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Abstract

Theoretical studies of angular momentum transport suggest that isolated stellar-mass black holes are born with
negligible dimensionless spin magnitudes x < 0.01. However, recent gravitational-wave observations indicate
=40% of binary black hole systems contain at least one black hole with a nonnegligible spin magnitude. One
explanation is that the firstborn black hole spins up the stellar core of what will become the second-born black hole
through tidal interactions. Typically, the second-born black hole is the “secondary” (less massive) black hole
though it may become the “primary” (more massive) black hole through a process known as mass-ratio reversal.
We investigate this hypothesis by analyzing data from the third gravitational-wave transient catalog using a
“single-spin” framework in which only one black hole may spin in any given binary. Given this assumption, we
show that at least 28% (90% credibility) of the LIGO-Virgo—-KAGRA binaries contain a primary with significant
spin, possibly indicative of mass-ratio reversal. We find no evidence for binaries that contain a secondary with
significant spin. However, the single-spin framework is moderately disfavored (natural log Bayes factor
In B = 3.1) when compared to a model that allows both black holes to spin. If future studies can firmly establish
that most merging binaries contain two spinning black holes, it may call into question our understanding of
formation mechanisms for binary black holes or the efficiency of angular momentum transport in black hole
progenitors.

Unified Astronomy Thesaurus concepts: Black holes (162); Compact objects (288); Gravitational wave astronomy

(675); Gravitational waves (678)

1. Introduction

Recent works have suggested that angular momentum
transport in black hole progenitors may be highly efficient,
leading to slowly rotating stellar cores (Fuller & Ma 2019; Ma
& Fuller 2019). As a result, their eventual core collapse should
produce black holes with negligible dimensionless spin
magnitudes y < 0.01 (Fuller & Ma 2019; Ma & Fuller 2019).
However, studies of the merging binary black hole (BBH)
population observed via gravitational waves have shown that
Z40% of systems contain at least one black hole with
nonnegligible spin (Biscoveanu et al. 2021; Galaudage et al.
2021; Kimball et al. 2021; Roulet et al. 2021; Callister et al.
2022; Mould et al. 2022; Tong et al. 2022).

Tidal spin-up is a popular explanation for the nonnegligible
spin observed in BBHs (Qin et al. 2018; Bavera et al. 2020;
Belczynski et al. 2020; Olejak & Belczynski 2021; Fuller &
Lu 2022; Hu et al. 2022; Ma & Fuller 2023). This scenario
begins with an isolated binary, consisting of a black hole and a
companion star that is the progenitor of the second-born black
hole. The stellar companion’s envelope has been stripped
through binary interactions, leaving behind a Wolf—Rayet star
—a bare stellar core without an outer hydrogen envelope. The
firstborn black hole induces tides on the Wolf-Rayet star that
dissipate and produce a torque (Kushnir et al. 2017; Qin et al.
2018; Fuller & Lu 2022; Ma & Fuller 2023). As no outer layers
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remain to carry away this angular momentum, the rotation is
retained after core collapse.

The result is a BBH system with a rapidly rotating second-
born black hole. Typically, the firstborn black hole forms the
primary (more massive) black hole. However, if the binary
undergoes mass-ratio reversal, the second-born (i.e., spinning)
black hole will be the more massive component (Broekgaarden
et al. 2022; Zevin & Bavera 2022). If the black holes seen with
gravitational waves form in the field and are tidally spun up, we
expect that only one black hole in any given binary should have
nonnegligible spin. However, population models for BBH
spins to date assume that each component’s spin is distributed
independently relative to its companion’s (see, for example,
Mould et al. 2022; Abbott et al. 2023b).

