large abundance of massive stellar triples
in the field (Moe & Di Stefano 2017; Offner et al. 2023), previous
studies find that this process can efficiently produce NSBH merg-
ers at rates consistent with or higher than that inferred from LVK
observations (Fragione & Loeb 2019; Hamers & Thompson 2019;
Stegmann & Klencki 2025). Thus, residual eccentricities > 10−4 at
10 Hz, and spins that are misaligned with the orbital angular mo-
mentum of the binary, are characteristic of NSBHs formed through
the field evolution of triple stars (Stegmann & Klencki 2025).

Current LVK GW searches are inefficient for detecting inspiral-
dominated binaries with significant eccentricities, with the loss of
sensitivity worsening for higher eccentricities and lower masses
(Brown & Zimmerman 2010; Divyajyoti et al. 2024; Gadre et al.
2024; Bhaumik et al. 2025). LVK search methods are either mod-
elled, using quasi-circular aligned-spin waveform templates (e.g.,
Alléné et al. 2025; Dal Canton et al. 2021; Joshi et al. 2025; Chu
et al. 2020), or unmodelled, looking for correlated excess power in
the data (Klimenko et al. 2016; Drago et al. 2021).

Highly-eccentric merger-dominated signals with minimal inspiral
may be detected in a burst search (see, e.g., LIGO Scientific Collab-
oration et al. 2025, and references therein), while low-eccentricity
merger-dominated signals may be picked up in a quasi-circular mod-
elled search due to the close match with a quasi-circular aligned-spin

template in the merger. Meanwhile, modelled searches are less sen-
sitive to lower- and more unequal-mass binaries if eccentricity is
excluded from search templates; such signals are also less likely to
be flagged during a burst search due to the relatively lower-powered
merger (e.g., Brown & Zimmerman 2010; Huerta & Brown 2013; Di-
vyajyoti et al. 2024). Even when both burst and modelled searches are
used, one loses a significant fraction of eccentric sources (Gadre et al.
2024). Thus, if there are many NSBH mergers with non-negligible
orbital eccentricity—as predicted from field triple evolution—then
there is a high risk of not detecting them in LVK searches. Since
injection campaigns used to estimate selection effects also do not
include eccentricity, the NSBH merger rate inferred from GW ob-
servations may thus be artificially skewed to lower values due to the
loss of search sensitivity to eccentric NSBHs.

Several modelled searches targeting inspiral-dominated (i.e., long
duration) eccentric signals have been developed (e.g., Nitz et al. 2020;
Nitz & Wang 2021; Dhurkunde & Nitz 2025; Wang & Nitz 2025).
Dhurkunde & Nitz (2025) specifically target aligned-spin eccentric
NS-containing binaries, requiring the signal to trigger a detection in
more than one instrument. Their template bank covers 𝑒22,10 ≤ 0.46,
where the 22, 10 subscript indicates that the eccentricity is measured
when the dominant 𝑙 = 𝑚 = 2 (22) mode GW frequency reaches
10 Hz. Since GW200105 was only detected in LIGO Livingston (al-
though Virgo data was also analysed), it was not recovered by this
search. This search is also restricted to detector-frame total masses
of ≤ 10 M⊙ , which, in combination with the eccentricity constraint,
puts ≳ 80% of the NSBH masses and eccentricities predicted by
Stegmann & Klencki (2025) outside of the searched range even be-
fore considering the loss of search sensitivity due to the misaligned
spins expected from triples. In an aligned-spin, inspiral-only tar-
geted search for eccentric NSBHs in O3, Phukon et al. (2025) recover
GW200105 at higher significance than in an equivalent quasi-circular
search, with no other significant candidates. However, this search re-
stricts to detector-frame primary masses 5 ≤ 𝑚1 ≤ 15 M⊙ and
eccentricities 𝑒22,20 ≤ 0.2 (corresponding to 𝑒22,10 ≲ 0.35), thereby
excluding ≳ 72% of the parameter space predicted by Stegmann &
Klencki (2025) before considering misaligned spins. Precessing-spin
searches have also been developed specifically for NSBHs, revealing
that current LVK search methods may be artificially biased against
detecting this flavour of binary due to neglecting misaligned spins
(Harry & Hoy 2025).

Long inspirals are both a blessing and a curse when it comes to
detecting and measuring eccentricity. One the one hand, eccentric in-
spirals are less likely to be detected by quasi-circular searches, since
the mismatch between an eccentric signal and a circular template
leads to a reduction in SNR and astrophysical probability. On the
other hand, precisely because of this larger overall difference to a
quasi-circular signal, they increase our ability to measure eccentric-
ity if analysed using an eccentric waveform model: the eccentricity of
the signal becomes easier to measure if more cycles are in-band (e.g.,
Moore & Yunes 2020; Romero-Shaw et al. 2020a, 2023). Further-
more, systems observed earlier in their evolution are more likely to re-
tain measurable eccentricity, as they have undergone less GW-driven
circularization. The source property that has the dominant influence
on signal duration is the mass: lower-mass systems spend longer in-
band because they merge at higher frequencies. Additionally, systems
with more unequal masses have more cycles in-band. Accordingly,
lower- and more unequal-mass binaries, such as NSBHs, can also be
expected to have lower minimum detectable eccentricities.

Similarly, GW signals that contain higher-order modes (HMs) may
have reduced detectability due to searches using only dominant-mode
templates, but also increase the information extractable from the sig-
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Implications of Eccentric NSBHs 3

nal. HMs are most prominent in GW signals from unequal-mass
binaries, making unequal-mass NSBHs possible HM candidates.
While none of the three confident NSBH mergers detected so far
show signs of strong HM content, one possible NSBH candidate—
GW190814—does contain HMs (Abbott et al. 2020; Gonzalez et al.
2023). GW190814 originated from an unequal-mass compact binary
merger, with source-frame masses 𝑚1 ≈ 23 M⊙ and 𝑚2 ≈ 2.6 M⊙ .
The secondary mass of GW190814 lies in the “lower mass gap”, and
its identity—NS or BH—is ambiguous. In GW signals from eccen-
tric binaries, each mode present in the signal acquires overtones. In
other words, signals with HMs contain more information about the
eccentricity of the binary. As we demonstrate, this can enable the
measurement of lower eccentricities than is possible when only the
dominant mode is considered.

In this paper, we estimate the minimum detectable eccentricity
for NSBH-like mergers. For nonspinning primaries, this correlates
with total mass, and tends to be O(0.01) for NSBH-like binaries
with network matched-filter SNRs of 𝜌 ≈ 24. If the binary exhibits
significant spin-induced precession in addition to eccentricity, the
measurability of eccentricity improves for higher-mass binaries. This
is because binaries with more unequal mass ratios have more spin-
induced precession cycles in-band, which are altered by the presence
of eccentricity. If higher-order modes are present in the signal, the
minimum detectable eccentricity can be ≈ 1 order of magnitude
lower. We assess the detectability of a population of NSBH mergers
produced in field triples, finding that the majority are not detected
due to their relatively high eccentricities. Assuming a quasi-circular
modelled search only, we detect only 46% of the signals that could
have been recovered using a search that contains the full physics of
the population. By modelling the detection of NSBH mergers as a
Poisson process, we find that if GW200105 was formed in an isolated
field triple, then all NSBHs observed so far may have evolved via the
same mechanism.

