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Abstract

Gravitational-wave (GW) detections of merging neutron star—black hole (NSBH) systems probe astrophysical
neutron star (NS) and black hole (BH) mass distributions, especially at the transition between NS and BH masses.
Of particular interest are the maximum NS mass, minimum BH mass, and potential mass gap between them. While
previous GW population analyses assumed all NSs obey the same maximum mass, if rapidly spinning NSs exist,
they can extend to larger maximum masses than nonspinning NSs. In fact, several authors have proposed that the
~2.6 M, object in the event GW190814—either the most massive NS or least massive BH observed to date—is a
rapidly spinning NS. We therefore infer the NSBH mass distribution jointly with the NS spin distribution,
modeling the NS maximum mass as a function of spin. Using four LIGO-Virgo NSBH events including
GW190814, if we assume that the NS spin distribution is uniformly distributed up to the maximum (breakup) spin,
we infer the maximum nonspinning NS mass is 2.7793 M., (90% credibility), while assuming only nonspinning
NSs, the NS maximum mass must be >2.53 M., (90% credibility). The data support the mass gap’s existence, with
a minimum BH mass at 5.4f(,)j(7)M@. With future observations, under simplified assumptions, 150 NSBH events may
constrain the maximum nonspinning NS mass to £0.02 M., and we may even measure the relation between the
NS spin and maximum mass entirely from GW data. If rapidly rotating NSs exist, their spins and masses must be
modeled simultaneously to avoid biasing the NS maximum mass.

Unified Astronomy Thesaurus concepts: Gravitational waves (678); Neutron stars (1108); Black holes (162)

1. Introduction

The transition between neutron star (NS) and black hole (BH)
masses is key to our understanding of stellar evolution, supernova
physics, and nuclear physics. In particular, the maximum mass
that an NS can support before collapsing to a black hole (BH),
known as the Tolman—Oppenheimer—Volkoff (TOV) mass Mrtoy
for a nonspinning NS, is governed by the unknown high-density
nuclear equation of state (EOS)(Bombaci 1996; Kalogera &
Baym 1996; Lattimer 2012). Constraints on the maximum NS
mass can therefore inform the nuclear EOS, together with
astrophysical observations such as X-ray timing of pulsar hot
spots (Bogdanov et al. 2019), gravitational-wave (GW) tidal
effects from mergers involving NSs (Abbott et al. 2018; Lim &
Holt 2019; Landry et al. 2020; Dietrich et al. 2020), and
electromagnetic observations of binary neutron star (BNS) merger
remnants (Margalit & Metzger 2017; Rezzolla et al. 2018), as well
as lab experiments (e.g., Adhikari et al. 2021). Recent theoretical
and observational constraints on the EOS have placed
Mroy =2.2-25M,, (e.g., Legred et al. 2021). If astrophysical
NSs exist up to the maximum possible NS mass, Mtoy can be
measured by fitting the NS mass distribution to Galactic NS
observations (Valentim et al. 2011; Ozel et al. 2012; Alsing et al.
2018; Farrow et al. 2019; Farr & Chatziioannou 2020). A recent
fit to Galactic NSs finds a maximum mass of 2.2270%3 M,
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(Farr & Chatziioannou 2020). In particular, observations of
massive pulsars (Antoniadis et al. 2013; Cromartie et al. 2020) set
a lower limit of Moy 22 M.

Meanwhile, the minimum BH mass and the question of a
mass gap between NSs and BHs is of importance to supernova
physics (Fryer & Kalogera 2001; Fryer et al. 2012; Belczynski
et al. 2012; Liu et al. 2021). Observations of BHs in X-ray
binaries first suggested a mass gap between the heaviest NSs
(limited by Myoy) and the lightest BHs (~5 M.; Ozel et al.
2010; Farr et al. 2011), although recent observations suggest
that the mass gap may not be empty (Thompson et al. 2019;
Abbott et al. 2020c¢).

Over the last few years, the GW observatories Advanced
LIGO (Aasi et al. 2015) and Virgo (Acernese et al. 2015) have
revealed a new astrophysical population of NSs and BHs in
merging binary black holes (BBHs)(Abbott et al. 2016),
BNS (Abbott et al. 2017, 2020a), and NSBH systems (Abbott
et al. 2021a). These observations can be used to infer the NS mass
distribution in merging binaries and constrain the maximum NS
mass (Chatziioannou & Farr 2020; Galaudage et al. 2021; Landry
& Read 2021; Li et al. 2021; Zhu et al. 2021; The LIGO Scientific
Collaboration et al. 2021a). Furthermore, jointly fitting the NS and
BH mass distribution using GW data probes the existence of the
mass gap (Mandel et al. 2017; Fishbach et al. 2020; Farah et al.
2021). Recent fits of the BNS, BBH, and NSBH mass spectrum
find a relative lack of objects between 2.6 and 6 M., (Abbott et al.
2021b; Farah et al. 2021; The LIGO Scientific Collaboration et al.
2021a).

Gravitational-wave NSBH detections can uniquely explore
both the maximum NS mass and the minimum BH mass
simultaneously with the same system. In particular, the NS and
BH masses in the first NSBH detections (Abbott et al. 2021a)
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seem to straddle either side of the proposed mass gap (Farah
et al. 2021), especially when assuming astrophysically
motivated BH spins (Mandel & Smith 2021). However, our
understanding of the NS maximum mass and the mass gap
from GWs is challenged by one discovery: GW 190814 (Abbott
et al. 2020c). The secondary mass of GW190814 is tightly
measured at 2.6 M, making it exceptionally lighter than BHs
in BBH systems (Essick et al. 2021) but heavier than most
estimates of Moy (Abbott et al. 2020c; Essick & Landry 2020).
As a possible explanation, several authors have proposed that
GW190814 is a spinning NS (Most et al. 2020). While Mrov
limits the mass of nonspinning NSs, NSs with substantial spins
can support ~20% more mass (Cook et al. 1994). Unfortu-
nately, it is difficult to test the spinning NS hypothesis for a
single system, because the spin of the secondary 2.6 M, object
in GW190814 is virtually unconstrained from the GW signal.