In this work, we model the population of merging BBH
systems using a “single-spin” framework in which only one
component in any given binary has nonnegligible spin. In
doing so, we aim to ascertain whether tidal spin-up provides a
good explanation for the spin properties of BBHs observed in
gravitational waves. Within the single-spin framework, we seek
to measure the fraction of mass-ratio reversed events
with a spinning primary. The fraction of mass-ratio reversed
mergers can vary significantly 0%—80% for different models
(Broekgaarden et al. 2022; Zevin & Bavera 2022). Measuring
the fraction of mass-ratio reversed mergers may therefore be
useful for constraining binary evolution models.

The remainder of this work is structured as follows. We
outline our population model and inference techniques in
Section 2. In Section 3 we show the results of this analysis. We
discuss the implications in Section 4.


https://orcid.org/0000-0001-5525-6255
https://orcid.org/0000-0001-5525-6255
https://orcid.org/0000-0001-5525-6255
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0002-1819-0215
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0003-3763-1386
https://orcid.org/0000-0002-4418-3895
https://orcid.org/0000-0002-4418-3895
https://orcid.org/0000-0002-4418-3895
mailto:christian.adamcewicz@monash.edu
http://astrothesaurus.org/uat/162
http://astrothesaurus.org/uat/288
http://astrothesaurus.org/uat/675
http://astrothesaurus.org/uat/675
http://astrothesaurus.org/uat/678
https://doi.org/10.3847/2041-8213/ad2df2
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad2df2&domain=pdf&date_stamp=2024-03-12
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad2df2&domain=pdf&date_stamp=2024-03-12
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 964:L6 (8pp), 2024 March 20

2. Method

We propose a spin model for the BBH population that builds
on previous work from Galaudage et al. (2021) and Tong et al.
(2022). It is a nested mixture model that allows for three
subpopulations: binaries where neither black hole spins,
binaries where the primary i = 1 black hole spins (but not the
secondary i =2), and binaries where the secondary spins (but
not the primary). We refer to these three subpopulations as
“nonspinning,” “primary-spinning,” and “secondary-spinning.”
Note that in this framework, “nonspinning” is used as a proxy
for a negligibly small spin y; <0.01 (indistinguishable from
x; = 0 with current measurement uncertainties; see Abbott et al.
2023a). This model does not allow for the primary and
secondary black holes to both spin, but we return to this
possibility below using a separate model. We assume the
distribution of the two spin magnitudes x; and x; is

(X XalAos A s 03) = X086 (XD (xp) + (1 — Ao)
X (MBeta(xyli,, 0)6(x,) + (1 — A)§(x)Beta(x,lp,. 7).
(1)

Here, 6(x;) denotes the Dirac delta function, indicating a spin
magnitude of zero. Following Wysocki et al. (2019), the
nonzero spins are distributed according to a beta distribution
with mean f, and variance oi. This model assumes the y; > 0
subpopulation is identical to the x, > 0 subpopulation; the beta
distributions for x; and x, have identical means and variances.
One can allow these two distributions to be distinct, but we find
that our results do not vary meaningfully if we allow for this
possibility. The parameter ) is the fraction of BBH systems
with two nonspinning black holes. Within the remaining
fraction (1 — Ag), A; is the fraction with a primary-spinning
black hole as opposed to a secondary.

Following Talbot & Thrane (2017), we model the (cosine)
spin tilts cos #; such that they are independently and identically
distributed according to

m(costio) = N(cost|1, 0,)O(cost; + 1)O(cost; — 1), (2)

where N is a normal distribution with a mean of 1 and width
o, and © is a Heaviside step function—truncating the
distribution to lie between cost; € [—1, 1]. This model is
congruent with the assumption that spinning systems are tidally
spun up and thus should have preferentially aligned spins (e.g.,
Ma & Fuller 2023).° We simultaneously fit the mass and
redshift distributions using the POWER-LAW + PEAK mass
model from Talbot & Thrane (2018) and the POWER-LAW
redshift model from Fishbach et al. (2018).