We introduce our methodology in Section 2, describe our results
and their astrophysical implications in Section 3, and conclude in
Section 4.

2 METHODS

For both detectability and measurability studies presented here, we
use the gravitational waveform model pyEFPE (Morras et al. 2025b),
an inspiral-only approximant containing the effects of eccentricity,
a variable mean anomaly parameter, and misaligned spins. Studies
with pyEFPE were the first to demonstrate evidence for eccentric-
ity in NSBH signal GW200105 (Morras et al. 2025a). pyEFPE is
computationally efficient, making it appropriate for population re-
covery studies requiring O(104) or more waveforms to be generated.
While pyEFPE is limited by being an inspiral-only waveform model
without HMs, merging NSBHs have inspiral-dominated signals, and
confident NSBH signals so far have not demonstrated evidence for
HMs. To assess the impact of including higher-order modes on the
measurability of eccentricity, we use SEOBNRv5EHM (Gamboa
et al. 2025b,a), an effective one-body full inspiral-merger-ringdown
waveform model with eccentricity and aligned spins, that has also
been used to demonstrate evidence for eccentricity in GW200105
(Kacanja et al. 2025b; Jan et al. 2025).

We generate waveforms with minimum and reference frequencies
of 10 Hz, and inject them into simulated O4-sensitivity LVK detector
data using the Bayesian inference library Bilby (Ashton et al. 2019;
Romero-Shaw et al. 2020b). When generating waveforms, we pass in
eccentricity defined at an orbit-averaged frequency of 𝑓22 = 10 Hz.

2.1 Measurability of eccentricity in NSBHs

We follow Lower et al. (2018) to estimate the threshold at which
eccentricity becomes detectable:

1 − O ≳ 𝜌−2
0 , (1)

where 𝜌0 is the optimal matched-filter SNR of a signal with identical
source properties but zero eccentricity, and O is the overlap between
this quasi-circular waveform ℎ0 and a waveform ℎ𝑒 with eccentricity,
maximising over reference phase (𝜙) and geocentric time (𝑡0):

O = max
𝑡0 ,𝜙

⟨ℎ0 |ℎ𝑒⟩√︁
⟨ℎ0 |ℎ0⟩⟨ℎ𝑒 |ℎ𝑒⟩

. (2)

We vary the sampling frequency 𝑓samp, maximum frequency 𝑓max,
and data duration 𝐷 depending on the specific systems under inves-
tigation. Note that for pyEFPE the maximum frequency of the wave-
form is automatically set to the GW frequency of innermost stable cir-
cular orbit (ISCO), and for SEOBNRv5EHM we set 𝑓max = 1

2 𝑓samp.
Waveform and parameter settings are given in Table 1. For fixed

𝑚2 studies, we investigate a range of values of 𝑞 between 1/30
and 1. We also alter the luminosity distance such that the SNR of
the quasi-circular signal is relatively consistent, with 𝜌0,H1 ≈ 22.
We vary eccentricity on a log-uniform grid in the range 10−6 ≤
𝑒22,10 ≤ 0.4, and for each eccentricity point, we marginalise over the
anomaly parameter. We inject into a three-detector network of LIGO
Livingston, LIGO Hanford and Virgo with O4 sensitivity.

When using SEOBNRv5EHM with the settings described above,
we observe oscillations in the overlap that, inconveniently, often co-
incide with the sensitivity threshold. We find that the central value
around which the overlap oscillates is sensitive to both sampling fre-
quency and inclination, with higher sampling frequencies and more
face-on orientations having lower values, indicating that they have
a better match with their quasi-circular counterparts. The sensitiv-
ity to 𝜃JN is explained by the presence of higher-order modes in
this waveform, and we believe the sensitivity to 𝑓samp is a result of
small changes to the waveform initial conditions when varying this
parameter.

To demonstrate the influence of these effects, we compare the
overlaps obtained using 𝑓samp = 2048 Hz vs. 𝑓samp = 2048 × 10 Hz
for a GW190814-like injection in the left panel of Figure A1 in the
Appendix. While for the GW190814-like injection this increase in
𝑓samp causes lower-amplitude overlap oscillations at lower 𝑒22,10, the
problem persists for the other injections. In the right-hand panel,
we compare the overlaps obtained for a GW200105-like injection
with 𝜃JN = 2.36 and 𝜃JN = 0. Regardless of sampling frequency or
inclination, we find that the value of 𝑒22,10 above which there are no
more instances of 1 − O < 𝜌−2

0 remains similar. Therefore, we use
parameters as given in Table 1 and report the minimum measurable
eccentricity as the 𝑒22,10 above which 1 − O is strictly > 𝜌−2

0 .

2.2 Detectability of eccentric NSBHs

We compute the detectability of eccentric NSBHs using one O4-
sensitivity LIGO Livingston detector as follows.

We take the parameters of the merging NSBHs from the mas-
sive triple star simulations of Stegmann & Klencki (2025); interested
readers should consult that paper for full details of the simulations.
The 𝑁sim = 1542 NSBH mergers in these simulations are represen-
tative results from the evolution of a wide range of isolated triple star
systems, because only a narrow subset of such systems produces a
merging NSBH binary.
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4 I. Romero-Shaw et al.

Variable fixed 𝑚2 GW190814-like GW200105-like GW200115-like GW230529-like

𝑀 [M⊙] variable 25.78 13.00 7.30 5.00
𝑚1 [M⊙] variable 23.2 11.5 5.8 3.6
𝑚2 [M⊙] 1.5 2.58 1.5 1.5 1.4

𝑞 variable 0.099 0.115 0.233 0.280
𝜒1 0.0 0.07 0.06 -0.31 0.0
𝜒p variable 0.0 0.0 0.0 0.0
𝜃𝐽𝑁 0.0 0.8 2.36 0.76 2.36

𝑑L [Mpc] variable 249 296 300 201
𝑓samp [Hz / 2048] 6 2 2 4 6

𝐷 [s] 128 16 32 64 128

Table 1. Parameter settings in the eccentricity measurability studies we report here. Eccentricity 𝑒22,10 is variable in all studies, so is not included in this table.
Parameters that are shared between all studies—dimensionless secondary spin (𝜒2 = 0.0), right ascension (𝛼 = 1.02), declination (𝛿 = 5.73), geocent time
(𝑡0 = 𝐷 − 2 s), phase and polarisation (𝜙 = 𝜓 = 0)—are not included in this table. Spins are assumed to be aligned with the orbital angular momentum for
event-like injections. For fixed 𝑚2 studies we inject both zero-spin signals and signals with a primary that is maximally spinning and misaligned.