In this paper, we show that by studying a population of
NSBH events, we may measure the NS maximum mass as a
function of spin. We build upon the work of Zhu et al. (2021),
Farah et al. (2021), and The LIGO Scientific Collaboration
et al. (2021a), who studied the population statistics of NSBH
masses and BH spins, but allow the NS mass distribution to
depend on the NS spin for the first time. This method will not
only enable more accurate classifications for NSBH versus
BBH events in cases like GW190814 but will also prevent
biases that would result from measuring Mty while ignoring
the dependence of the maximum NS mass on spin. As
Biscoveanu et al. (2022) previously showed, mismodeling the
NS spin distribution can bias the inferred mass distribution
even in cases where the NS mass distribution does not vary
with spin, simply because masses and spins are correlated in
the GW parameter estimation of individual events. The rest of
this paper is structured as follows. Section 2 describes
population-level spin and mass models, our hierarchical
Bayesian framework, the current GW data, and our procedure
for simulating future NSBH events. Results from analyzing the
LIGO-Virgo NSBH mergers are presented in Section 3; results
from simulating future GW NSBH observations are presented
in Section 4. We conclude in Section 5.

2. Methods
2.1. Population Models

We use the following phenomenological models to describe the
astrophysical spin (Section 2.1.1) and mass (Sections 2.1.2-2.1.3)
distribution of NSBH systems.

2.1.1. Spin Models

It remains unclear whether NSs, specifically those in merging
BNS and NSBH systems, can have significant spins. The most
rapidly spinning NS in a (nonmerging) double NS system is the
pulsar J1807-2500B with a period of 4.2 ms or dimensionless
spin magnitude a = 0.12 (Lynch et al. 2012). Among recycled
pulsars, the fastest spinning is pulsar J1748-2446ad with a
period of ~1.4 ms (Hessels et al. 2006). However, rapidly
spinning NSs in which spin-down is inefficient (due to, e.g.,
weak magnetic fields) may have avoided -electromagnetic
discovery for the same reasons. In NSBH systems, it may also
be possible for the NS spin to grow through accretion if the NS
is born before the BH (Chattopadhyay et al. 2021) or through
tidal synchronization, as has been studied in BBH systems (Qin
et al. 2018).
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We remain agnostic about NS spin magnitudes, modeling
their distribution as a power law,

— By
p(a2|amux’ Bs) X a az) 0< a2'< Amax (1)
0 otherwise,

where a,,,, sets an upper limit on possible values of a,, and [
controls the slope. For G; =0, the secondary spin magnitude
follows a uniform distribution; for 3, > 0, the secondary spin
distribution prefers low spin. The maximum value of g, is the
breakup spin ag.p, Which is around ag.p, ~ 0.7 for most EOSs.

We do not explicitly model NS spin tilts (the angle between
the spin vector and the orbital angular momentum axis), but
consider a few different assumptions and explore how they
affect our inference. By default, we consider an NS spin-tilt
distribution that is isotropic, or flat in —1 < cos(tilt) < 1. We
also explore a restricted model in which NS spins are perfectly
aligned with the orbit, cos(til;) = 1. For the distribution of BH
spins, by default, we assume that BHs are nonspinning (a; = 0;
Fuller & Ma 2019; Mandel & Smith 2021). We alternatively
assume that the BH spin distribution is uniform in spin
magnitude with isotropic spin tilts.

In summary, we consider the following spin models:

1. Zero-spin BH (“ZS,” default spin model): Primary BH is
nonspinning (a; = 0). Secondary NS spin is isotropic in
spin tilt (flat in —1 < cos(tilt,) < 1) and follows a power
law in the spin magnitude a, (Equation (1)).

2. Zero-spin BH + aligned-spin NS (“ZS + AS”): Same as
the default, but with cos(tily) = 1.

3. Uniform and isotropic (“U+I"): Same as the default, but
the primary BH spin is flat in magnitude @, and cos(tilt)
rather than nonspinning.

2.1.2. Neutron Star Mass Models

Like the case with spins, we consider a few different mass
models to check the robustness of our conclusions. We
consider three models for NS masses, which describe the
distribution of NSBH secondary masses m, (see Figure 1):

1. Default: Single Gaussian distribution (panels (a), (d)—(f)
of Figure 1)

P(m2|,lt, g, Mmim Mmax)

_ NT(’”Z'M’ 0) Mupin < my < Mpax
0 otherwise,

where N7 (x|, o) denotes a truncated Gaussian distribu-
tion with mean p and standard deviation o.

2. Two-component (bimodal) Gaussian distribution (“2C”),
as in the Galactic NS distribution (Alsing et al. 2018,
panel (b) of Figure 1),

p(m2|~’4’ H1s O1, Ko, 02, Min, Mmax)
ANT(mo|py, o)+

=1 - -A)NT(mZLU/za 02) Mpin < my < Mpax
0 otherwise.

3. Uniform distribution (“U”) with sharp cutoffs at the
minimum and maximum NS mass [Mpin, Mmax] (panel (c)
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(Bs = 0) with amax/akep = 0.5.
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Figure 1. Simulated astrophysical NS mass distributions p(m,), with Moy = 2 M, marked in red. The NS spin distribution follows Equation (1), with £, and @pax

specified in the subcaptions.

of Figure 1)

p(m2|Mmin» Mmax)
1
) Yy Miin < my < Miax
0 otherwise.

All normal distributions (A7) are truncated sharply and
normalized to integrate to 1 between M, = 1M, and Mp,x.
In this work, we focus on inferring the maximum NS mass.
While the minimum NS mass can also be inferred with
GWs (Chatziioannou & Farr 2020), we fix the minimum NS
mass to 1 M, in our models. If binary stellar evolution can
produce NSs with extreme masses, then M, and M.«
correspond to the minimum and maximum allowable masses
set by nuclear physics.

Crucially, we allow NSs to have significant spin. Rapid
uniform rotation may provide additional support to the NS,
allowing it to reach masses greater than the nonspinning
maximum mass Mtoy. We model the dependence of M., on
NS spin a, using the universal relationship from Most et al.
(2020):

Minax (a2, agep, Mtov)

2 4
= Mrov 1+A2(£) +A4( 4 ) , ()

AdKep AdKep

with A, =0.132, A4 =0.0071, where ak., corresponds to the
dimensionless spin at the mass-shedding limit. For concrete-
ness, we assume dgep = 0.7, which is true for most EOSs. For
an NS with spin akep,, the maximum possible mass is around

1.2x the (nonspinning) TOV limit. To measure this relation
directly from gravitational-wave data, we also optionally
measure a free, linear dependence between maximum spin
and critical mass (see Section 4.5):

a
Mmax (a2, axep, Mrov) = MrovAl(—z). 3)
AKep

The extent to which the NS mass distribution can extend
above Mrtoy depends on the spin distribution. The NS mass
distributions p(m,) above include a dependence on spin and can
be written as p(m;|Mpnax (a2), 6), where 6 includes all other
parameters. Figures 1(d)—(f) shows the NS mass distribution
under three variations of the spin distributions outlined in 2.1.1.