We account for mass and redshift-based selection effects (see
Messenger & Veitch 2013; Abbott et al. 2019; Thrane &
Talbot 2019; Abbott et al. 2021, 2023b) using the injection set
from LIGO-Virgo-KAGRA (LVK; LVK 2023) collaboration
(see Tiwari 2018; Farr 2019; Mandel et al. 2019). However, we
do not include spin-based effects due to sampling issues that

5 Further tests that allow the mean of the spin tilt distributions to vary allow

cost; and cost, to be distributed independently or allow for an isotropic
subpopulation (as per Talbot & Thrane 2017) suggest that our conclusions do
not depend strongly on the model for spin orientation (see also Mould et al.
2022; Tong et al. 2022; Vitale et al. 2022).
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arise at values of y; ~ 0.° These spin-based selection effects are
believed to be relatively small for populations with less than
~100 events (Ng et al. 2018; Abbott et al. 2023b).
Furthermore, these effects manifest as a bias away from
effective inspiral spins X.¢ < 0, as well as larger uncertainties
on the spin properties of X.¢ < O systems (Ng et al. 2018). We
do not expect any correlations between such systems and the
tendency to be primary or secondary spinning and thus do not
expect these effects to significantly bias our results. To test this,
we draw 10° events from our model, inject the corresponding
signals into simulated design-sensitivity LIGO noise, and find
the fraction of injections that are recovered with an optimal
network signal-to-noise ratio >11. We carry out this calcul-
ation four times: assuming only primary-spin, assuming only
secondary-spin, assuming both-spin, and assuming no-spin
populations. We find that the fraction of above-detection-
threshold events varies by <0.1% between each subpopulation.
This supports our expectation that the results will not change
significantly when we include spin-based selection effects.

We perform hierarchical Bayesian inference in order to
measure the population hyperparameters using gravitational-
wave data from LVK (Aasi et al. 2015; Acernese et al. 2015;
Akutsu et al. 2021).” We do so using the nested sampler
DYNESTY (Speagle 2020) inside of the GWPopulation
(Talbot et al. 2019) package, which itself is built on top of
Bilby (Ashton et al. 2019; Romero-Shaw et al. 2020). Our
data set begins with the 69 BBH observations from the third
LVK gravitational-wave transient catalog (GWTC-3; Abbott
et al. 2023a) that were considered reliable for population
analyses (events with a false alarm rate <1yr '; Abbott et al.
2023b). However, we omit two events, GW191109_010717
and GW200129_065458, due to concerns related to data
quality (Davis et al. 2022; Payne et al. 2022; Macas &
Lundgren 2023; H. Tong 2023, private communication), SO we
analyze 67 BBH events. We find that the inclusion of these two
events does not drastically change our results (see Section 3).

For each BBH event, we perform three sets of parameter
estimation to be used in our hierarchical inference: once with a
no-spin prior x; =X =0, once with a primary-spin prior
x2=0, and once with a secondary-spin prior x;=0.
Whichever black hole is allowed to spin is sampled with a
prior that is uniform in y;. We use the IMRPhenomXPHM
waveform model (Pratten et al. 2021). Carrying out three suites
of parameter estimation runs allows us to avoid potential issues
of undersampling the posterior distribution near y; =0 during
hierarchical inference (see Appendix A, as well as Galaudage
et al. 2021; Tong et al. 2022; Adamcewicz et al. 2023, for more
details).

In order to compare the single-spin hypothesis to the
hypothesis that both black holes may spin, we also construct
and fit a “both-spin” population model. This consists of the
EXTENDED model for spin magnitude from Tong et al. (2022;
see their Equation (2)), combined with our simplified model for
spin orientation defined in Equation (2). We obtain a fourth set
of parameter estimation results in which both black holes may
have nonzero spins in order to perform hierarchical inference
with this both-spin population model.

6 Significant code development is required to implement spin-based selection
effects.

7 For a review on parameter estimation and hierarchical inference in
gravitational-wave astronomy, we point the reader to Thrane & Talbot (2019).