Figure 1. Left: The translucent blue filled histogram shows the eccentricity defined at a peak GW frequency of 10 Hz, output by the triple simulations of
Stegmann & Klencki (2025). The translucent orange filled histogram shows these same eccentricities but evolved to the 10 Hz 22-mode frequency using the
standard eccentricity definition scripts of Vijaykumar et al. (2024) (see also Shaikh et al. (2023)) or the analytic solutions of Tucker & Will (2021), assuming
no redshifting. The green unfilled histogram shows the source-frame eccentricity of systems that are recovered by the optimal quasi-circular aligned-spin search
described in the text, averaging every injected system over 500 possible 𝑑𝐿—ℓ pairs and 107 sets of extrinsic parameters, taking into account the effects of
redshifting in the injection. The grey histogram shows the results of the same search, but this time including both eccentricity and spin-precession (E+P) in the
template waveforms. Our mock quasi-circular search recovers 3.9% of the simulated population, representing 46% of signals recovered in the “E+P” search,
which recovers 8.5%. The vertical purple line shows the median 𝑒22,10 recovered in Morras et al. (2025a) for GW200105 using the same waveform model as is
used here, and the translucent purple band spans the 90% credible interval around this median. Right: The found percentage of events with log10 (𝑒′10 ) equal to
or greater than the value shown on the horizontal axis in the quasi-circular search (green) and eccentric spin-precessing search (grey).

Each simulated system comprises three stars: two in an inner binary
with masses 𝑚∗,1 ≥ 10 M⊙ , 𝑚∗,2 ≥ 5 M⊙ , and one less massive
tertiary with 𝑚∗,3 < 5 M⊙ . The mass of the primary is sampled from
a Kroupa (2001) mass function in the range 10 ≤ 𝑚1 ≤ 100 M⊙ .
There is no correlation between the black hole mass 𝑚1 and the final
eccentricity at 10 Hz. When the secondary becomes an NS, its mass
is fixed to 𝑚2 = 1.5 M⊙ . The simulations are carried out at a fixed
metallicity 𝑍 ≈ 0.1𝑍⊙ : for isolated NSBH mergers, metallicity has
a weak impact on merger rates and mass distributions (e.g., Neijssel
et al. 2019; Román-Garza et al. 2021; Broekgaarden et al. 2022; Iorio
et al. 2023), and it is assumed here that the same is true for triples.

The inner binary evolution proceeds in a two-stage process typical
of NSBH formation (Broekgaarden & Berger 2021; Xing et al. 2024):
(i) the primary becomes a BH while the secondary is still on the main
sequence, then (ii) the OB secondary becomes an NS. The birth of
the NS—the most disruptive step in the evolution of these systems—
acts to filter out triples that are not closely bound. There are two

main causes of disruption: first, the inner binary could be disrupted
due to the natal kick of the newborn NS; second, the recoil kick
to the centre-of-mass of the nascent NSBH due to the mass loss
of the secondary could detach the binary from the tertiary, with a
kick magnitude roughly inversely proportional to the inner binary
separation 𝑎1 (cf. Lu & Naoz 2019). Stegmann & Klencki (2025)
find that the natal kick imposes an strict upper limit on the inner
orbital separation (𝑎1 ≲ 102 AU), while only weakly restricting the
outer orbit (𝑎2 ≲ 104 AU) as a result of the unequal mass ratio of
the newly born NSBH. However, the distribution of surviving NSBH
triples is strongly skewed by the requirements imposed by the recoil
kick to the centre-of-mass: the tighter the inner binary, the closer the
tertiary must be in order for the system to remain bound as a triple.
For the surviving systems, 𝑎2/𝑎1, peaks at ≈ 10 with a sharp cut-off
at 103.

As a result, the surviving NSBHs are confined in closely-bound,
compact triples. The strength of the octupole term in the secular equa-
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Implications of Eccentric NSBHs 5

tions of motion for hierarchical triples scales with both 𝑎1/𝑎2 and
(1−𝑞)/(1+𝑞) (Naoz et al. 2013). Consequently, due to the generally
more unequal mass ratios of NSBHs, octupole terms in the evolution
become more important (Liu et al. 2015; Naoz 2016; Stegmann &
Klencki 2025). This makes the occurrence of ZKL oscillations less
conditional on the outer binary plane being close-to-perpendicular to
the tertiary orbital plane, thereby giving rise to higher eccentricities
from a wide range of initial conditions (Stegmann & Klencki 2025).

Using scripts from Vijaykumar et al. (2024), we convert the
simulation-output eccentricity defined at the Wen (2003) peak GW
frequency of 10 Hz, 𝑒𝑝,10, to an orbit-averaged 22-mode (𝑙 = 𝑚 = 2)
frequency (Shaikh et al. 2023) of 10 Hz, 𝑒22,10. The former frequency
definition corresponds to that of the harmonic at which the maximum
power is emitted for an eccentric binary, and can be thought of as
the GW frequency at periastron (e.g., Wen 2003; Hamers 2021; Vi-
jaykumar et al. 2024). It is recommended that the latter definition
is used instead for GW observations: this increases monotonically
over the course of the inspiral, avoids the low- and high-eccentricity
breakdowns of the Wen (2003) definition, and enables eccentricity to
be measured directly from the gravitational waveform (Shaikh et al.
2023).

Of the 1542 binaries, 70 (4.5% of the total) cause the conversion
script to fail due to numerical issues in those scripts, which occur
for systems with very small semi-latus rectum 𝑝 = 𝑎(1 − 𝑒2). For
most of these (53 of 70), we are able to use the formulae of Tucker &
Will (2021) to evolve to the converted 22-mode eccentricity; for the
remaining 17, we discard the systems. The difference between the
two definitions can be seen between the blue and orange histograms
in the left-hand panel of Figure 1. Discarded systems are included in
the histogram of 𝑒𝑝,10, but not in the histogram of 𝑒22,10.

We first wish to represent a realistically-distributed population of
triple-origin NSBH mergers. For each of the 𝑁sim binaries in the sim-
ulation output, we generate 𝑁pop = 500 pairs of luminosity distance
𝑑L and relativistic anomaly 𝑙 values. We assume a uniform distri-
bution between 0 and 2𝜋 for 𝑙. We use the UniformSourceFrame
prior from bilby to generate our 𝑑𝐿 distribution in the range 1 to
1000 Mpc; this corresponds to a redshift distribution that is uniform
in comoving volume and source-frame time. We set this relatively
low upper limit on 𝑑𝐿 to mitigate computational costs; the maximum
distance to which the heaviest system output by the simulation can
be detected, if we assume 𝑒22,10 = 0, is just below 1000 Mpc (at
1000 Mpc, this system has a matched-filter SNR of ≃ 6).

We then build on the method used in Zevin et al. (2021), which
is itself built on the prescriptions in Finn & Chernoff (1993), to
compute the detectability of our simulated population.

