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Abstract

The component black holes (BHs) observed in gravitational-wave (GW) binary black hole (BBH) events tend to be
more massive and slower spinning than those observed in black hole X-ray binaries (BH-XRBs). Without
modeling their evolutionary histories, we investigate whether these apparent tensions in the BH populations can be
explained by GW observational selection effects alone. We find that this is indeed the case for the discrepancy
between BH masses in BBHs and the observed high-mass X-ray binaries (HMXBs), when we account for
statistical uncertainty from the small sample size of just three HMXBs. On the other hand, the BHs in observed
low-mass X-ray binaries (LMXBs) are significantly lighter than the astrophysical BBH population, but this may
just be due to a correlation between component masses in a binary system. Given their light stellar companions, we
expect light BHs in LMXBs. The observed spins in HMXBs and LMXBs, however, are in tension with the inferred
BBH spin distribution at the >99.9% level. We discuss possible scenarios behind the significantly larger spins in
observed BH-XRBs. One possibility is that a small subpopulation (conservatively <30%) of BBHs have rapidly
spinning primary components, indicating that they may have followed a similar evolutionary pathway to the
observed HMXBs. In LMXBs, it has been suggested that BHs can spin up by accretion. If LMXB natal spins
follow the BBH spin distribution, we find LMXBs must gain an average dimensionless spin of �

�0.47 0.11
0.10, but if

their natal spins follow the observed HMXB spins, the average spin-up must be <0.03.

Unified Astronomy Thesaurus concepts: Astrostatistics (1882); Stellar mass black holes (1611); X-ray binary stars
(1811); Gravitational wave astronomy (675)

1. Introduction

While very massive stars are rare and short lived, we can
piece together their histories by observing their remnants:
stellar-mass black holes (BHs). Before the first detection of
gravitational waves (GWs; Abbott et al. 2016a), stellar-mass
BHs were discovered in X-ray binary systems (Remillard &
McClintock 2006; Tauris & van den Heuvel 2006; Casares &
Jonker 2014; Motta et al. 2021). Black hole X-ray binaries
(BH-XRBs) consist of a BH accreting from a nondegenerate
binary companion, thereby powering X-ray emission. There are
two classifications of BH-XRBs, characterized by the mass of
the donor star and the type of accretion: low-mass X-ray
binaries (LMXBs), powered by Roche lobe accretion from a
typically low-mass (2–3Me) star, and high-mass X-ray
binaries (HMXBs), powered by wind-fed accretion from a
typically high-mass (5Me) star. There are currently ∼30
known BHs in BH-XRB systems. Meanwhile, over the last few
years, the discovery rate of BHs has accelerated dramatically
with the advent of GW astronomy. Advanced LIGO (Aasi et al.
2015) and Virgo (Acernese et al. 2015) have confidently

discovered ∼50 binary black holes (BBHs), or equivalently
∼100 component BHs, in their first two catalogs, up to the
most recent catalog, GWTC-2.1 (Abbott et al.
2016b, 2019a, 2021a, 2021c), with ∼5 additional confident

BBHs found in public data (Nitz et al. 2019, 2020, 2021;
Zackay et al. 2019; Roulet et al. 2020; Venumadhav et al.
2020). In addition to BH-XRBs and BBHs, there is a small but
growing number of noninteracting BHs discovered by gravita-
tional microlensing (Lu et al. 2016; Wyrzykowski & Man-
del 2020) and radial-velocity measurements (Giesers et al.
2018; Thompson et al. 2019). In this work, we focus on
comparing the properties of BHs in BH-XRB and BBH
systems. We use the term “BBH” to refer to the population of
double-BH systems that merge within a Hubble time.
The comparison between LMXB, HMXB, and BBH

populations is complicated by the presence of astrophysical
and observational selection effects. Although the BHs in
LMXBs, HMXBs, and BBHs all likely originate from massive
stars, they undergo different evolutionary pathways (giving rise
to astrophysical selection effects) and are subject to different
detection criteria (giving rise to observational selection effects).
As an example of a possible astrophysical selection effect,

LMXBs will never evolve into double-BH systems, merging or
nonmerging, because their donor stars are too light. Mean-
while, only a subset of HMXBs go on to become merging BBH
systems; this subset does not include any of the observed
HMXBs (Belczynski et al. 2011, 2012; Neijssel et al. 2021). In
the other direction, some BBH systems may be assembled
through dynamical interactions in dense stellar environments,
so that perhaps not all BBH systems evolve from HMXBs. If
the probability that a BH-XRB evolves into a merging BBH, or
inversely, the probability that a BBH has a BH-XRB
progenitor (Perna et al. 2019; C. Liotine et al. 2021, in
preparation; Schneider et al. 2021), correlates with BH mass or
spin, the astrophysical mass and spin distributions will differ
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between the populations. For example, in order to evolve into a
BBH system, both components of a BH-XRB system must be
sufficiently massive. Thus, if the two component masses in a
binary are positively correlated, we expect relatively light BHs
in systems including LMXBs with a relatively light companion.
We return to this example in Section 3.2. Predicting the
presence of astrophysical selection effects and assessing their
significance requires an astrophysical model for the formation
and evolution of all relevant populations; for such an
astrophysical study, see C. Liotine et al. (2021, in preparation).

Observational selection effects arise when the masses and
spins of the BH(s) in the system affect its detection probability.