THE ASTROPHYSICAL JOURNAL LETTERS, 964:L6 (8pp), 2024 March 20

We set uniform priors over [0, 1] for the mixing fractions )\
and A;. The priors on other population hyperparameters are
identical to those used in Tong et al. (2022). These priors do
not allow for singularities in the y; beta distributions.

3. Results

First, we compare the evidence for the “single-spin”
population model proposed in Section 2 to the previously
used “both-spin” model in which both black holes in any
given binary may spin. We find that the single-spin model
is disfavored by a natural log Bayes factor of InB=
3.1 (difference in maximum natural log likelihood
of AInL,x = 2.0). The single-spin model incurs an Occam
penalty for its added complexity relative to the both-spin
model, which does not have the \; parameter. However, the
both-spin model also yields a better overall fit, evident by its
larger maximum likelihood. The numerical value of InB =
3.1 is not large enough to draw a strong conclusion that the
both-spin model is clearly preferred over the single-spin
model.® It is, however, an interesting preliminary result that
we are keen to revisit as more data become available. When
including GW191109_010717 and GW200129_065458 (or
either event on its own), we find that support for the both-spin
model increases by AlnB < 1.

Next, we set aside for a moment the possibility that both
black holes have nonnegligible spin and assume that spinning
black holes are tidally spun up (i.e., that there can be at most
one black hole with nonnegligible spin in each binary). In
Figure 1, we show the posterior corner plot for the mixing
fractions )\, (the fraction of events with nonnegligible spin) and
A; (the fraction of spinning events with x; > 0 as opposed to
x2 > 0). We show posterior distributions for other population
hyperparameters governing BBH spins in Appendix B. With
90% credibility, we measure the fraction of nonspinning
systems to be )y < 0.60—consistent with the results of Tong
et al. (2022). Among BBH systems with measurable comp-
onent spins, we find the fraction of primary-spinning systems to
be A; > 0.59 (90% credibility). We rule out \; =0 with high
credibility. The posterior is peaked at A\; =1, the point in
parameter space where no secondary black holes have
appreciable spin. These results do not change meaningfully
when including GW191109_010717, GW200129_065458,
or both.

As a check, we analyze 10 simulated signals with y; =0 and
X2 >0 drawn from a beta distribution. As expected, the
resulting posterior from hierarchical inference peaks at (\y =0,
A1 =0), which assures us that our result does not arise from
some pathological prior effect.

It is useful to understand which features in the data are most
responsible for our results. In Figure 2, we plot the evidence
obtained during the initial parameter estimation for each event,
given each different spin hypothesis (see Section 2 and
Appendix A for how these evidence values are used in the
hierarchical analysis presented above). In this scatterplot, the
horizontal axis is the natural log Bayes factor comparing the

8 We find that we can draw the same conclusion when including single-spin

and both-spin binaries in the same population model: a dominant subpopulation
of secondary-spin black holes is ruled out, while both-spin binaries are
modestly preferred over primary-spin-only systems. Due to an Occam penalty,
this model is disfavored when compared to the simpler both-spin model by a
natural log Bayes factor In3 = 1.2. No noteworthy covariance in mixing
fractions arises within this framework.
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Figure 1. Posterior corner plot for the fraction of BBH systems with negligible
spin )y and the fraction of spinning BBH systems with x; >0, A;. The
different shades indicate the 50%, 90%, and 99% credible intervals. The fact
that Ay = 1 is ruled out is already well established: at least some BBH systems
contain a black hole with nonnegligible spin. The fact that A\; = 0 is ruled out
suggests that—within the single-spin framework and among binaries with a
spinning black hole—it is the primary mass black hole that is spinning at least
59% of the time. Under the assumption of single spin, the data are consistent
with the possibility that only the primary black hole spins.

primary-spin evidence Z to the secondary-spin evidence Z;:

In Byrimary = In (?) 3)
2

The vertical axis is the natural log Bayes factor comparing the
single-spin evidence (Z; or Z,—whichever is larger) to the
both-spinning evidence Z:

“

In Bgpete = In max(2y, Z7)
single Zb .