To start, we calculate the maximum SNR possible for each system,
given quasi-circular aligned-spin recovery templates; we will temper
this with realistic extrinsic parameter distributions later. For each 𝑖

of the 𝑁pop pairs, we inject the eccentric NSBH signal with the op-
timal source orientation of face-on, directly overhead, and circularly
polarised. We compute the maximum matched-filter signal-to-noise
ratio (SNR), 𝜌max,𝑖 , obtained with the quasi-circular waveform tem-
plate. We set the sampling frequency to 4096 Hz, and allow 128 s of
data when generating waveforms.

While Zevin et al. (2021) computed the SNR against a quasi-
circular waveform with all other parameters matching, the SNRs of
inspiral-dominated NSBH signals are far more sensitive to small
changes between the matched templates. Before computing the max-
imum possible SNR, we therefore minimise the mismatch between
the eccentric signal and quasi-circular template by varying the geo-
cent time 𝑡0, phase 𝜙, polarisation 𝜓, and amplitude A following
the method described in Harry et al. (2016). We also set the 𝑥 and

𝑦 components of the primary’s spin vector to 0 in the quasi-circular
template. Other parameters of the quasi-circular aligned-spin tem-
plate waveform match those of the eccentric and arbitrarily spinning
injection. Attempts to minimise the mismatch over mass and spin
parameters yielded negligible improvements over just optimising
(𝑡0, 𝜙, 𝜓,A), so were left out of final results. Our maximum matched-
filter SNRs may still be lower than the true possible maximum, since
we do not optimise over the whole range of intrinsic parameters. The
detection efficiency we estimate here should therefore be taken as a
lower limit.

To continue with more realistic SNR estimates, we then draw
𝑁ext = 107 realisations of extrinsic parameters other than 𝑑L and 𝑙

from the default bilby prior distributions for binary BHs (Romero-
Shaw et al. 2020b). We compute the detector projection factor Θ for
each 𝑗 of these realisations (Finn & Chernoff 1993):

Θ2
𝑗 = 4

[
𝐹2
+, 𝑗 (1 + cos2 𝜄 𝑗 )2 + 4𝐹2

×, 𝑗 cos2 𝜄 𝑗

]
, (3)

where the explicit dependence of the detector response functions 𝐹+
and 𝐹× on extrinsic parameters other than 𝜄 has been dropped from
the notation for brevity.

Setting an SNR threshold 𝜌thresh = 8, we compute the detection
probability 𝑃det,𝑖 for each pair:

𝑃det,𝑖 =

𝑁ext∑︁
𝑗=1

H
[
Θ 𝑗

4
𝜌max,𝑖 − 𝜌thresh

]
, (4)

where H is the Heaviside step function.
For each 𝑘 of the 𝑁sim mergers output by the simulation, we assign

the final weight

𝑤𝑘 =
1

𝑁pop

𝑁pop∑︁
𝑖=1

𝑃det,𝑖 . (5)

This weight describes the normalised probability that event 𝑘 is
detected, marginalised over our assumed distributions of extrinsic
parameters.

Note that we assess the detectability of signals from NSBH sources
based only on their matched-filter SNR, which is the optimal rank-
ing statistic in Gaussian noise. In reality, templated searches must
contend with non-Gaussian transients (“glitches”) that can produce
spuriously high SNRs. To mitigate the impact of this, searches eval-
uate the consistency of the data with the template using methods
that look beyond the raw SNR; for example, by checking whether
the SNR accumulates with frequency as predicted by the waveform
model (e.g., Allen 2005; Allen et al. 2012). Since the frequency
evolution of eccentric signals deviate from quasi-circular templates,
these consistency checks tend to down-weight their triggers even if
the SNR is high. Because our analysis does not account for this sig-
nal–template inconsistency penalty, our detectability estimates for a
triple-origin eccentric NSBH population may be over-optimistic.

3 RESULTS

3.1 Minimum measurable eccentricities for NSBHs

In Table 2, we give the estimated minimum measurable eccentric-
ity inferred for the event-like injections we perform, computed with
both waveform models. For NSBH-like injections, the minimum de-
tectable eccentricity computed with SEOBNRv5EHM is very similar to
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Figure 2. Scatter plot of total mass vs estimated minimum measurable ec-
centricity calculated via the method described in the text, for injections of
pyEFPE waveforms with either minimum or maximum values of 𝜒p (Schmidt
et al. 2015). The H1 SNR of the quasi-circular versions of these injections
is within ±0.4 of 𝜌0,𝐻1 = 22. For a fixed SNR, the minimum detectable
eccentricity correlates with total mass when 𝜒p = 0. When 𝜒p is maximal
(𝜒⊥

1 = 0.99; we assume the secondary is non-spinning), the relationship is
not linear, and measurability improves for more extreme mass ratios. The
colour range indicates the mass ratio 𝑞.

pyEFPE SEOBNRv5EHM

GW190814-like 0.023 0.0032
GW200105-like 0.034 0.026
GW200115-like 0.030 0.029
GW230529-like 0.020 0.023

Table 2. Overlap estimate of minimum measurable eccentricity measured
at 10 Hz orbit-averaged frequency for injected waveforms with parameters
similar to NSBH candidates detected by the LVK.

that computed with pyEFPE. However, for the GW190814-like in-
jection, which is known to have significant HM content, the estimate
obtained with SEOBNRv5EHM is an order of magnitude lower than
that obtained with pyEFPE. We confirm by running a 22-mode-only
injection of a GW190814-like waveform with SEOBNRv5EHM that
the improvement is due to the inclusion of HMs: without them, the
minimum detectable eccentricity is 𝑒22,10 = 0.018.

We provide a scatter plot of minimum measurable eccentricities
obtained with pyEFPE for systems with 𝑚2 = 1.5 M⊙ and varying
total mass 𝑀 in Figure 2. When 𝜒p = 0, the relationship between
total mass and minimum measurable eccentricity is straightforward:
smaller total mass gives a better estimated sensitivity to eccentricity
for a fixed SNR. To test how this varies with spin-induced precession,
we maximise 𝜒p by setting 𝜒⊥

1 = 0.99. We adjust the source distance
to ensure a comparable SNR. In this case, the relationship between
the estimated minimum measurable 𝑒22,10 and total mass is less
straightforward, but the minimum measurable 𝑒22,10 is always lower
than it is for its non-spinning counterpart.

The difference can be understood from the fact that, in GWs from
spin-precessing binaries, the envelope of the spin-precession-induced
amplitude oscillations is also altered by the presence of eccentricity.
As the mass ratio 𝑞 gets more unequal for a fixed mass, the number
of these precession cycles in-band increases, leading to improved

eccentricity measurability. We illustrate this effect in Figure 6 in
the Appendix. We include in Figure 2 the estimated minimum mea-
surable eccentricity for maximally spin-precessing injections with
𝑀 = 45 M⊙ and varying 𝑞, illustrating that more unequal mass
ratios improve measurability in this case. For fixed 𝑚2 = 1.5 M⊙
injections with 𝜒p = max., we interpret the turn-over at 𝑀 ≈ 10 M⊙
as the point at which the shortening effects of increasing 𝑀 on the
waveform are counteracted by the increasing number of precession
cycles in-band.