For BBHs, the GW signal as a function of the component
masses, spins, and merger redshift is known, and so the
detection probability is straightforward to quantify by running
the detection pipelines over simulated signals injected into GW
detector data. In general, heavier BBHs with large aligned spins
emit a louder GW signal, so the GW observational selection
effects favor large masses and, to a lesser degree, large aligned
spins. In contrast, while the observed emission of BH-XRBs
depends on the BH mass and spin, it also depends on other
characteristics that require astrophysical modeling and cannot
be cleanly extracted from the data (C. Liotine et al. 2021, in
preparation; J. Siegel et al. 2021, in preparation). For example,
several proposed explanations for the small BH masses in BH-
XRBs invoke observational selection effects, including the
explanation that observed HMXBs preferentially formed at
high metallicities, since BH-XRBs are detectable only in the
local universe, or the explanation that observed BH-XRBs
preferentially received large kicks (Jonker et al. 2021). These
explanations rely on theory, namely the expected anticorrela-
tion between the progenitor metallicity and the BH mass (Vink
et al. 2021), or the prediction that low-mass BHs receive larger
kicks, respectively.
The goal of this paper is to compare the masses and spins of

BHs in BH-XRBs and BBHs without model systematics, and
so we are limited to comparing the observed population of BH-
XRBs and the astrophysical population of BBHs. Therefore,
while we account for GW observational selection effects to
accurately infer the astrophysical BBH mass and spin
distributions (Mandel et al. 2019; Abbott et al. 2021b), we do
not model these selection effects in BH-XRB systems, as the
latter relies on uncertain theoretical calculations. The statistical
tensions we identify between the astrophysical BBH and the
observed BH-XRB populations may stem from an astrophysi-
cal difference in evolutionary histories, an observational
detection bias affecting BH-XRBs, or a combination of the
two, and we discuss several possible explanations.
The remainder of the paper is structured as follows. We

introduce the BH-XRB and GW data sets and the statistical
population inference in Section 2. In Section 3, we evaluate the
consistency between the measured BH masses in LMXBs and
HMXBs and the inferred BBH mass distribution. We turn to
the BH spin distribution in Section 4, where we quantify the
clear tension between the measured BH spins in BBHs and BH-
XRBs. Motivated by the rapid BH spins reported for HMXBs,
we fit new population models to the BBH spin distribution to
investigate the possible presence of a subpopulation with large
primary spins.

2. Data and Methods

For our BBH sample, we use the 44 GWTC-2 events
detected with a false-alarm rate FAR <1 yr−1 and exclude
events with secondary masses m2< 3Me (Abbott et al. 2021a).
In Sections 3–4.3, we adopt the fits to the BBH mass and spin
distribution presented in Abbott et al. (2021b) using the
“Default” spin model (Talbot & Thrane 2017; Wysocki et al.
2019) and the “Power Law + Peak” mass model (Talbot &
Thrane 2018).2 In Section 4.2, we fit a new model to the BBH
population, carrying out a hierarchical Bayesian
inference (Loredo 2004; Mandel et al. 2019; Thrane &

Table 1
BH-XRB Systems Used in This Work with Their Name (First Column), BH

Mass (Second Column), and Dimensionless BH Spin Magnitude (Third
Column)

Name BH Mass (Me) BH Spin

M33 X-7 �
�15.65 1.45

1.45
�
�0.84 0.05

0.05

Cygnus X-1 �
�21.20 2.20

2.20 >0.983
LMC X-1 �

�10.90 1.40
1.40

�
�0.92 0.07

0.05a

Swift J1357.20933 >8.9 L
XTE J1650500 <7.3 �

�0.79 0.01
0.01

XTE J1118+480 �
�7.55 0.65

0.65 L
XTE J1859+226 (V406 Vul) >5.42 L
SAX J1819.3–2525 (V4641 Sgr) �

�6.40 0.60
0.60 L

XTE J1550–564 �
�11.70 3.89

3.89
�
�0.34 0.45

0.37b

GRO J165540 (N. Sco 94) �
�6.00 0.40

0.40
�
�0.70 0.10

0.10c

GRS 1009–45 (N. Vel 93) >4.4 L
GRS 1915+105 �

�12.00 2.00
2.00

�
�0.88 0.13

0.06d

GRO J0422+32 �
�8.50 6.50

6.50 L
GRS 1124-684 (N. Mus 91) �

�5.65 1.85
1.85

�
�0.63 0.19

0.16

GS 2023+338 (V404 Cyg) �
�9.00 0.60

0.20 >0.92
GS 2000+251 (QZ Vul) �

�7.15 1.65
1.65 L

GS 1354-64 (BW Cir) >6.9 >0.98
H1705–250 (N. Oph 77) �

�6.40 1.50
1.50 L

3A0620003 �
�6.60 0.30

0.30
�
�0.12 0.19

0.19

1H J1659–487 (GX 339-4) >6.0 >0.95
4U 1543475 (IL Lup) �

�9.40 1.00
1.00

�
�0.67 0.08

0.15e

GRS 1716-249 �
�6.45 1.55

1.55 >0.92
LMC X-3 �

�6.98 0.56
0.56

�
�0.25 0.29

0.20

XTE J1652453 L �
�0.45 0.02

0.02

XTE J1752223 L �
�0.92 0.06

0.06

Swift J1910.20546 L >0.32
MAXI J1836194 L �

�0.88 0.03
0.03

XTE J1908+094 L �
�0.75 0.09

0.09

Swift J1753.50127 L �
�0.76 0.15

0.11

4U 1630472 L >0.97
SAX J1711.63808 L �

�0.60 0.40
0.20

EXO 1846031 L >0.99

Notes. We use the measurements collected by Corral-Santana et al. (2016), Qin
et al. (2019), and Reynolds (2021). We group the systems by HMXB (above
the horizontal line) and LMXB (below the horizontal line). For systems where
both reflection spectroscopy and continuum-fitting measurements of the BH
spin are available, we include one value in the main table and the other value in
the footnotes (see main text).
a Reflection spectroscopy spin: >0.55.
b Reflection spectroscopy spin: 0.33–0.77.
c Reflection spectroscopy spin: >0.9.
d Continuum-fitting spin: >0.95.
e Continuum-fitting spin: 0.8 ± 0.1.