2.1.3. Black Hole Mass Models and Pairings

We model the primary (BH) mass distribution p(m;) as a
power law with a slope of —a and a minimum mass cutoff at
MBH:

X < Mgy
otherwise.

p(mio, Mag) o {0 . )
my

We fix o >0 such that the probability density decreases for
increasing BH mass. The minimum BH mass represents the
upper boundary of the mass gap. In order to restrict the range of
m, to reasonable values, we optionally include a maximum BH
mass of 30 M., in Equation (4). However, for most of our
NSBH models, high-mass BHs are rare due to a relatively steep
slope « and/or a pairing function that disfavors extreme mass-
ratio pairings, and we do not explicitly model the BH
maximum mass.
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We assume that the pairing function between m; and m;,
NSBH systems follows a power law in the mass ratio
mo/m; = q < 1 (Fishbach & Holz 2020):

p(g) x 4", (5)

where by default we assume 3=0 (Farah et al. 2021). We
alternatively consider the case 0= 3, which favors equal-mass
pairings. Depending on the width of the mass gap, NSBHs may
necessarily have unequal masses, but on a population level, a
higher ¢ may still be relatively preferred.

Putting the mass and spin distributions together, we model
the distribution of NSBH masses and spins 0 = (m;, m», a;, a,)
given population hyperparameters A and model H as

70|\, H) o< p(mi|a, Mgy, H)p(ma|Ans, az, H)
p(allH)p(CQlamaxa ﬁs, H)p(q|ﬁ9 H)’ (6)

where H refers to the choice of model as described in the earlier
subsections. For the extrinsic source parameters not in 6, we
assume isotropic distributions in sky position, inclination and
orientation, and the local-universe approximation to a uniform-
in-volume distribution p(d;) sz, where d; is the luminosity
distance.

2.2. Hierarchical Inference
2.2.1. Likelihood

We infer properties of the overall NSBH population with a
hierarchical Bayesian approach (Loredo 2004; Mandel et al.
2019). This allows us to marginalize over the uncertainties in
individual events’ masses and spins (grouped together in the set
0; for event i) in order to estimate the hyperparameters A
describing the NS and BH mass and spin distributions. For Ny,
GW detections producing data d, the likelihood of the data is
described by an inhomogeneous Poisson process:

Ndel
LA, N) = NYe O TT [L@idpm @10 dor, - ()
i=1

where N is the total number of NSBH mergers in the universe
within some observing time, £(A) is the fraction of detectable
events in the population described by hyperparameters A (see
Section 2.2.2), £(d;]6;) is the likelihood for event i given its
masses and spins 6;, and 7w(f|A) describes the NSBH mass and
spin distribution given population hyperparameters A
(Equation (6). As we do not attempt to calculate event rates,
we marginalize over N with a log-uniform prior and calculate
the population likelihood as (Mandel et al. 2019; Fishbach et al.
2018)

Noaw | L(di|0;)7 (0| A) db;

L(d|N) x H f .
i=1 W)

We evaluate the single-event likelihood £(d|#) via importance

sampling over Ng,m;, parameter estimation samples Opg for each

event:

®)

1 e 7 (Opp,A)

2

9
samp j=1 7TPE(HPE,j)

f Ld|0)w(0]A) dO ~ ©9)

where 7pg(f) is the original prior that was used in LIGO
parameter estimation. We calculate the posterior on the

Ye & Fishbach

Table 1
Priors Ranges for Population Parameters

A [0.0, 1.0]
JLOT [y, [ [1.0, 3.0]
ooroy, 0s [0.01, 1.5]
Mrov [1.5,3.5]
Mgy [1.5, 10]
@ [0, 10]

max a/agep [0.1, 1.0]
B [0.0, 5.0]

A (optional) [—0.5, 0.5]

population parameters, p(Ald), from the likelihood L(d|A),
under Bayes theorem, using broad, flat priors on the parameters
A. For prior ranges, see Table 1.

2.2.2. Selection Effects

While we model and measure the astrophysical source
distributions, GW detectors observe only sources loud enough
to be detected, i.e., sources that produce data above some
threshold d > thresh. We account for this selection effect by
including the term £(A), the fraction of detectable binaries from
a population described by parameters A:

£(A) = f L 0T @A) dd db
d>thresh

zfmwmwmw (10)

To evaluate £(A), we calculate the detection probability Py (6)
as a function of masses and cosmological redshift following the
semianalytic approach outlined in Fishbach & Holz (2017). We
assume the detection threshold is a simple single-detector
signal-to-noise ratio (S/N) threshold py,esn = 8. We ignore the
effect of spin on detectability; although systems with large
aligned spins experience orbital hang-up that increases their
S/N compared to small or antialigned spins, the effect is small
compared to current statistical uncertainties (Ng et al. 2018).

Given the masses and redshift of a potential source, we
calculate its detectability as follows. We first calculate the
optimal matched-filter S/N p,, using noise power spectral
density (PSD) curves corresponding to aLIGO at O3
sensitivity, Design sensitivity, or A+ sensitivity (Abbott et al.
2020b); the optimal S/N corresponds to a face-on, directly
overhead source. We then calculate the S/N p for a random sky
position and orientation by generating angular factors
0<w<1 from a single-detector antenna pattern (Finn &
Chernoff 1993) and set p=wpop.. If p > puresn for a given
detector noise curve, we consider the simulated source to be
detected.