3.2 Astrophysical implications of detecting eccentric NSBHs

In the left-hand panel of Figure 1, we compare the histograms of the
simulation-output source-frame eccentricities with a histogram of
the source eccentricities of injections found using our quasi-circular
aligned-spin mock search, including the effects of redshifting and
marginalising over variations in extrinsic parameters. Our mock
search recovers 3.9% of the total simulated population. If we com-
pute the mock search using eccentric and spin-precessing templates,
we recover 8.5% of our total simulated population. Alternatively, if
we alter our simulated population to have only aligned spins and
zero eccentricity, the aligned-spin quasi-circular mock search recov-
ers 10.5% of systems. The relative detection efficiency of the search
is therefore 46% compared to a search containing the same physics
as the injected population, and 37% compared to the recovery of an
equivalent non-eccentric non-spin-precessing population.

We find that the search sensitivity drops steeply above 𝑒22,10 =

0.05, and that in the region of the eccentricity posterior for
GW200105, there are about eight times as many signals that are
found in the eccentric and spin-precessing search as found in the
quasi-circular search. In the right-hand panel of Figure 1, we show
the percentage of signals that are found with an eccentricity greater
than or equal to 𝑒22,10. When 𝑒22,10 ≥ 0.01, only 2% of sources are
recovered.

In Zevin et al. (2021), 𝑒10 = 0.05 was used as the minimum
detectable eccentricity threshold for binary BH mergers, based on
the recovery of GW150914-like injections using Bayesian inference
(Lower et al. 2018). Using the optimistic overlap method, we esti-
mate that NSBH-like systems have similar detectable eccentricities
of 𝑒22,10 ≈ O(0.01). In fact, the overlap estimates of Lower et al.
(2018) for GW150914-like systems are slightly lower than our esti-
mates for NSBHs, possibly due to using a different waveform model
or the higher SNR of the GW150914-like injections.

Fortunately, we do not require an accurate and universal “minimum
detectable eccentricity” to establish the astrophysical implications of
detecting eccentric NSBHs; we merely require an arbitrary eccen-
tricity threshold above which we are confident that eccentricity mea-
surement would be achieved. In accordance with standard practice
for binary BH eccentricity measurability, we choose 𝑒22,10 = 0.05
(Lower et al. 2018; Zevin et al. 2021). In the simulations of Stegmann
& Klencki (2025), most of the NSBH mergers have eccentricities
above this threshold: ≈ 80% of NSBHs have 𝑒22,10 ≳ 0.05. Due to
the low detectability of highly-eccentric inspiral-dominated systems,
though, only 2.8% of these are detected in our mock search. We
therefore set the “above threshold” eccentric fraction, i.e. the frac-
tion of systems that we are confident are detectable and measurably
eccentric, to 𝜉thresh = 0.80 × 0.028 = 0.0224. Using the same ap-
proach and notation as Zevin et al. (2021), in Figure 3, we plot the
symmetric 95% credible intervals around 𝛽𝑡 , the branching fraction
of field triples to the total population of observed NSBHs. If the
number of observed NSBHs is 𝑁obs = 3, and if GW200105 is truly
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Figure 3. Constraints on the detectable branching fraction of NSBH-producing field triples, 𝛽𝑡 , as a function of the number of NSBH observations, 𝑁obs, given
a number of eccentric NSBH observations 𝑁ecc. Diagonal shaded coloured bands encompass the 95% symmetric credible region of the likelihood on 𝛽𝑡 . The
limit 𝛽𝑡 = 1 is marked with a thick horizontal black line. Observations above this limit would indicate either problems with the astrophysical simulations, or
more eccentric observations than can be explained by this formation channel alone. The vertical red shaded band encompasses the range of possible 𝑁obs so far,
including marginal candidates and candidates with ambiguous secondary masses to reach the maximum.
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Figure 4. The probability distribution over the triple branching fraction 𝛽𝑡

given number of NSBH observations 𝑁obs = 3 (blue) and 𝑁obs = 11 (gold)
assuming 𝑁ecc = 1.

eccentric so 𝑁ecc = 1, then field triples may constitute ≥ 40% of
observed NSBHs.

There are likely more than three NSBHs in the catalogue so far.
In addition to GW190814, which may be an NSBH with an unusu-
ally massive NS secondary, GWTC-2 included the low-significance
NSBH candidate GW190426_152155 (Abbott et al. 2021a). In
GWTC-2.1, one confident candidate, GW190917_114630, has a
secondary consistent with being an NS (𝑚2 ≈ 2.1 M⊙), although

it is identified by the search pipeline as a binary BH; there are
two further low-significance NSBH candidates, GW190531_023648
and GW190917_114630 (Abbott et al. 2024). In GWTC-3, in
addition to GW200115 and GW200105, two potential NSBHs—
GW191219_163120 and GW200210_092254—were reported, al-
though the former has an uncertain astrophysical probability, and
the latter, like GW190814, has an ambiguous secondary mass (Ab-
bott et al. 2023). In GWTC-4, both GW230529 and confident NSBH
candidate GW230518_125908 were reported (The LIGO Scientific
Collaboration et al. 2025a); however, the latter was not included in
downstream analyses (e.g., the rates and populations analysis (The
LIGO Scientific Collaboration et al. 2025b)) due to being detected
outside of official observing, during the engineering run.

We include in Figure 3 a vertical red band spanning 3 ≤ 𝑁obs ≤ 11,
demonstrating the uncertainty on the number of NSBH detections.
With 𝑁obs = 11 and 𝑁ecc = 1, the lower 90% credible limit on 𝛽𝑡
is pushed down to ≈ 10%, while the detections remain consistent
with 100% of observed NSBHs originating in field triples at 90%
credibility. If no more eccentric NSBHs are detected, the upper 90%
credible limit on 𝛽𝑡 can begin to be constrained to < 1 when we reach
𝑁obs = 157.

In Figure 4, we plot the probability distribution over 𝛽𝑡 assuming
𝑁ecc = 1 for 𝑁obs = 3 and 𝑁obs = 11. In both cases, the peak
and majority of the likelihood distribution is in the unphysical region
above 𝛽𝑡 = 1, implying an overabundance of eccentric mergers given
the expected detection rates.
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4 DISCUSSION & CONCLUSION

In this work we investigate the measurability and detectability of ec-
centricity in GW signals from merging NSBHs. We find that, while
NSBHs similar to those that have been detected so far have simi-
lar minimum measurable eccentricities to binary BHs of O(0.01),
those that exhibit significant higher-mode content may have measur-
able eccentricities an order of magnitude lower. We also find that
the presence of non-zero precessing spin may decrease the mini-
mum measurable eccentricity (i.e., improving our ability to measure
eccentricity) for more unequal-mass NSBH mergers. By simulat-
ing a quasi-circular templated search for a realistic population of
NSBH mergers produced by field triples, we find that many signals
from these binaries would not be found in current detectors and
pipelines, with 96.1% having an SNR computed against a quasi-
circular, aligned-spin template that is below our assumed detection
threshold.