2 These population fits are available at https://dcc.ligo.org/LIGO-
P2000434/public.
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Talbot 2019; Vitale et al. 2020) using the publicly available
posterior samples and sensitivity estimates (LIGO Scientific
Collaboration & Virgo Collaboration 2021).

Table 1 shows the measured BH masses (in solar masses)
and BH spin magnitudes (dimensionless spin parameter) of a
sample of observed HMXBs and LMXBs collected by several
references (Corral-Santana et al. 2016 ; Qin et al. 2019;
Reynolds 2021; see observational references therein), including
the recently updated mass of Cygnus X-1 (Miller-Jones et al.
2021). The horizontal line separates the HMXBs (above the
line) from the LMXBs (below the line). We exclude the two
HMXB systems with Wolf–Rayet companions, NGC 300 X-1
and IC 10 X-1, from our analysis as their measurements are less
reliable (Laycock et al. 2015). In cases where only a range of
mass values is reported in Corral-Santana et al. (2016), we
approximate the measurement by the midpoint and equal-sized
plus/minus error bars. The BH-XRB spins collected here are
measured by two main techniques: disk continuum fitting and
reflection spectroscopy (Miller & Miller 2015; Reynolds 2021).
For systems where only one technique is available (the
continuum-fitting method requires an independent measure-
ment of the BH mass, for example), we report the available
measurement from Reynolds (2021). For systems where both
techniques provide a spin measurement, we take the smaller of
the two reported spins, so that our estimate of the tension
between the BH-XRB and BBH spin distributions is always as
conservative as possible. The exception to this is if two
measurements are available, but one is only an upper or lower
limit. In this case, we choose the measurement that reports a
central value and credible interval. The alternative spin
measurement is reported in the footnotes of Table 1. For
systems where both the reflection spectroscopy and continuum-
fitting methods are available, their spin measurements are
generally in good agreement (Reynolds 2021). We report spin
magnitudes in the range 0< a< 1, rather than the BH spin
component projected along the orbital angular momentum axis.
In particular, the reported spin of Swift J1910.2–0546 is
retrograde and reported as a<−0.32 (Reis et al. 2013), but
here we consider it to be a> 0.32. We do not account for
possible systematic uncertainties affecting BH-XRB spin
measurements (e.g., Taylor & Reynolds 2018; Falanga et al.
2021; Salvesen & Miller 2021). We expect these systematic
uncertainties to contribute an additional 0.1 to the error
budget of individual BH-XRB measurements, which does not
qualitatively affect our results.

When we fit the BH-XRB spin distributions in Section 4, in
the absence of posterior samples for each system, we
approximate the likelihood for each system as Gaussian,
centered on the reported median spin parameter, with the
standard deviation chosen so that the central 90% probability
matches the width of the reported error range. We truncate the
Gaussian on the physical range 0< a< 1. In the case where
only an upper or lower limit is reported, we approximate the
likelihood as a broad half-Gaussian centered on the limit. We
choose the standard deviation of the underlying Gaussian,
centered at the reported lower (upper) limit, so that it encloses
the full physical range between the lower (upper) limit and 1
(0) at 90% probability. We then truncate the Gaussian between
the lower (upper) limit and 1 (0). We then use our approximate
likelihoods for each system in a standard hierarchical Bayesian
analysis framework to measure the parameters that govern the

observed spin distribution. Unlike the BBH case, we do not
account for BH-XRB observational selection effects.

3. Black Hole Mass

We start by comparing the mass distribution between BHs in
BBH and HMXB systems (Section 3.1) and then between BBH
and LMXB systems (Section 3.2). When comparing BH
masses between BBH and BH-XRB systems, we must consider
the subtlety that GW observations measure the two-dimen-
sional mass distribution p(m1, m2) for both component BHs in
BBH systems, where the primary mass m1 (secondary mass m2)
is defined as the more (less) massive component. Meanwhile,
BH-XRB systems only contain one BH, which is expected to
have evolved from the initially more massive star in the binary
and will usually, although not always, become the primary BH
if the system later evolves into a BBH. In the following, we
compare the marginal primary mass distribution p(m1) for
BBHs, as inferred by Abbott et al. (2021b), to the masses of
BHs in BH-XRBs. By considering BBH primary masses, we
exaggerate any tension between the GW and X-ray distribu-
tions, because the BHs in BBH systems are apparently more
massive than those in BH-XRBs. Even so, in the following, we
show that, under certain assumptions, the tensions between the
BBH and BH-XRB distributions are small.