Finally, we estimate £(A) with a Monte Carlo integral over
simulated sources. We draw simulated sources with m;, m,,
and z according to pgrw(6) until injection sets of 10,000 events
are created. BH (m;) is drawn from a power law with
Mgy = 1.5M. NS (m5;) is drawn from a uniform distribution
between 1 and 3.5M. Redshifts z are drawn uniformly in
comoving volume and source-frame time. Each simulated
system is labeled as detected or not based on its S/N, described
above. We then approximate the integral £(A) as a sum over
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Mg, detected simulated systems:

1 N 7w (my, may, zj|A)

§A) ~ >

Naraw j=1 Pdraw (myj, maj, zj)

an

2.3. Gravitational-wave Data and Simulations
2.3.1. Well-measured Parameters

While the population distributions in Section 2.1 are defined
in terms of my, m,, a,, and a,, gravitational-wave detectors are
most sensitive to degenerate combinations of these parameters.
These include the gravitational chirp mass

 (mmp)3d

(my + my)'/3” (12

the symmetric mass ratio

q
=—=, (13)
(1 +¢g)

and Y.r, @ mass-weighted sum of the component spins that is

approximately conserved during the inspiral,
Xeff = Ttz T Malas Tt (14)

m + my

where a,, and a,, are the components of the primary and
secondary spins that are aligned with the orbital angular

momentum axis. If the primary is nonspinning, y.g reduces

myds; q
o——— = az,zr.
nmy + my 4q

2.3.2. Post-Newtonian Approximation

We follow the method outlined in Chatziioannou & Farr
(2020) to simulate realistic parameter estimation samples from
mock GW NSBH detections. Chatziioannou & Farr (2020) use
the post-Newtonian (PN) description of the GW inspiral, with
PN coefficients 1y, 1, and 13 that depend on the masses and
spins:

M) = (s)
(M, v) = W(% + lny) (16)
5= (P + Do) an
vM.v ) = 08D ()

where the mass difference ém = (m; — m,)/(m; + m5,) and the
spin difference x, = (a;,— a».)/2. The third coefficient 13
encodes the spin—orbit degeneracy as (3 includes the spins and v
is the mass ratio. In our case, unlike in Chatziioannou & Farr
(2020), the x, term is not negligible. For NSBH systems,
especially under the assumption of a spinning secondary and
nonspinning primary, both the mass difference ém and spin
difference 7y, are significant. For our mock events, we
approximate the measured PN coefficients ¢; as independent
Gaussian distributions with standard deviations o;. As in
Chatziioannou & Farr (2020), we adopt oo = 0.00461/p,
0, =0.23411),/p, and o3 = —0.1293¢3/p, where we draw the
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Figure 2. Sample parameter estimation posterior simulated using the PN
approximation; contours show 68% and 95% CI. True values are denoted by
the blue crosses.

S/N p according to p(p) o p~*, an approximation to the S/N
distribution of a uniform-in-comoving-volume distribution of
sources (Chen & Holz 2014). We then sample m,, m,, a; ,, and
a, ., from the vy, 1», and 15 likelihoods, accounting for the
priors induced by the change of variables by calculating the
appropriate Jacobian transformations.

An example NSBH parameter estimation posterior generated
according to this procedure is shown in Figure 2. We see that the
masses and spins are highly correlated. In particular, the
anticorrelation between the secondary mass and spin increases
the uncertainty on Moy and the spin—maximum mass relationship.

3. Application to LIGO-Virgo NSBH Detections
3.1. Data and Event Selection

In our population inference, we consider up to four LIGO-
Virgo triggers as NSBH detections:

1. GW200105 (Abbott et al. 2021a); (all measurements
quoted at 90% confidence level) m; = 8.9712M,, m,=
1 9+0.3M
F_02Moe
2. GW200115 (Abbott et al. 2021a); m; = 5.7 38M,, m, =
1. 5+07

3. GW190814 (Abbott et al. 2020c); my = 232 1M,
my = 2.6°0IM,. Because the secondary mass in
GW190814 falls squarely into the putative lower mass
gap, it is unclear whether GW190814 is an NSBH or BBH
event. Accordingly, we do not include GW190814 in every
analysis, but consider how it affects population estimates.

4. GW190426_152155 (hereafter GW190426) (Abbott et al.
2021c); my = 5.7533My, my = 1.5703M,. GW190426 is
relatively low significance with a network S/N of p = 10.1,
and so may or may not be a real NSBH event. Accordingly,
as with GW190814, we do not consider GW190426 in
every analysis, but consider how it affects population
estimates.
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Figure 3. 90% contours on m; and m, from the four NSBH events: GW 190426
(gray), GW190814 (blue), GW200105 (green), and GW200115 (red). Plot
features m, and m, under three spin priors “U + I” in dotted lines; “ZS” in dashed
lines; “ZS + AS” solid (all 90% contours). The spin priors correspond to the
models from Section 2.1.1 with G5 = 0. Three additional GWTC-2 and GWTC-3
events, GW190917_114630, GW191219_163120, and GW200210_092254, are
shown in black, using default LVK spin priors.

For GW200105 and GW200115, we use the ‘“Combi-
ned_PHM_high_spin” parameter estimation samples from
Abbott et al. (2021a). For GW190426, we use the “IMRPhe-
nomNSBH” samples from Abbott et al. (2021c), and for
GW190814, we use “IMRPhenomPv3HM” from Abbott et al.
(2020c).4 The default LIGO parameter estimation prior 7pg(6)
is flat in component spin magnitudes and isotropic in spin tilts,
following the “U + I” spin prior. Meanwhile, the spin models
“ZS” and “ZS + AS” described in Section 2.1.1 assume that
the BH is nonspinning (a; =0), and “ZS + AS” further
assumes that the NS spin is perfectly aligned. In these models,
we follow Mandel & Fragos (2020) and estimate a, =
|as ./ cos(tily)| using the x.g posterior, accounting for the
original Y. prior (Callister 2021). To illustrate the effect of the
different spin assumptions on the inferred parameters of each
NSBH event, we reweight the original parameter estimation
posteriors by the three spin priors (the default “ZS,” as well as
“ZS + AS” and “U + I"”) with g, = 0. The m; and m, posteriors
for the four NSBH events under these three spin models are
shown in Figure 3. Analyses were performed on an initial set of
four GW NSBH events from Abbott et al. (2021c, 2021a),
which were available at the start of this work. During the
course of this work, the latest LIGO-Virgo catalog GWTC-3
was released, which also includes the low-significance NSBH
candidates GW190917_114630, GW191219_163120, and
GW200210_092254 (The LIGO Scientific Collaboration et al.
2021b); the inferred masses of these sources under the default
priors are also shown in Figure 3. A similar full analysis could be
applied to this larger sample of NSBH events, but we find only a
slight shift in the inferred values of Moy and Mgy with the
addition of the three GWTC-3 events. In general, the “U+1I”
model produces the broadest posteriors, while “ZS + AS”

4 The parameter estimation samples are available on the Gravitational Wave
Open Science Center (Vallisneri et al. 2015).
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provides the tightest constraints and the default “ZS” model is in
the middle. In the “ZS” and “ZS 4 AS” model, we see that fixing
the BH spin to zero tends to increase the support for lower m, and
higher m; because of the anticorrelation between g = m,/m; and
Xef, bringing both components out of the putative mass
gap Mandel & Smith 2021). Because the secondary spin is
poorly measured, a, is poorly constrained and essentially recovers
the broad prior (Figure 4).