This low recovery fraction has two implications: firstly, that a
large population of triple-origin NSBHs could be merging in the
Universe without being found by our searches; and secondly, that a
single detection of an eccentric NSBH implies a high rate of NSBH
mergers from triples. Indeed, we find that if we have observed only
three NSBH mergers and one of them is measurably eccentric, then
the likelihood for the branching fraction 𝛽𝑡 of NSBHs from triples
peaks above the physical upper prior limit of 𝛽𝑡 = 1. Even if all
11 marginal and ambiguous NSBH candidates in the GW transient
catalogue so far are counted as detections, then one measurably
eccentric merger yields a 𝛽𝑡 that is still above 1.

If triples are efficiently producing NSBH mergers, then they may
also efficiently produce binary BH mergers. We speculate that the
fraction of detectably eccentric mergers should be smaller for a popu-
lation of binary BHs evolved with the same assumptions as Stegmann
& Klencki (2025), because the fractional mass loss during compact-
object formation and compact-object natal kicks are smaller for BHs
than NSs, so more distant tertiaries can remain bound and lead to
less aggressive orbital driving. This is consistent with predictions
of eccentricity distributions in binary BHs from triples (e.g., An-
tonini et al. 2016, 2017; Liu & Lai 2018; Dorozsmai et al. 2025);
however, we note that the results of these triple-evolving binary BH
simulations cannot easily be compared to the results of Stegmann &
Klencki (2025), since they employ different assumptions and cover
different regions of parameter space. The relative rates of binary BH
and NSBH mergers from triples are also uncertain, given the lack
of self-consistent simulations of triples producing both types of bi-
nary merger. For binary NSs, Hamers & Thompson (2019) find that
merger rates can be an order of magnitude higher than for NSBHs if
natal kicks are low, but can be lower if natal kicks are high. A full
population synthesis study with consistent assumptions, aiming to
quantify the relationship between the NSBH merger rate, the binary
BH merger rate, and the binary NS merger rate from triples, is left
for future work.

In the simulations of Stegmann & Klencki (2025), for every triple-
origin NSBH produced with 𝑒22,10 < 0.05, there are ≈ 4 produced
with higher eccentricity, which are less likely to be detected. As
shown in the right-hand panel of Figure 1, our mock search sug-
gests that < 1% of NSBHs with an eccentricity of 𝑒22,10 ≈ 0.3—
similar to that claimed for GW200105—would be detected with a
quasi-circular aligned-spin search. Consequently, for every eccen-
tric NSBH detected with a quasi-circular aligned-spin search, there
could be many more signals with similar or higher eccentricities
that are missed. This motivates the development of search strategies

for inspiral-dominated signals with a wide range of total masses,
eccentricities, and spin orientations.

ACKNOWLEDGEMENTS

We sincerely thank Alex Nitz for thoroughly assessing our work, and
in particular for spotting an error in our computations that led to arti-
ficially high recovered detection fractions from our searches in v1 of
this manuscript. We also thank Nick Loutrel, Antoni Ramos-Buades,
P.J. Nee, Nihar Gupte, and Aldo Gamboa for helpful discussions, and
thank Tom Dent, Ben Patterson, Alejandra Gonzalez, and Arif Shaikh
for comments on the draft. I.M.R-S acknowledges support from the
Science and Technology Facilities Council Ernest Rutherford Fellow-
ship grant number UKRI2423. M.Z. gratefully acknowledges funding
from the Brinson Foundation in support of astrophysics research at
the Adler Planetarium. The authors are grateful for computational re-
sources provided by the LIGO Laboratory and supported by National
Science Foundation Grants PHY-0757058 and PHY-0823459.

DATA AVAILABILITY STATEMENT

The data underlying the analyses in this paper will be made available
on request to the corresponding author.

REFERENCES

Abac A. G., et al., 2024, apjl, 970, L34
Abbott B. P., et al., 2018, Living Reviews in Relativity, 21, 3
Abbott B. P., et al., 2020, apjl, 896, L44
Abbott R., et al., 2021a, Phys. Rev. X, 11, 021053
Abbott B. P., et al., 2021b, apjl, 915, L5
Abbott R., et al., 2023, Phys. Rev. X, 13, 041039
Abbott R., Abbott T. D., Acernese F., Ackley K., Adams C., et al., 2024, Phys.

Rev. D, 109, 022001
Allen B., 2005, Phys. Rev. D, 71, 062001
Allen B., Anderson W. G., Brady P. R., Brown D. A., Creighton J. D. E.,

2012, Phys. Rev. D, 85, 122006
Alléné C., et al., 2025, Classical and Quantum Gravity, 42, 105009
Antonini F., Chatterjee S., Rodriguez C. L., Morscher M., Pattabiraman B.,

Kalogera V., Rasio F. A., 2016, Astrophys. J., 816, 65
Antonini F., Toonen S., Hamers A. S., 2017, Astrophys. J., 841, 77
Arca Sedda M., 2020, Communications Physics, 3, 43
Ashton G., et al., 2019, Astrophys. J. Supp. S., 241, 27
Belczynski K., Kalogera V., Bulik T., 2002, ApJ, 572, 407
Bhaumik S., et al., 2025, Phys. Rev. D, 111, 123032
Broekgaarden F. S., Berger E., 2021, apjl, 920, L13
Broekgaarden F. S., et al., 2022, mnras, 516, 5737
Brown D. A., Zimmerman P. J., 2010, Phys. Rev. D, 81, 024007
Chattopadhyay D., Stevenson S., Broekgaarden F., Antonini F., Belczynski

K., 2022, mnras, 513, 5780
Chattopadhyay D., Stegmann J., Antonini F., Barber J., Romero-Shaw I. M.,

2023, Mon. Not. R. Astron. Soc., 526, 4908
Chu Q., et al., 2020, arXiv e-prints, p. arXiv:2011.06787
Clausen D., Sigurdsson S., Chernoff D. F., 2013, mnras, 428, 3618
Dal Canton T., Nitz A. H., Gadre B., Cabourn Davies G. S., Villa-Ortega V.,

Dent T., Harry I., Xiao L., 2021, ApJ, 923, 254
Dhurkunde R., Nitz A. H., 2025, Phys. Rev. D, 111, 103018
Divyajyoti Sumit K., Tibrewal S., Romero-Shaw I. M., Mishra C. K., 2024,

Phys. Rev. D, 109, 043037
Dominik M., Belczynski K., Fryer C., Holz D. E., Berti E., Bulik T., Mandel