Meanwhile, the color bar shows the natural log Bayes factor
comparing the spinning hypothesis (whichever is largest) to the
no-spin hypothesis:

*)

In By — I(M)

2

Events with evidence for spin (blue dots) show a small
preference to lie below zero in the vertical axis, indicating a
preference for the both-spin hypothesis. This amalgamates as a
moderate preference for both-spin systems over single-spin
systems on a population level (In3 = 3.1 from above). These
events tend to show a much larger deviation from zero in the
horizontal axis—trending toward values of InBpimary > 0,
indicating a preference for primary-spin as opposed to
secondary-spin. The events that prefer secondary-spin over
primary-spin (In Bprimary < 0) tend to be white circles, indicat-
ing that these events are best explained as not spinning at all.
Under the assumption of single-spin, this results in a strong
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Figure 2. A comparison of each spin hypothesis for each event. Each point represents a single BBH event observed in gravitational waves. The color of the point
represents the natural log Bayes factor for the spinning hypothesis In Bqpin; white circles are events best explained as nonspinning, while blue circles are best explained
as containing at least one spinning black hole. The vertical axis shows the natural log Bayes factor comparing the single-spin hypothesis (positive values) to the both-
spin hypothesis (negative values) In Bgjngie. The horizontal axis shows the natural log Bayes factor comparing the primary-spin hypothesis (positive values) to the
secondary-spin hypothesis (negative values) In Bpyimary. Note there is significantly less spread in Biingle than there is in Bprimary, indicating that it is relatively difficult to
ascertain if the primary is spinning by itself. The four events with the highest evidence for spin (darkest blue) are labeled, being GW190412_053044,

GW190517_055101, GW151226, and GW191204_171526.

preference for primary-spin systems on the population level, as
seen in Figure 1.

4. Discussion

We find that the spin properties of the BBHs in GWTC-3
require at least 28% of all binaries to include a primary with
nonnegligible spin. Among spinning binaries, we find that at
least 59% of systems have a nonnegligible primary spin. These
binaries are either mass-ratio reversed or contain two black
holes with nonnegligible spin.

This result is consistent with predictions from Zevin &
Bavera (2022) and Broekgaarden et al. (2022), which suggest
that up to ~72%-82% of the BBH population may be mass-
ratio reversed. Furthermore, Farah et al. (2024) find that a large
fraction of the BBH population is consistent with mass-ratio
reversal due to asymmetries in the distributions of primary and
secondary masses. While our posterior for the fraction of
primary-spinning systems \; is consistent with 0.82, it peaks at
A; = 1. With additional events, it may be possible in the near
future to distinguish between A; =0.80 and A\ = 1. A strong
preference for A\; =1 would be difficult to explain within the
standard field formation scenario given our current under-
standing of angular momentum transport and tidal spin-up (see
Qin et al. 2018; Fuller & Ma 2019; Ma & Fuller 2023, for
example). Of course, if a strong statistical preference for the
both-spinning framework can be established, then the entire
discussion of mass-ratio reversal may be moot. It would be
difficult to explain such a result within the field binary
framework unless angular momentum transport in massive
stars is less efficient than expected (see Heger et al. 2005; Qin
et al. 2018; Fuller & Ma 2019, and discussions therein). On this
point, Callister et al. (2021) find that if spinning BBHs are
formed in the field and undergo tidal spin-up, extreme natal
kicks are required to produce the observed range of spin tilts in

the LVK data. Callister et al. (2021) suggest that inefficient
angular momentum transport in black hole progenitors (thus
nonnegligible spins for firstborn black holes) may alleviate this
requirement for extreme kicks. This is because the firstborn
black hole forms when the binary has a greater orbital
separation so is more easily misaligned by smaller natal kicks
(Callister et al. 2021). However, these findings are disputed by
Stevenson (2022), who questions the assumption that all
secondary-mass black holes can be tidally spun up.