When fitting the population models, we divide the NSBH
events into four different sets: “confident”, with just
GW200115 and GW200105; “all,” with all four potential
NSBH triggers; and excluding GW190814 and GW 190426 one
at a time each. For each event set, we repeat the population
inference using the three different spin priors— U + I, “ZS”,
and “ZS 4+ AS”—and three different NS mass models in
Section 2.1.2—uniform, one-component (1C), and two-comp-
onent (2C). Finally, we also vary the pairing function between
B=3 (preference for equal masses) and =0 (random
pairing). In total, we consider 72 model/data set variations.
Unless stated otherwise, results refer to the “ZS” spin prior, a
one-component mass function, and random pairing (3 = 0).

3.2. Population Properties
3.2.1. Myoy, My, and the Mass Gap

For each model and data set variation, we infer the minimum
BH mass Mgy, the NS Mtoy, and their difference (representing
the width of the mass gap), marginalizing over all other
parameters of the mass and spin distribution. Results for our
Default model are shown in Figures 5-10, with Figure 10
showing a corner plot over all model parameters.

Maximum (spin-dependent) NS mass: As discussed in 2.1.2, at
a given secondary spin, we model a hard cutoff in the NS mass
distribution p(m,). However, in the one-component and two-
component models, some values of p and o taper off the mass
distribution between 2 and 3 M., making it difficult to discern a
sharp truncation mass Mroy from the function’s normal behavior.
This results in long, flat tails to large posterior values of Moy
(see panel (a) of Figure 5), reaching the prior bounds even if priors
on Mtoy are widened. A better-measured parameter is the 99th
percentile of the nonspinning NS mass distribution, Mg (panel (b)
of Figure 5). For models where the Mgy cutoff is significant, the
99th percentile is essentially identical to Mtgy. For models
producing a softer cutoff without significant Mty truncation, the
99th percentile still captures the largest NS we expect to observe,
and, unlike Moy, the inference of My is consistent between the
three NS mass models.

For models including GW190814, we generally infer Moy
between 2.6 and 2.8M,,, with lower limits (95% credibility) of
2.4-2.5 M. Our default model (all four events, 5=0, “ZS”
spin prior) measures Moy = 2.8f8j§ M (68% credibility); the
inclusion of three additional GWTC-3 events shifts Mgy to
2.9702M.,. The cutoff mass is set by GW190814, where m, is
extremely well constrained. Without GW190814, we estimate
Mroy between 2.0 and 2.3 M., with a lower limit (95%
credibility) of 1.8-1.9 Mrpoy. Without GW190814, our
estimates are consistent with other estimates of Mty from
gravitational-wave NS observations that do not consider spin.

The spin distribution affects the inferred value of Moy and
Myy. For all four events, m, is consistent with being both
nonspinning (a, =0) or maximally spinning (a;=0.7,
a/aKep: 1). When the spin distribution allows or favors a
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Figure 4. Posteriors on NS spin a,/ak., from the NSBH events: GW 190426, GW 190814, GW200105, and GW200115, inferred under different spin priors. “U + I”

a, samples in dotted black; “ZS” in dashed red; “ZS + AS” in solid blue.

maximally spinning NS, lower values of Mrgy are allowed and
can still account for GW190814, the most massive secondary.
When the spin distribution disfavors high spins, the spin-
dependent maximum mass is lower and Mtoy must be higher
in order to accommodate GW190814.

This is shown in Figure 5; the posterior on Mrqy inferred
under a uniform spin distribution (55 =0, @max /akep = 1),
which has support at high NS spins, has a significant tail to
lower values below 2.5 M., (dashed blue curve). A prior that
requires GW190814 to be maximally spinning (@pin/
agep = 0.9) brings Mroy estimates even lower, to ~2.4 Mo,
with support below 2.2 M., (green dashed curve in Figure 5).
Meanwhile, requiring all NSs to be nonspinning (dpyax/
agep = 0) means that GW190814’s secondary (if it is an NS)
sets the nonspinning maximum mass for the population and
results in a narrower posterior preferring larger values. The
difference between posteriors on Mtoy and My9 modeled with
GW190814 (black solid, red dotted, blue dashed) and without
GW90814 (solid yellow curve) is bridged partially by models
assuming GW190814’s spin is near maximal. This effect is also
visible in Figure 9; if GW190814 is assumed spinning, the
upper end of p(m;) visibly shifts to lower masses, and zero-spin
NS mass functions truncating below GW190814’s secondary’s
mass are allowed (see overplotted credible interval). We see
that even in the absence of well-constrained a,, modeling a
spin-dependent maximum mass has significant effects on the
inferred NS mass distribution.

GW190814’s secondary spin: Using the posterior on Moy
(Figure 5) inferred from the population of NSBHs excluding
GW190814, we can infer the minimum secondary spin of
GW190814 required for it to be consistent with the NSBH
population. Results are shown in panel (a) of Figure 6. For our
sample of NSBH events excluding GW190814, the results are
inconclusive: Because the posterior on Mrgy is broad,
GWI190814 is consistent even if nonspinning (with the
minimum required a,/ akep = 0), but it may also be maximally
spinning with a,/ake, = 1. GW190814 may also be an outlier
from the NSBH population, even if it is maximally spinning:
For this figure, we allow min az/aKep > 1, but az/aKep>1
would imply inconsistency with the rest of the population as
Gmax /akep = 1. Future GW observations of a larger population
of NSBH events (see panel (b) of Figure 6) could allow a much
tighter measurement of GW190814’s secondary spin.