I., O’Shaughnessy R., 2012, ApJ, 759, 52

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stag323/8483881 by D

uthie Library, U
W

C
M

 user on 19 February 2026

http://dx.doi.org/10.3847/2041-8213/ad5beb
https://ui.adsabs.harvard.edu/abs/2024ApJ...970L..34A
http://dx.doi.org/10.1007/s41114-018-0012-9
https://ui.adsabs.harvard.edu/abs/2018LRR....21....3A
http://dx.doi.org/10.3847/2041-8213/ab960f
https://ui.adsabs.harvard.edu/abs/2020ApJ...896L..44A
http://dx.doi.org/10.1103/PhysRevX.11.021053
https://ui.adsabs.harvard.edu/abs/2021PhRvX..11b1053A
http://dx.doi.org/10.3847/2041-8213/ac082e
https://ui.adsabs.harvard.edu/abs/2021ApJ...915L...5A
http://dx.doi.org/10.1103/PhysRevX.13.041039
https://ui.adsabs.harvard.edu/abs/2023PhRvX..13d1039A
http://dx.doi.org/10.1103/PhysRevD.109.022001
http://dx.doi.org/10.1103/PhysRevD.109.022001
https://ui.adsabs.harvard.edu/abs/2024PhRvD.109b2001A
http://dx.doi.org/10.1103/PhysRevD.71.062001
http://dx.doi.org/10.1103/PhysRevD.85.122006
https://ui.adsabs.harvard.edu/abs/2012PhRvD..85l2006A
http://dx.doi.org/10.1088/1361-6382/add234
https://ui.adsabs.harvard.edu/abs/2025CQGra..42j5009A
http://dx.doi.org/10.3847/0004-637X/816/2/65
https://ui.adsabs.harvard.edu/abs/2016ApJ...816...65A
http://dx.doi.org/10.3847/1538-4357/aa6f5e
https://ui.adsabs.harvard.edu/abs/2017ApJ...841...77A
http://dx.doi.org/10.1038/s42005-020-0310-x
https://ui.adsabs.harvard.edu/abs/2020CmPhy...3...43A
http://dx.doi.org/10.3847/1538-4365/ab06fc
https://ui.adsabs.harvard.edu/abs/2019ApJS..241...27A
http://dx.doi.org/10.1086/340304
https://ui.adsabs.harvard.edu/abs/2002ApJ...572..407B
http://dx.doi.org/10.1103/hwr5-scp4
https://ui.adsabs.harvard.edu/abs/2025PhRvD.111l3032B
http://dx.doi.org/10.3847/2041-8213/ac2832
https://ui.adsabs.harvard.edu/abs/2021ApJ...920L..13B
http://dx.doi.org/10.1093/mnras/stac1677
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.5737B
http://dx.doi.org/10.1103/PhysRevD.81.024007
https://ui.adsabs.harvard.edu/abs/2010PhRvD..81b4007B
http://dx.doi.org/10.1093/mnras/stac1283
https://ui.adsabs.harvard.edu/abs/2022MNRAS.513.5780C
http://dx.doi.org/10.1093/mnras/stad3048
https://ui.adsabs.harvard.edu/abs/2023MNRAS.526.4908C
http://dx.doi.org/10.48550/arXiv.2011.06787
https://ui.adsabs.harvard.edu/abs/2020arXiv201106787C
http://dx.doi.org/10.1093/mnras/sts295
https://ui.adsabs.harvard.edu/abs/2013MNRAS.428.3618C
http://dx.doi.org/10.3847/1538-4357/ac2f9a
https://ui.adsabs.harvard.edu/abs/2021ApJ...923..254D
http://dx.doi.org/10.1103/PhysRevD.111.103018
https://ui.adsabs.harvard.edu/abs/2025PhRvD.111j3018D
http://dx.doi.org/10.1103/PhysRevD.109.043037
https://ui.adsabs.harvard.edu/abs/2024PhRvD.109d3037D
http://dx.doi.org/10.1088/0004-637X/759/1/52
https://ui.adsabs.harvard.edu/abs/2012ApJ...759...52D


O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

Implications of Eccentric NSBHs 9

Dorozsmai A., Romero-Shaw I. M., Vijaykumar A., Toonen S., An-
tonini F., Kremer K., Zevin M., Grishin E., 2025, arXiv e-prints, p.
arXiv:2507.23212

Drago M., et al., 2021, SoftwareX, 14, 100678
Fan Y.-Z., Han M.-Z., Jiang J.-L., Shao D.-S., Tang S.-P., 2024, Phys. Rev. D,

109, 043052
Fei Q., Yang Y., 2024, Communications in Theoretical Physics, 76, 075402
Finn L. S., Chernoff D. F., 1993, Phys. Rev. D, 47, 2198
Fragione G., Loeb A., 2019, mnras, 486, 4443
Fragione G., Grishin E., Leigh N. W. C., Perets H. B., Perna R., 2019, mnras,

488, 47
Gadre B., Soni K., Tiwari S., Ramos-Buades A., Haney M., Mitra S., 2024,

Phys. Rev. D, 110, 044013
Gamboa A., Khalil M., Buonanno A., 2025a, Phys. Rev. D, 112, 044037
Gamboa A., et al., 2025b, Phys. Rev. D, 112, 044038
Gonzalez A., Gamba R., Breschi M., Zappa F., Carullo G., Bernuzzi S., Nagar

A., 2023, Phys. Rev. D, 107, 084026
Hamers A. S., 2021, Research Notes of the American Astronomical Society,

5, 275
Hamers A. S., Thompson T. A., 2019, ApJ, 883, 23
Harry I., Hoy C., 2025, arXiv e-prints, p. arXiv:2503.09773
Harry I., Privitera S., Bohé A., Buonanno A., 2016, Phys. Rev. D, 94, 024012
Hoang B.-M., Naoz S., Kremer K., 2020, ApJ, 903, 8
Huerta E. A., Brown D. A., 2013, Phys. Rev. D, 87, 127501
Iorio G., et al., 2023, mnras, 524, 426
Jan A., Tsao B.-J., O’Shaughnessy R., Shoemaker D., Laguna P., 2025, arXiv

e-prints, p. arXiv:2508.12460
Joshi P., et al., 2025, arXiv e-prints, p. arXiv:2506.06497
Kacanja K., Soni K., Nitz A. H., 2025a, arXiv e-prints, p. arXiv:2508.00179
Kacanja K., Soni K., Nitz A. H., 2025b, arXiv e-prints, p. arXiv:2508.00179
Kalogera V., Baym G., 1996, apjl, 470, L61
Klimenko S., et al., 2016, Phys. Rev. D, 93, 042004
Kozai Y., 1962, Astron. J., 67, 591
Kroupa P., 2001, mnras, 322, 231
LIGO Scientific Collaboration Virgo Collaboration KAGRA Collaboration

2025, arXiv e-prints, p. arXiv:2507.12374
Lidov M. L., 1962, Planet. Space Sci., 9, 719
Liu B., Lai D., 2018, Astrophys. J., 863, 68
Liu B., Muñoz D. J., Lai D., 2015, Mon. Not. R. Astron. Soc., 447, 747
Lower M. E., Thrane E., Lasky P. D., Smith R., 2018, Phys. Rev. D, 98,