Qin et al. (2022) highlights the BBH merger GW190403_
051519: an event that does not pass the threshold for inclusion
in population studies yet has the highest inferred effective
inspiral spin of any LVK observation to date, x.g = 0.7. This
event, if authentic, provides a strong signature for a rapidly
spinning primary x, = 0.92037, making it consistent with the
results presented here.

The event GW190412_53044 shows the second strongest
evidence for a primary-spin component in our analyses.
Motivated by the tidal spin-up hypothesis, Mandel & Fragos
(2020) suggest that GW190412_53044 can be explained as a
system with a rapidly rotating secondary by imposing a prior in
which the primary is assumed to have negligible spin.
However, Zevin et al. (2020) argue that this assumption is
statistically disfavored by the data—a point that we reiterate in
Figure 2.

We come to a similar conclusion as Mould et al. (2022), in
that both studies suggest that both black holes spinning in
any given binary is the best description for the majority of the
population. Mould et al. (2022) suggest that such systems
make up ~77% of BBHs. However, Mould et al. (2022) find
that a larger fraction of BBH systems may be described as
secondary-spinning (<42%) as opposed to primary-spinning
(<32%). In contrast, setting aside the possibility that both
black holes may spin, our results suggest that a much larger
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fraction of BBH systems can be described as primary-
spinning (<88%) as opposed to secondary-spinning (<$28%).
While our inferences on these fractions may decrease when a
both-spin subpopulation is factored in, the relative proportion
of primary-spin to secondary-spin systems does not vary
meaningfully. Furthermore, the results of Mould et al. (2022)
suggest that <6% of binaries can be described with both
black holes having negligible spins, while we measure this
fraction to be <60%. Our results, however, are consistent
with the findings of Callister et al. (2022), Tong et al. (2022),
and Roulet et al. (2021) on this front. These discrepancies
may be due to a number of factors. First, our spin models are
set up to explicitly test the hypothesis that only one black
hole spins in any given binary, whereas Mould et al. (2022)
endeavor to measure the distributions of y; and x>
independently, without attempting to force one or more spin
magnitudes to zero in each binary. Also, Mould et al. (2022)
do not use dedicated samples near x; ~ 0, which may lead to
issues of undersampling this region.

Another possibility is that a large fraction of the events in
GWTC-3 (228%) is not formed in the field (Zevin et al. 2021).
Binaries merging in dense stellar environments can merge
repeatedly through hierarchical mergers (e.g., Fishbach et al.
2017; Gerosa & Berti 2017; Rodriguez et al. 2019; Doctor et al.
2020, 2021). While many analyses suggest that the LVK data
are consistent with isotropy in BBH spin tilts (Callister et al.
2022; Vitale et al. 2022; Abbott et al. 2023b; Callister &
Farr 2023; Edelman et al. 2023; Golomb & Talbot 2023), other
studies have found that BBH spin may tend toward alignment
with the orbital angular momentum (e.g., Galaudage et al.
2021; Roulet et al. 2021; Tong et al. 2022). If it is true that
BBH spins are preferentially aligned, this would conflict with
what one would expect for binaries formed in globular clusters
(Rodriguez et al. 2016; Farr et al. 2017; Stevenson et al. 2017;
Talbot & Thrane 2017; Vitale et al. 2017; Yu et al. 2020).