Minimum BH mass: Across all models, the inferred BH
minimum mass Mgy is between 4 and 7 M. with typical
uncertainties of &= 1M,. Our default model using the “ZS” spin
model, all four NSBH events (GW190814, GW190426,

GW200105, GW200115), and random pairing (3= 0) results
in Mgy = 5.47% M, (68% credibility). At the low end, we
infer Mgy = 4.271:) M, using all four NSBH events, a uniform
NS mass distribution, pairing function 3 =3, and the “U +1”
spin model. At the high end, we infer Mgy = 6.7704 M., (68%
credibility) using only the confident NSBH events and the spin
model. The effect of the m,, m, pairing function § is minimal,
but assuming equal-mass pairings further reduces posterior
support for low Mgy (see Figure 7).

Mass gap: We estimate the inferred width of the lower mass
gap as the difference between the minimum BH mass, Mgy,
and the maximum nonspinning NS mass, Mtoy or Mgg. The
mass gap’s width may range from O to a few M., while the
mass gap’s position may range from 2 to 7 M.. As seen in
Figures 5 and 7; the overlap between the posteriors on Myy and
My is low, suggesting the existence of a mass gap. Similarly,
panels (a) and (b) in Figure 8 show inferred (m,, m,) posterior
predictive distributions, overplotted with the LVK my, m;
posteriors. As Figure 8 illustrates, for all model variations, we
find evidence for a separation between the upper end of the NS
mass distribution and the lower end of the BH mass
distribution.

For our default model, we measure a mass gap of 2.573M,,
(2.3"9Y M., with 3 additional GWTC-3 events), wider than
0 M, with 97% credibility and 1 M, with 90% credibility. The
inferred mass gap is widest when only using the confident
NSBH events, between 3.0 and 4.5 M., and narrowest when
using all four NSBH events, between 1.5 and 3.0 M. This is
because the mass gap is narrowed from the NS side by the
inclusion of GW190814 and from the BH side by the inclusion
of GW190426 (see Figure 3. All model variations (spin prior,
0, events) support the existence of a mass gap: >0 M., with
92% or higher (up to >99.9%) credibility, and >1 M., with
68% or higher (up to >99.9%) credibility.

As seen in Figure 3, additional spin assumptions (namely
assuming that the BH is nonspinning and/or the NS spin is
aligned) tend to prefer lower m, and higher m,, which widens the
inferred mass gap. When using spin priors in which the BH is
assumed to be nonspinning, even when modeling all four events
(including GW190814) we infer a mass gap exists with >96%
credibility and that it is wider than 1 M, with >90% credibility.

3.2.2. Mass and Spin Distributions

In addition to the most astrophysically relevant parameters—
Mgy, Mtov, and the width of the mass gap—we also constrain
other parameters of the primary and secondary mass functions.
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Figure 5. Estimates of Mtoy and My for different priors on the population a, distribution parameters (s and @max /akep, using the “ZS” spin prior: free 3 and
Amax / Akep; fixed 35 = 0 fixed amax /akep; and amax /axep (nonspinning); and fixed apin /akep = 0.9 (requiring maximally spinning GW190814). All events are fit with

a one-component NS mass model and random pairing (G = 0).
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(a) Mrov inferred from all other NSBH events.

0.0 0.2 0.4 0.6 0.8 1.0
min ax/akep
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Figure 6. Constraints on the minimum spin of GW190814’s secondary given
its mass (using the “ZS” spin model), assuming it is a massive rotation-
supported neutron star from population estimates of Mroy. d»/akep = 0 means
no spin support is required to make GW190814’s mass consistent with the
NSBH population inferred from the other events.

Figure 7. Estimates of Mgy for different a, priors with pairing function 3 = 0:
uniform and isotropic (“U + I”, black solid), nonspinning BH (default “ZS”,
blue dashed), and nonspinning BH + aligned-spin NS (“ZS + AS”, red dotted).
Posterior on Mpy for the “ZS” spin prior with 3 = 3 is shown (green dashed—
dotted). All events fit with a one-component NS mass model.

In this section, we discuss general trends in the mass
distribution shape, as inferred from posterior traces
(Figure 9).

We first consider the NS mass distribution, p(m,), which
differs slightly depending on the mass model used. For the one-
component model, we generally infer a broad distribution
(0~=0.5) with mean p between 1.2 and 1.6M.. A broad
distribution is especially necessary to explain the large
secondary mass of GW190814. The two-component model
generally agrees well with the one-component model, although
additional substructure (see panel (a) of Figure 9), particularly a
narrower peak at around 1.3 M., and a longer tail to high NS
masses (above 2M.,), is possible. The only free parameter in
the uniform model is the cutoff mass Mtoy. Though the
flatness of the uniform model means we necessarily infer
higher probability at masses near Mtoy, Mtoy 1S generally
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Figure 8. Posterior predictive distributions of NSBH events (conditioned on detection), as inferred under the different models, using the “ZS” spin prior and pairing
function 8 = 0. 68% credible intervals on Myoy and Mgy are shown. 90% contours for the LVK NSBH events are overplotted (horizontal and vertical bars). In (a) and
(b), the black dotted line shows equal NS and BH mass; we define a mass gap as Moy < Mpy. In (c) and (d), black dotted lines show M, for a given Mtoy and spin
a/akep- () and (b) show 2500 draws each; (c) and (d) show events over 2M,, from 10,000 draws.

consistent with the upper limit (99th percentile Moo) inferred
from other mass models.

The BH mass function is consistent between the three NS
mass models. The most significant influence is the pairing
function (=0 for random or =3 for equal-mass pre-
ference). For example, under our default model (four events),
which includes random pairing (3= 0), we infer a distribution
with power-law slope apy = 3.41”(1)_‘3 (ag = 2.3ﬂ.0 with all
seven events). Under the same assumptions but preferring
equal masses, G=3, the inferred distribution shifts to

significantly shallower slopes, apy = 0.97(:.. This is because
the preference for equal-mass pairing requires a shallower slope
in order to account for higher-mass black holes, especially the
primary of GW190814.

As seen in Figure 10, the joint posterior on S, and
Gmax /Gkep Prefers 10w dpay /axep and high [Bqpin, but mainly
recovers the flat prior, which inherently prefers steeper and
smaller spin distributions. Thus, our measurement of the NS
spin distribution is mostly uninformative, with a very mild
preference for small spins.
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Figure 9. Median and 68% credible interval of the nonspinning NS mass
distribution p(m,) as inferred from variations on our fiducial model: All four
NSBH events with a one-component NS mass function, the “ZS” spin prior,
and = 0. Each panel shows a different set of variations. The 95% credible
interval for m, is shown for each NSBH event.