3.1. Black Holes in High-mass X-Ray Binaries Have Similar
Masses to Binary Black Holes

Figure 1 compares the BH masses of the three confident
HMXB systems from Table 1 (blue) to the observed and
astrophysical BBH primary mass distribution from GWTC-2
(purple, green, and orange). The observed distribution
describes the detected BBH events, subject to GW selection
effects, while the astrophysical distribution describes all
merging BBH sources in the universe, regardless of their

Figure 1. Empirical CDF for the three observed HMXB BH masses (blue error
bars), compared to the GW population inference. Purple bands show the CDF
of the 44 observed BBH primary masses, before correcting for GW selection
effects. Correcting for GW selection effects, the fit to the astrophysical BBH
primary mass distribution is shown by the green, unfilled bands. Finally, we
add in a small-sample-size Poisson uncertainty, showing the predicted CDF of
three random draws from the astrophysical BBH primary mass distribution
(orange bands). Here and throughout all figures, shaded regions show the 50%
and 90% credible intervals. We see that while the observed BBH distribution
(purple) skews to much larger masses, accounting for GW selection effects
(green) and Poisson uncertainty (orange) brings the two distributions into
agreement within statistical uncertainties, so that there is no evidence that BHs
in the observed HMXBs follow a different mass distribution from the
astrophysical BBH population.
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detectability. In blue, we show the empirical cumulative
distribution function (CDF) of the HMXB BH mass measure-
ments, ordered from lightest to heaviest BH by the median
measured mass, with the measurement uncertainty denoted by
the error bars. In purple, we show the primary masses of the 44
confident BBH events from GWTC-2, before correcting for
GW selection effects. We see that the observed BBH primary
masses are larger than those observed in HMXBs. Correcting
for GW selection effects that favor massive BBHs, the fit to the
astrophysical primary mass distribution from Abbott et al.
(2021b) is shown by the green, unfilled bands. In orange, we
account for Poisson uncertainty and show the predicted CDF of
three random draws from the astrophysical mass distribution
shown in green. To construct the orange bands, we draw a set
of three random masses from each primary mass distribution
within the green unfilled bands. Each set of three random mass
draws, ordered from smallest to largest, gives one CDF curve.
The solid orange line gives the median CDF curve, while the
dark (light) orange bands contain 50% (90%) of the CDF
curves. In more detail, for each set of three random m1 draws,
we record the minimum, middle, and maximum values,
corresponding the CDF y-values 1/3, 2/3, and 1. Across all
sets of three, we build probability distributions of the
minimum, middle, and maximum m1 value. We summarize
these probability distributions by their median (solid orange
line) and central 50% and 90% uncertainty intervals (dark and
light orange bands, respectively).

If the blue CDF were significantly offset from the orange, we
would conclude that the BH masses in HMXBs are statistically
distinct from the BBH population. However, in Figure 1 we see
that the orange band contains the blue, such that we cannot rule
out that the observed HMXB BH masses are drawn from the
astrophysical BBH primary mass distribution if we correct for
GW selection. The consistency between the observed HMXB
masses and the GW population does not imply that the two
mass distributions are identical, but only that we do not have
enough data to resolve the differences between the mass
distributions. This is perhaps not unsurprising given the small
HMXB sample size. There are only three HMXBs with
confident BH masses, and this Poisson uncertainty dominates
the uncertainty in the orange bands of Figure 1 (the orange
bands also include the uncertainty in the true BBH distribution,
stemming from the finite number of BBH observations, but this
is subdominant to the counting uncertainty from the much
smaller HMXB sample).

The consistency between BH masses in HMXBs and BBHs
places limits on the importance of factors like the formation
metallicity in determining the BH mass. Despite the fact that
BBHs probably sample lower-metallicity formation environ-
ments than the observed HMXBs, which all formed recently at
solar or supersolar metallicities, there is no observable
discrepancy in the masses of the two populations once we
correct for GW observational selection effects and account for
the small HMXB sample size. Nevertheless, such a discrepancy
may become resolvable with a larger sample of BH observa-
tions in HMXBs. Additionally, there may be HMXB observa-
tional selection effects, not accounted for here, that bias toward
large BH masses and therefore cancel out the effect of
metallicity.

3.2. Black Holes in Low-mass X-Ray Binaries Have Similar
Masses to Binary Black Holes with Low-mass Secondaries

In Figure 2, we carry out an analogous calculation to
Figure 1 of Section 3.1, this time comparing the 20 BH masses
in LMXBs (pink) to sets of 20 draws from the astrophysical
BBH population (orange). We draw the empirical CDF for the
LMXB observations (pink dashed line) to pass through the
central measured value of each observation, except in cases
where only an upper or lower limit is available. In this case, we
replace the error bar with an arrow and draw the empirical CDF
to pass through the available limit. From the offset between the
pink curve and the orange shaded region, we see that BH
masses in observed LMXBs are clearly drawn from a different
population than the full BBH population. This is in agreement
with the result that, without accounting for observational
selection effects in either sample, BHs in LMXBs follow a
different mass distribution than those in HMXBs (Farr et al.
2011b).
However, we emphasize that the one-dimensional compar-

ison between BH-XRB and BBH masses ignores the pairing
between the two components in a binary (e.g., Fishbach &
Holz 2020). Even if the component masses in a BBH were
paired randomly, the labeling of m1�m2 imposes a correlation
between m1 and m2. Moreover, the component masses in a
BBH are probably not randomly paired, in that equal-mass
pairings are more common than asymmetric systems. To
illustrate this, we show the inferred primary mass distribution
conditioned on relatively small secondary masses,
P(m1|m2< 8Me), as the green band in Figure 2. We see that
the green band is shifted to lower mass compared to the orange
band, showing that when we consider only BBH systems with
“low” secondary masses, the primary masses also tend to be
smaller. Clearly, the stellar companions to BHs in LMXBs are
much lighter than any BH progenitor, and we cannot say
whether the pairing between BBH components extrapolates to
such low masses. However, if we believe there is some
correlation between component masses and, as suggested from
the BBH population, extreme mass ratios q< 0.1 are rare, it is
not surprising that BH masses in observed LMXBs, which have