083028
Lu C. X., Naoz S., 2019, mnras, 484, 1506
McKernan B., Ford K. E. S., O’Shaughnessy R., 2020, mnras, 498, 4088
Moe M., Di Stefano R., 2017, Astrophys. J. Supp. S., 230, 15
Moore B., Yunes N., 2020, Classical and Quantum Gravity, 37, 225015
Morras G., Pratten G., Schmidt P., 2025a, ,
Morras G., Pratten G., Schmidt P., 2025b, Phys. Rev. D, 111, 084052
Naoz S., 2016, Annu. Rev. Astron. Astrophys., 54, 441
Naoz S., Farr W. M., Lithwick Y., Rasio F. A., Teyssandier J., 2013, mnras,

431, 2155
Neijssel C. J., et al., 2019, mnras, 490, 3740
Nitz A. H., Wang Y.-F., 2021, ApJ, 915, 54
Nitz A. H., Lenon A., Brown D. A., 2020, ApJ, 890, 1
Offner S. S. R., Moe M., Kratter K. M., Sadavoy S. I., Jensen E. L. N., Tobin

J. J., 2023, in Inutsuka S., Aikawa Y., Muto T., Tomida K., Tamura M.,
eds, Astronomical Society of the Pacific Conference Series Vol. 534,
Protostars and Planets VII. p. 275 (arXiv:2203.10066)

Oppenheimer J. R., Volkoff G. M., 1939, Phys. Rev., 55, 374
Peters P. C., 1964, Phys. Rev., 136, 1224
Phukon K. S., Schmidt P., Morras G., Pratten G., 2025,
Portegies Zwart S. F., Yungelson L. R., 1998, aap, 332, 173
Rastello S., Mapelli M., Di Carlo U. N., Giacobbo N., Santoliquido F., Spera

M., Ballone A., Iorio G., 2020, mnras, 497, 1563
Rezzolla L., Most E. R., Weih L. R., 2018, apjl, 852, L25
Rodriguez C. L., Amaro-Seoane P., Chatterjee S., Rasio F. A., 2018, Phys.

Rev. Lett., 120, 151101
Román-Garza J., et al., 2021, apjl, 912, L23

Romero-Shaw I. M., Farrow N., Stevenson S., Thrane E., Zhu X.-J., 2020a,
mnras, 496, L64

Romero-Shaw I. M., et al., 2020b, Mon. Not. R. Astron. Soc., 499, 3295
Romero-Shaw I. M., Gerosa D., Loutrel N., 2023, Mon. Not. R. Astron. Soc.,

519, 5352
Schmidt P., Ohme F., Hannam M., 2015, Phys. Rev. D, 91, 024043
Shaikh M. A., Varma V., Pfeiffer H. P., Ramos-Buades A., van de Meent M.,

2023, Phys. Rev. D, 108, 104007
Stegmann J., Klencki J., 2025, apjl, 991, L54
Tagawa H., Kocsis B., Haiman Z., Bartos I., Omukai K., Samsing J., 2021,

Astrophys. J. Lett., 907, L20
The LIGO Scientific Collaboration the Virgo Collaboration the KAGRA

Collaboration Abac A. G., Abouelfettouh I., Acernese F., et al., 2025a,
arXiv e-prints, p. arXiv:2508.18082

The LIGO Scientific Collaboration the Virgo Collaboration the KAGRA
Collaboration 2025b, arXiv e-prints, p. arXiv:2508.18083

Tiwari A., Bhat S. A., Arif Shaikh M., Kapadia S. J., 2025, arXiv e-prints, p.
arXiv:2509.26152

Tolman R. C., 1939, Physical Review, 55, 364
Tucker A., Will C. M., 2021, Phys. Rev. D, 104, 104023
Vijaykumar A., Hanselman A. G., Zevin M., 2024, Astrophys. J., 969, 132
Wang Y.-F., Nitz A. H., 2025, arXiv e-prints, p. arXiv:2508.05018
Wen L., 2003, Astrophys. J., 598, 419
Xing Z., et al., 2024, aap, 683, A144
Ye C. S., Fong W.-f., Kremer K., Rodriguez C. L., Chatterjee S., Fragione G.,

Rasio F. A., 2020, apjl, 888, L10
Zeipel H. V., 1909, Astronomische Nachrichten, 183, 345
Zevin M., Samsing J., Rodriguez C., Haster C.-J., Ramirez-Ruiz E., 2019,

ApJ, 871, 91
Zevin M., Romero-Shaw I. M., Kremer K., Thrane E., Lasky P. D., 2021,

Astrophys. J. Lett., 921, L43
de Lluc Planas M., Husa S., Ramos-Buades A., Valencia J., 2025, First eccen-

tric inspiral-merger-ringdown analysis of neutron star-black hole mergers
(arXiv:2506.01760), https://arxiv.org/abs/2506.01760

APPENDIX A: EFFECT OF SAMPLING FREQUENCY AND
INCLINATION ON SEOBNRV5EHM OVERLAPS

In Figure A1, we demonstrate the influence of varying the sampling
frequency 𝑓samp and inclination angle 𝜃JN on the overlap calculated
with the SEOBNRv5EHM waveform model. We believe these differ-
ences arise because we marginalise over a uniform distribution of
input relativistic anomalies, which does not remain uniform as the bi-
nary evolves, leading to some orientations being more well-sampled
than others at merge. The fact that increasing the sampling frequency
reduces the scale of these oscillations in the phase-time maximised
overlap implies that a more uniform distribution of input relativistic
anomaly is achieved when sampling frequency is higher. When the
system has 𝜃JN = 0, the amplitude of the oscillations again reduces.
This is likely related to the fact that the tilt of the orbit changes the
impact of the relativistic anomaly parameter on the detected wave-
form.

APPENDIX B: EFFECT OF SPIN-PRECESSION ON
ECCENTRICITY MEASURABILITY

In Figure B1, we demonstrate the influence of mass ratio 𝑞 on the
number of spin-precession cycles in-band. When 𝑞 = 1 the cycles last
longer and their cadence is lower than when 𝑞 is more unequal. This
leads to an improvement in eccentricity measurability for unequal-
mass, spin-precessing binaries, since eccentricity alters the envelope
of these precession cycles.
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Figure A1. Oscillations seen in the overlap calculated using SEOBNRv5EHM for (left) a GW190814-like injection with different sampling frequencies, and
(right) a GW200105-like injection with different source inclinations. All other parameters are as shown in Table 1. We see that the highest value of 𝑒22,10 at
which the metric (1 − O) ∗ 𝜌2

0 becomes > 1 is similar in all variations.
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Figure B1. Comparison of maximally spin-precessing pyEFPE waveforms with different mass ratios and eccentricities. All have 𝜒⊥
1 = 0.99 and 𝑀 = 45 M⊙ .
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