4. Projections for aLIGO and A+
4.1. Simulations

In this section, we study measurements of NS and BH
population properties from future observations. For our simula-
tions, we use a fiducial set of parameters. We consider the three
NS mass models. For the uniform NS mass distribution, we take
Moy =2 M, or 2.2 M., For the one-component distribution, we
take p=1.5 and o =0.5. For the two-component distribution,
based on Chatziioannou & Farr (2020), we take A = 0.63,
w =135, 01 =0.07, u, = 1.85, and 0, = 0.35. We truncate the
one- and two-component mass distributions at the maximum NS
mass given by Mroy and the NS spin. For the BH distribution, we
take ov =2 and consider three examples of a lower mass gap for
each Mrgy value: no mass gap (Mpy = Mtoy); a narrow mass
gap, where Mgy = Mi(a/akep, = 1) (241 M, for Mroy =2 M,
2.65M. for Myoyv=22M_.); and a wide mass gap with
Mgy =5 M, For the pairing function, we take §=3. We use
the “ZS + AS” spin model and work with three different values of
Oy and  apm.c a uniform distribution with G,=0 and
Omax /0kep = 1 (“uniform” spin) or @max /akep = 0.5 (“medium”
spin), and B, =2 with amax /akep = 1 (“low” spin). We simulate
observations for LIGO at Design and A+ sensitivity. In total,
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we consider 3 NS models x 2 Mgy values x 3 spin models x
2 detector sensitivities = 36 variations.

Assuming GW200105 and GW200115 are representative of
the NSBH population, NSBHs are expected to merge at a rate
of 457 13Gpc3yr~! (90% credibility) (Abbott et al. 2021a),
resulting in between 2 and 20 NSBHs/year at Design
sensitivity and 8-80 NSBHs/year during A+. Assuming a
broader component mass distribution produces rate estimates
from LVK observations of 13073? Gpc—3 yr~!, for detection
rates of 8-30 NSBHs/year at Design sensitivity and 40-160
NSBHs /year during A+. Accordingly, we simulate constraints
for future data sets of 10, 20, 30, 40, 50, 60, 90, 120, and 150
NSBH detections and explore how key parameters converge.

4.2. Maximum Mass Constraints

For the one-component population model and Mroy =
2 M, marginalizing over the uncertainty in the underlying spin
distribution (8 and @max /akep), 10 NSBH detections allow
Moy to be constrained to 2.07503 My or 2270 M., for
Mroy =2.2, with the lower limit on Moy generally much
tighter than the upper limit. In our models, 50 NSBH detections
allow constraints of +£0.05, and determining Mrov
within £0.02 is achievable with 150 events. Mrtoy is also
slightly better measured for distributions favoring lower spin;
the “medium” and “low” spin distributions allow constraints
down to +0.03 for 50 events and +0.01 for 150. Constraints on
Mrov generally scale as N~ %-%; the exact convergence depends
on how well the drop-off in events can be resolved given the
mass function and Mrgy value. Compared to constraints from a
one-component population, Mtoy converges fastest for lower
values of Mtgy. Convergence is also the fastest for a uniform
mass distribution. This is expected, as both of these variations
produce the most events close to Moy

4.3. Lower Mass Gap

We find that Moy and Mgy can be measured virtually
independently, under the optimistic assumption that all BHs
and NSs can be confidently identified (see Section 5). As a
result, all three mass gap widths (wide, Mgy = SM.; narrow,
Mgy = M i(Mrov, a/age, = 1);none, Mgy = Mroy) can be
resolved by modeling a population of spinning NSBH binaries.

For the “no mass gap” case of Mgy = Mtov=2M,, 10
events constrain the mass gap width to O.Ofg:?gMQ. In general,
the lower bound on the mass gap width is more uncertain given
the extended tails to high Mtoy and low Mpy seen on
posteriors (see Figures 5, 7, and 10). Fifty events allow
measurements within 0.00 £ 0.02M.,, and 150 events can
measure the width of the mass gap as precisely as £0.01 M.
For a wider mass gap, with Moy =2 M, and Mgy =5 M, 50
NSBH events can measure the mass gap width to
3.00 £ 0.08M, and £+0.05 M. can be achieved with 150
events. This is primarily because a wider mass gap is achieved
with a larger value of Mgy, which thus has a proportionally
higher uncertainty, leading to wider credible intervals for wider
mass gaps. In general, assuming sharp gap edges, the width of
the mass gap converges as N '. Factors that lead to sharper
constraints on Mgy or Mgy, such as a smaller value of Mtgv,
a spin distribution favoring low a,, or a steeper BH slope a,
unsurprisingly also result in faster convergence for the mass
gap width. Example posteriors (for multiple input parameter
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Figure 10. Joint posterior (68% and 95% contours) based on data from all NSBH events, the default “ZS” spin prior, and a one-component NS mass model.

variations) on Mgy and Mtgy, from which the mass gap width
is calculated, are shown in Figure 11.

4.4. Bias from Assuming Neutron Stars are Nonspinning

A handful of events are still expected above the nonspinning
maximum NS mass thanks to the effects of rotation support.
For a “uniform” spin distribution, allowing maximally spinning
NS, and Mtoy =2 M., around 5% of our simulated two-
component mass function will have rotation support Mrgy. Six
percent of the one-component mass function, and up to 10% of
the uniform mass function, will show evidence of rotation
support above the maximum mass. For Mtoy = 2.2 M., this
drops to around 2%, 3%, and 8% respectively. For
Mtov =2 M., and the “low” spin distribution, which strongly
disfavors maximally spinning NS, just 1%, 2%, and 3% of the
population show this behavior. These events can be seen in
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Figure 1, with masses greater than the red line marking Mgy .
If a population contains these events, where the most massive
NS is measured above the true nonspinning Mroy, then in
order to accurately estimate Mrgy, this rotation support must
be properly modeled. If NSs are wrongly assumed to be
nonspinning, estimates of Mroy will be biased.