Figure 2. Empirical CDF for the 20 observed LMXB BH masses (pink error
bars), compared to the predicted CDF of 20 random draws from the
astrophysical BBH primary mass distribution (orange bands) and the predicted
CDF of 20 random draws from the BBH primary mass distribution conditioned
on m2 < 8 Me (green bands). The BHs in LMXBs are lower mass than the full
BBH primary mass distribution, as seen by the offset between the pink curve
and orange bands, but may be consistent with the inferred distribution of BBH
primary masses with small secondary masses.
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very light stellar companions, are systematically smaller than
BBH primary masses. In other words, the difference between
LMXB and BBH masses could be driven by the mass of the
secondary, rather than the mass of the BH. We see that
comparing the BH masses in LMXBs to the BBHs with the
smallest secondary masses m2< 8Me already alleviates much
of the tension between the LMXB and BBH mass distribution.

4. Black Hole Spin

In this section, we turn to the BH spin distribution. We begin
by comparing the distributions of BH spin magnitudes in
HMXBs, LMXBs, and BBHs under the assumption that in
BBH systems, the component BHs are independently drawn
from the same spin distribution (Section 4.1). We then explore
an alternative model to the BBH spin distribution in which a
subpopulation of systems is “HMXB like,” with preferentially
aligned, rapidly spinning primary BHs (Section 4.2). The
presence of such a subpopulation may explain the observed
correlation between the effective inspiral spin χeff and mass
ratio q pointed out by Callister et al. (2021). Finally, we explore
the hypothesis that LMXB spins grow by accretion. Adopting
the distribution of BBH spins aGW from Section 4.1 as a proxy
for the BH natal spin distribution, we infer the implied amount
of spin-up undergone by observed LMXBs, aLMXB − aGW
(Section 4.3).

4.1. Black Holes in X-Ray Binaries Spin Faster than Binary
Black Holes

In Figure 3, we compare the inferred distributions of the
dimensionless BH spin magnitude a for BHs in BBHs,
observed HMXBs, and observed LMXBs. In orange, we show
the inferred BBH spin distribution from Abbott et al. (2021b),
which assumes that both component BHs in a binary are drawn
the same spin distribution, regardless of their mass. This fit
marginalizes over the spin tilt distribution, which is modeled
following Talbot & Thrane (2017). In blue and pink, we show

the fits to the observed HMXB and LMXB spin parameters,
respectively, using the reported spins from Table 1. Following
the spin magnitude model that is fit to the BBHs, we assume
that p(a) follows a beta distribution and restrict the two shape
parameters to be greater than 1 to avoid singular
distributions (Abbott et al. 2019b, 2021b; Wysocki et al.
2019). Other than the restriction to nonsingular distributions,
we take uniform priors on the mean (μ) and variance (σ2). Prior
CDF draws are summarized by the black curves; the outer
dashed curves enclose 90% of the prior CDF draws at a given
a, the inner dotted curves enclose 50%, and the solid curve
shows the median prior CDF at a given a. We do not fit for the
BH-XRB spin tilt distributions.
We see that the inferred HMXB and LMXB spin distribu-

tions are consistent with each other within their 90% credibility
intervals, although the HMXB data allow for spin distributions
that are more sharply peaked at maximal spins a= 1. On the
other hand, the BBH spin magnitudes are significantly smaller
than either the HMXB or LMXB spins. If we fit a single spin
distribution to the observed LMXBs and HMXBs, the inferred
posteriors on μ and σ2 between the BH-XRBs and BBHs
disagree at more than the 99.9% level.

4.2. A Subpopulation of Binary Black Holes with Highly
Spinning Primaries?

If some fraction of BBH progenitors are similar to the
observed HMXBs, we may expect a subpopulation of BBH
systems with (a) nearly aligned spins, typical of isolated binary
evolution (Kalogera 2000; Fragos et al. 2010; Rodriguez et al.
2016; Stevenson et al. 2017; Gerosa et al. 2018), and (b) at
least one rapidly spinning component, which will tend to be the
primary BH, because the more massive component in a BBH is
usually the first-born BH. This is in contrast to commonly
considered evolutionary scenarios that produce a spinning
second-born BH through tidal locking in the BH–He star binary
phase (Kushnir et al. 2016; Qin et al. 2018; Zaldarriaga et al.
2018; Bavera et al. 2020; Mandel & Fragos 2020; Olejak &
Belczynski 2021).
We therefore explore whether the BBH population can admit

an “HMXB-like” subpopulation of systems with nearly
aligned, rapidly spinning primaries. Most of the spin informa-
tion from GW observations comes from the well-measured,
approximately conserved GW spin parameter χeff: a mass-
weighted projection along the orbital angular momentum axis.
Among the current BBH events, χeff tends to be close to
zero (Abbott et al. 2021b; Roulet et al. 2021). Small values of
χeff can most generously accommodate large, nearly aligned
spins if only one of the component BHs is spinning. Moreover,
the scenario in which some fraction of BBH systems consist of
rapidly spinning primaries with nonspinning secondaries may
explain the GW data, including the presence of individual
events like GW190412 (Abbott et al. 2020; Zevin et al. 2020),
GW190517 (Abbott et al. 2021a), and GW151226 (Abbott
et al. 2016c; Chia et al. 2021; Mateu-Lucena et al. 2021), as
well as the anticorrelation between q and χeff found in the
overall BBH population (Callister et al. 2021).
Concretely, we fit the joint mass–redshift–spin BBH

distribution:

( ) ( ∣ ) ( ) ( ) ( )D D�p m q z p q p m q p z, , , , , 11 eff eff 1

Figure 3. Inferred CDFs of the BH spin magnitude a for the three populations:
BBH spin distribution (orange, fit taken from Abbott et al. 2021b in which both
BH spins in a BBH are identically and independently distributed), observed
HMXB spin distribution (blue), and observed LMXB spin distribution (pink).
Following Abbott et al. (2021b), the spin magnitude distribution is fit to a beta
distribution, with flat priors on the hyperparameters μ and σ2, excluding
singular beta distributions. The distribution of prior CDFs is shown by the
unfilled black bands. The BBH spin distribution is skewed to small spins,
peaking at the smallest spin magnitudes allowed by the prior, whereas the
observed HMXB and LMXB spin distributions have most of their support at
large spins a  0.4.
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where the mass component p(m1, q) follows the BROKEN
POWER LAW model3 and the redshift distribution follows the
POWER LAW REDSHIFT model from Abbott et al. (2021b) and
Fishbach et al. (2018). We model the spin distribution p(χeff|q)
as a mixture of two beta distribution components. One of the
components is designed to contain HMXB-like systems: spin
tilts smaller than 90° (implying χeff> 0) and spinning primary
BHs. Because our goal is to explore the largest possible
primary spins permitted by the data, we fix the secondary BHs
in this component to be nonspinning, as discussed above. We
wish to absorb all the large positive-χeff systems into the first
component that includes the HMXB-like systems, so we design
the second χeff component to be very tightly peaked at zero.
The zero-χeff mixture component can be thought to represent
either an isotropic contribution with spin magnitudes a= 0.03,
as we may expect for the natal spins of BHs born in
isolation (Fuller & Ma 2019) and then assembled dynamically
(Portegies Zwart & McMillan 2000), or an approximate “zero-
spin” aligned component, implemented as a narrow peak rather
than a δ-function for numerical reasons as in Roulet et al.
(2021). Our model does not include a large, negative-χeff

component, because Roulet et al. (2021) and Galaudage et al.
(2021) showed that such a component is not supported by the
GW data.

Putting the “HMXB-like” and “zero-spin” components
together, we model the spin distribution as

( ∣ ) ( )
( )
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where β(x|μ, σ2) is a beta distribution with mean μ and
variance σ2, and
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is the variance of the χeff distribution resulting from two
independently drawn isotropic spins with magnitudes a0 (e.g.,
Roulet & Zaldarriaga 2019), which we pick to be a0= 0.03 so
that ( )T xq 00

2 .
The implied distribution of the aligned component of BBH

primary spins is

( ) ( ) ( ∣ )
( ) ( )
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� 2 � � �
p a f a

f a

1 ,

0.03 0.03 , 4
z z z z

z

1, 0 1, 1, 1,
2

0 1,

where Θ is an indicator function. The first term in Equation (4)
includes the HMXB-like systems, and the second term consists
of the zero-spin systems. The orange band in the main panel of
Figure 4 shows the full distribution p(a1,z) inferred under the
mixture model of Equations (2)–(4), with broad, flat priors on
the model hyperparameters, excluding singular beta distribu-
tions. The inferred spin distribution of the observed BHs in
HMXBs, fit to the HMXB-like component of the mixture
model (i.e., fixing f0= 0), is shown in blue. In the main panel,

we assume that BH spins in the HMXB-like component are
perfectly aligned, so that the three measured HMXB spin
magnitudes a are identical to the aligned component≡ a1,z.
In the inset of Figure 4, we zoom into the HMXB-like

component of the mixture model, showing the BBH fit (orange)
and the HMXB fit under different assumptions for the
distributions of spin tilts t. If, due to supernova
kicks (Kalogera 2000; Farr et al. 2011a), BH spins are not
perfectly aligned ( w �a a tcos 1z1, ), a smaller aligned comp-
onent a1,z can support larger spin magnitudes a (Farr et al.
2017). We follow Talbot & Thrane (2017) and assume that spin
tilts t are distributed according to a half-Gaussian in tcos ,
peaked at �tcos 1, with some standard deviation T tcos .
Allowing for small typical misalignments less than T � 0.2tcos
(t∼ 37°) the observed HMXB spin distribution p(a1,z) shifts
slightly to smaller values, shown by the purple band in the inset
of Figure 4. If HMXB-like primary BHs have a larger spread in
possible tilts, T � 0.5tcos (t= 60°), we infer a broader HMXB
a1,z distribution, shifted toward smaller aligned spins, as shown
by the unfilled green band in the inset.
In Figure 4, we showed the p(a1,z) inference under broad

priors on the HMXB-like component, which simply required
positive a1,z. Under these priors, a significant fraction of BBH
systems belong to the “zero-spin” component,

� �
�f 0.660 0.31

0.21, and only �
�0.34 0.21

0.31 of BBH systems have
significant aligned primary spin, consistent with the results of
Galaudage et al. (2021). Moreover, if we insist that the HMXB-
like component resembles the BH spin distribution of the
observed HMXBs, the constraints on the fraction of HMXB-
like systems in the BBH population tightens further. We use the
inferred spin distributions of the observed HMXBs from
Figure 4 as a prior on the HMXB-like component and infer the
fraction 1− f0 of BBH systems with HMXB-like spins. The
posterior PDFs on the HMXB-like BBH fraction, under

Figure 4. Main panel: In orange, the probability distribution of the aligned
component of the primary BH spin a1,z for BBH systems, inferred under the
model described in Section 4.2 in which the primary spin distribution consists
of a nonspinning component and an aligned spin a1,z > 0 component, while the
secondary spin is fixed to zero. The two components of the primary spin
distribution are shown by the unfilled dashed and dotted bands, whereas the
total distribution is shown by the filled bands. In blue, the inferred distribution
of BH spins in observed HMXBs, assuming spins perfectly aligned with the
orbits. Inset: Zoom-in of the aligned a1,z > 0 component of the BBH spin
distribution (orange), compared to the observed HMXB spin distribution under
different assumptions for the spin-tilt distribution, with T � 0.2tcos (purple,
filled bands) and T � 0.5tcos (green, unfilled).