For an underlying “uniform” spin distribution, if all NSs are
assumed to be nonspinning, it can take as few as 10-20 events
to wrongly exclude the true value of Mtoy with 99.7%
credibility. At 50-150 events, the lower bound of the 99.7%
credibility interval can be as much as 0.2-0.3 M, above Mgy,
with the true value excluded entirely. On the other hand, if
spins are relatively low, the bias from ignoring the spin-
dependent maximum mass is smaller, but still often present.
For the “low” (Bspin = 2, @max /akep = 1) and “medium” spin
distributions (Bgpin = 0, @max /akep = 0.5), which disfavor and
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Figure 11. Simulated posteriors on Mtoy and Mgy from 150 NSBH events at LIGO A+ sensitivity. Contours enclose 68% and 95% of the posterior probability.

disallow large spins, respectively, it usually takes 30-90 events
to exclude the correct Moy at 99.7% credibility. This is
partially because even substantial NS spins may have a
relatively small effect on M_;; for an NS with a, /aKep =0.5,
M. 18 just 1.037Mrov, a change of less than 4%. If spins and
masses are low enough compared to Mgy, it is possible to
reach hundreds of NSBH detections without seeing substantial
bias. However, the exact amount of bias depends heavily on the
number of massive spinning NSs in the observed population,
which is unknown. The difference in convergence between spin
distributions for a specific realization of events is shown in
Figure 12.

4.5. Inferring the Relation between the Maximum Neutron Star
Mass and Spin

In previous sections, we consider the “universal relation”
between the spin and critical mass as reported by Most et al.
(2020). However, this may only hold for certain families
of EOSs. As a result, measuring the relationship between
M. and a/ake, as a high-degree polynomial may provide
insights into the nuclear physics that informs Mroy and
rotation-supported NSs. We consider the simplest case, a linear
dependence between spin and maximum mass, with first-order
coefficient A;:

an )
AKep ’

and infer A; jointly with other population parameters.

We consider models with A; = 0.2 and 0.4. For a population
with a uniform NS spin distribution up to agep, and A; = 0.2, 10
events can constrain A, to around 0.2797, around +0.07 for 50
events, and around £0.04 for 150 events, assuming a known
spin distribution. Generally, posteriors on A; are better
constrained at low values, as a minimum amount of rotation
support above Mroy is necessary to explain observations of

extra-massive NSs. Constraints on A; converge as N~ . Given

M (az, agep, Mtov) = MTOVAI( (19)
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Figure 12. Inferred Mrtoy when ignoring (hashed pattern) versus properly
accounting for a spin-dependent maximum mass. Median, 68%, and 95%
credibility intervals are shown.

that constraining A; requires measuring a number of NSs with
mass greater than Mrgy, populations with “medium” or “low”
spin distributions constrain A; much more weakly, as do
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Figure 13. Posteriors on Moy and the slope A; govern the maximum NS mass as a function of NS spin, inferred from 150 mock events at LIGO A+ sensitivity.

Contours enclose 68% and 95% of the posterior probability.

populations with fewer events close to Moy (i.e., for larger
values of Mroy). For both the “medium” and “low” spin
distributions, 50 events can constrain A; to 0.1, or £0.06 for
150 events. A; is also covariant with Mgy, as illustrated in
Figure 13. A lower value of Moy with a higher A;, and a
higher value of Moy with a lower A, can account for the high
masses of rotation-supported NSs equally well.

5. Conclusion

We considered the impact of a spin-dependent maximum NS
mass on measurements of the mass gap and maximum NS mass
from NSBH observations. Our main conclusions are as follows:

1. The existing NSBH observations prefer a maximum
nonspinning NS mass of ~2.6 M. (including
GW190814, the event with the “mass gap” secondary)
or ~2.2 M, (excluding GW190814). Allowing for spin
distributions with a broad range of NS spins up to the
maximal value ag.p, ~ 0.7 allows the inferred Moy to be
as low as ~2.3 M, even when including GW190814.
Future GW observations may constrain Mg and Moy
to +0.02 M, with 150 events by LIGO at A+ sensitivity.

2. The current NSBH observations support a mass gap
between NSs and BHs with a width of 1.5—4.5M ., with
typical uncertainties (68% credibility) of +1.0. Exact
values depend on event selection, pairing (3, spin prior,
and NS mass model; in particular, the mass gap is
widened by assuming the BH is nonspinning. Regardless
of the model variation, we infer the presence of a mass
gap >0 M. with high confidence (between 92% and
>99.9%) and a mass gap >1 M, with moderate
confidence (between 75% and >99.9%). Future observa-
tions may constrain this value to £0.02 with 150 events
by LIGO at A+ sensitivity.

3. If massive, fast-spinning, rotation-supported NSs exist, they
must be modeled in order to not bias the NS mass function
and Mrgy. If they are common in the astrophysical
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population, the relationship between spin and maximum
mass (M) can be inferred directly from the data. Even
without confidently detecting rotation-supported NSs, the
assumed spin distribution affects the inferred Mrgy poster-
ior, and spins of individual NSs can be constrained
simultaneously with the population inference of Mtgy.

In our analysis and projections for the future, we have made
several simplifying assumptions. In order to focus only on the
NSBH section of the compact binary mass distribution, we have
assumed that NSBH systems can be confidently distinguished
from BBH systems, and implemented models using definite
source classifications for events. In reality, the classification of
events is uncertain, especially without prior knowledge of the
mass distribution. Future population analyses should jointly model
the entire compact binary mass distribution as in Mandel et al.
(2017), Fishbach et al. (2020), Farah et al. (2021), and Powell
et al. (2019), as well as the compact binary spin distribution and
NS matter effects, while simultaneously inferring source
classification. In this work, rather than marginalizing over the
uncertain source classification, we analyze all events with
my <3 M, and m; >3 M. as NSBHs and illustrate the effect
of different assumptions on source identities by repeating the
inference with and without GW190814. Because NSs are
expected to follow a different spin distribution from BHs, the
population-level spin distributions may provide another clue to
distinguish NSs and BHs in merging binaries, in addition to
masses and any tidal information (Wysocki et al. 2020; Golomb &
Talbot 2021). We have also assumed that the astrophysical NS
mass distribution cuts off at the maximum possible mass set by
nuclear physics. In reality, even if there is a mass gap between NS
and BH, the lower edge of the mass gap may be either above or
below the nonspinning NS maximum mass M. In the future, it
would be useful to incorporate external knowledge of the NS
EOS, particularly to compare the inferred location of the lower
mass gap edge against external Myoy constraints.
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