3 We omit the low-mass tapering of the mass distribution in this work, fixing
δm = 0.
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different assumptions for the spin-tilt distribution of HMXB-
like systems, are shown in Figure 5. If we define “HMXB like”
to encompass a wide distribution of spin tilts with T � 0.5tcos ,
the inferred HMXB a1,z distribution is less well constrained and
has support down to smaller a1,z, as we saw in Figure 4, and so
we find that up to 48% of BBH systems can have HMXB-like
spins (90% credibility; green filled curve in Figure 5).
Meanwhile, if we require a more tightly aligned spin
distribution, with T � 0.2tcos (typical tilts less than ∼37°) to
meet the HMXB-like criteria, the HMXB-like BBH fraction
must be less than 30%; see the filled, purple curve in Figure 5.
Requiring perfect alignment, we find that the HMXB-like BBH
fraction is less than 19%; see the unfilled, blue curve in
Figure 5. These constraints should all be interpreted as upper
limits on the fraction of BBH systems with spins similar to the
observed HMXB spins. If secondary BHs have spin, or there is
a subpopulation of BHs with intermediate spin between
nonspinning and HMXB-like, we would infer a smaller
HMXB-like fraction.

The discussion in this subsection and in particular the
interpretation of Figure 4 has assumed that spinning primary
BHs a1,z> 0 are similar to the BHs in HMXBs. However, the
subpopulation of BBHs with strictly positive aligned primary
spins a1,z> 0 may stem from an evolutionary pathway
unrelated to the observed HMXBs, such as tidal spin-up
accompanied by mass inversion. In this scenario, the progenitor
stellar core of the second-born BH can be spun up by tidal
interactions if it is in a sufficiently tight orbit with the primary
BH. This second-born BH can sometimes become the more
massive primary BH in the system, yielding a subpopulation of
BBHs with strictly positive aligned primary spins a1,z> 0
(Olejak & Belczynski 2021). If such evolutionary pathways are
common, they contaminate the “HMXB-like” subpopulation
and our reported fraction of HMXB-like BBH systems is an
even tighter upper limit.

4.3. Spinning up Low-mass X-Ray Binaries

Several authors have proposed that the observed BH spins in
LMXBs may not represent BH natal spins, but rather spin

gained by long-term accretion from their donor
star (Podsiadlowski et al. 2003; O’Shaughnessy et al. 2005;
Fragos & McClintock 2015). This is in contrast to BHs in
wind-fed HMXBs, which cannot accrete enough material to
spin up (Valsecchi et al. 2010; Wong et al. 2012) so we expect
that the very rapid spins observed in all three HMXBs indicate
their BH natal spins (Batta et al. 2017; Qin et al. 2019).
If we assume that BBH spins, rather than HMXB spins, are

representative of BH natal spins in observed LMXB systems,
we can infer the amount of spin that the observed BHs in
LMXBs, aLMXB, typically gain relative to the component spins
in BBH systems, aGW. Using the same BBH population
distribution fit by Abbott et al. (2021b) for p(aGW), we infer the
distribution of the LMXB spin-up, p(aLMXB− aGW). Assuming
that the amount of LMXB spin-up aLMXB− aGW follows a beta
distribution with uniform priors on the mean and variance, the
posterior population distribution is shown in Figure 6 (pink).
We infer an average spin-up of �

�0.47 0.11
0.10 and find that for 90%

of distributions p(aLMXB− aGW) in our posterior, at least 91%
of the observed LMXB BHs must have been spun up with
aLMXB− aGW> 0. However, the accretion scenario in LMXBs
would efficiently align the BH spin with the orbit and thus
appears to be in tension with observations of spin–orbit
misalignment in microblazars like V4641 Sgr (Salvesen &
Pokawanvit 2020) and MAXI J1820+070 (Poutanen et al.
2021). Furthermore, if the BH spins in observed HMXBs are
representative of LMXB natal spins, there is no need to invoke
BH spin-up in observed LMXBs as the two spin distributions
are consistent with one another (see Figure 3). The corresp-
onding posterior on the difference aLMXB− aHMXB is shown in
the blue bands of Figure 6 and is restricted to be close to zero,
with an average spin-up <0.03.

5. Discussion

X-rays and GWs have revealed distinct populations of
stellar-mass BHs. A complete understanding of BH formation
must explain the commonalities as well as the distinctions
between BH-XRB and BBH population statistics. In the
previous subsections, we compare the mass and spin

Figure 5. Fraction of BBH systems with primary spins consistent with the
observed HMXB spin-magnitude distribution, inferred under three different
assumptions of the HMXB-like spin-tilt distribution: perfect spin–orbit
alignment (blue, unfilled), small possible tilts T � 0.2tcos (purple, dashed,
filled), and possibly large tilts T � 0.5tcos (green, filled). The HMXB-like
fractions inferred here should be considered an upper limit; as discussed in the
text, our model intentionally assigns the largest possible fraction of BBH
systems to have high aligned primary spins.

Figure 6. Posterior PDF on the amount of BH spin-up in observed LMXB BHs
relative to BBHs, aLMXB − aGW (pink), vs. the amount of LMXB spin-up
relative to HMXBs, aLMXB − aHMXB (blue). We infer that if LMXB BHs are
born with the same spin distribution as BBHs, more than 91% of observed
LMXB must have been spun up with aLMXB − aGW > 0, gaining an average
spin magnitude of �

�0.47 0.11
0.10. On the other hand, if the observed LMXB BHs are

born with the same spin distribution as the observed HMXB BHs, only a
minority of systems could have experienced spin up.
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distributions of the observed LMXBs and HMXBs against the
astrophysical population of BBHs. Our main results are:

1. The masses of BHs in observed HMXBs are consistent
with the astrophysical BBH primary mass distribution,
once we account for GW selection effects and the small
HMXB sample size (Figure 1). In particular, with the
small HMXB sample size, there is currently no evidence
that differences in the formation metallicities of the two
samples impart distinct BBH and HMXB mass distribu-
tions. We expect that with a larger observed sample, it
would be possible to resolve differences in the mass
distributions stemming from differences in formation
metallicity.

2. The masses of BHs in observed LMXBs are significantly
smaller than the astrophysical BBH primary mass
distribution. However, this discrepancy may be due to a
latent variable: the companion masses. When accounting
for the pairing between binary components and restricting
to BHs with low-mass secondaries, the observed LMXB
BH masses are consistent with the BBH primary mass
distribution (Figure 2).

3. The spins of BHs in observed LMXBs and HMXBs are
consistent with coming from the same distribution but are
significantly faster than BBH spins (Figure 3).

4. The BBH population may include a subpopulation of
systems that are similar to the observed HMXBs as far as
primary spins, but, as a conservative upper limit, it must
comprise no more than ∼30% of BBH systems
(Figure 5).

5. If the full BBH spin distribution represents the natal spins
of the BHs in LMXBs, over 91% of observed LMXBs
must have been spun up by accretion. However, if the
observed BH spins in HMXBs are representative of
LMXB natal spins, it is unlikely that LMXBs experience
spin-up (Figure 3).

We stress that our analysis does not model observational or
astrophysical selection effects in the LMXB and HMXB
samples. On the other hand, our analysis accounts for
observational selection effects in the BBH sample. We
therefore compare the statistics of the observed LMXB and
HMXB systems against the astrophysical BBH population as
inferred from GWs.

One may wonder whether differences in the BH-XRB and
BBH populations, specifically the BH spin distributions, stem
from systematic errors in BH-XRB spin measurements.
Because these measurements rely on our still-evolving under-
standing of XRB accretion disks, they realistically include up
to a ∼0.1 systematic uncertainty in addition to the statistical
uncertainties quoted in Table 1. However, as discussed in
Section 2, the consistency in BH-XRB spins measured
independently with reflection spectroscopy and continuum
fitting for a handful of systems suggests that the systematic
uncertainty for either method is not too large (Reynolds 2021).
Such modest systematic errors on BH-XRB spins would not be
sufficient to bring the observed BH-XRB spin distribution into
agreement with the BBH spin distribution; this would require
unrealistically large systematic errors on the dimensionless spin
parameter in excess of 0.5 to reduce measured spins of ∼0.9 to
�0.4. Instead, the distinctions between the observed LMXB
and HMXB populations and the astrophysical BBH population
likely result from a combination of astrophysical and

observational selection. We mentioned examples of possible
selection effects in Section 1, including the different formation
metallicities of the different samples, which could affect the
BH masses, and the possibility of mass-dependent supernova
kicks. The supernova mechanism may lead low-mass BH-
XRBs, which successfully explode or experience fallback, to be
(a) more easily detectable in our galaxy but less likely to merge
as BBH (Jonker et al. 2021) and (b) spinning more rapidly than
their high-mass counterparts, which undergo direct
collapse (Batta et al. 2017; Chan et al. 2020; Mandel &
Müller 2020; Janka et al. 2022). With the available data, there
does not seem to be evidence for a mass-dependent BH kick
distribution in LMXBs (Atri et al. 2019) or a mass-dependent
spin distribution in BBHs (Abbott et al. 2021b) as predicted by
the supernova hypothesis, but if these correlations were found,
they would lend support to this proposed explanation for the
discrepant BH-XRB and BBH spin distributions.
Another possible selection effect that could explain the high

spins in the observed BH-XRB sample relative to the BBH spin
distribution is a correlation between BH-XRB detectability and
BH spin. Sen et al. (2021) argued that rapidly spinning BHs in
BH-XRBs are more likely to form accretion disks that lead to
longer and brighter X-ray emission. Furthermore, a correlation
between BH spins and X-ray detectability may arise if
scenarios for spinning up the BH or its progenitor stellar core
are more efficient at small orbital periods and BH-XRBs in
tight orbits are more detectable (Qin et al. 2019). For example,
Hirai & Mandel (2021) argued that HMXB systems are
observable only if the companion main-sequence star is close to
filling its Roche lobe, which may in turn imply that the system
is less likely to survive a common envelope and become a
merging BBH system (Neijssel et al. 2021). Further detailed
modeling of the evolutionary histories of HMXBs, LMXBs,
and BBHs will shed insight into the astrophysical and
observational effects that distinguish these populations (C.
Liotine et al. 2021, in preparation; J. Siegel et al. 2021, in
preparation).
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