Active galactic nuclei (AGNs) may provide an environment
in which both black holes can be spun up (through both
accretion and hierarchical mergers) while providing a preferred
axis with which to align black hole spin (Bogdanovi¢ et al.
2007; Vajpeyi et al. 2022; McKernan & Ford 2023). Namely,
prograde accretion of gas in AGN disks may simultaneously
spin up merging black holes (primary or secondary) and torque
them into alignment with the disk’s rotation (Bogdanovi¢ et al.
2007; McKernan & Ford 2023). At the same time, the high
stellar densities and escape velocities of AGNs provide a
suitable environment for potential hierarchical mergers, produ-
cing black holes with x;~ 0.7 (see, for example, Tichy &
Marronetti 2008)—and large masses like the components of
GW190521 (Abbott et al. 2020a, 2020b). These black holes
may then be spun down to magnitudes consistent with
gravitational-wave observations (;~ 0.2-0.4) via retrograde
accretion of gas in the AGN disk (McKernan & Ford 2023).

Black holes observed in high-mass X-ray binaries (with
lower-mass companions) appear to have large aligned spins
X12,0.8 (Liu et al. 2008; Miller-Jones et al. 2021;
Reynolds 2021), often thought to be a result of accretion
(Podsiadlowski et al. 2003; Qin et al. 2019; Shao & Li 2020).°
If primary-spin systems are common in gravitational waves,
this may indicate that merging BBHs can undergo a similar

° However, these measurements may be affected by systematic uncertainties,

resulting in errors on the order of x; ~ 0.1 (Taylor & Reynolds 2018; Salvesen
& Miller 2020; Falanga et al. 2021).
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evolutionary process to high-mass X-ray binaries (Fishbach &
Kalogera 2022; Gallegos-Garcia et al. 2022; Shao & Li 2022).
Assuming that case-A mass transfer is responsible for spinning
up the primary, Gallegos-Garcia et al. (2022) find that up to
~20% of BBH mergers may be former high-mass X-ray
binaries. However, previous studies show that the large spin
magnitudes of black holes in high-mass X-ray binaries are in
tension with the BBH spin distribution from gravitational
waves (Roulet & Zaldarriaga 2019; Fishbach & Kalogera
2022). This tension may be somewhat relieved when modeling
the BBH population under the assumption of rapidly spinning
primaries (Fishbach & Kalogera 2022). On this note, we find
increased support for large spin magnitudes when using the
single-spin framework (see Figure 3 from Appendix B). We
find that the single-spin framework allows for up to ~10% of
BBHs to have y; > 0.8, while the (preferred) both-spin model
suggests these systems may only make up <3% of the
population (90% credibility). This is most likely driven by
support for high values of y.¢ in the data (predominantly from
the dark blue events in Figure 2). When only one black hole is
allowed to spin, higher spin magnitudes are required to reach
these large values of Y. when compared to the scenario in
which both black holes may spin.
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Appendix A
Population Likelihoods with Sharp Features

When introducing sharp features (like a nonspinning peak)
into a population model, one can encounter issues of under-
sampling during hierarchical inference. That is to say, an
insufficient number of fiducial (event-level) samples in the
relevant region of parameter space makes the sharp feature in
the population model difficult to resolve via reweighting. This
may lead to spurious inferences.

To counteract this, we use the method presented in
Galaudage et al. (2021), Tong et al. (2022), and Adamcewicz
et al. (2023). Each variation of the zero-spin peak (no-spin
X1 = X2 =0, primary-spin x, =0, and secondary-spin y;=
0; see Section 2) is imposed on the prior during separate event-
level parameter estimation analyses (reiterating, wherever
x; > 0, the prior is uniform). In effect, this means that there
is an abundance of samples within each variation of the zero-
spin peak and spin samples only require reweighting outside of
these sharp features (when y; > 0).

Using these three sets of parameter estimation results, we can
construct a population likelihood following the model from
Section 2 as

N n
1 ‘ ‘
LA, Xo, M) =[] -~ Ao Zoy_ wo(BiA) + (1 — Xo)
k

x (A,Ziz wi(@A) + (1 = A 25> wZ(efklA)) }
k k
(A1)

Here, \y and \; are the mixing fractions for different spin
configurations (see Section 2), A denotes the set of all other
population hyperparameters (e.g., ji, and oi), N is the number
of events, and n is the total number of samples per
event obtained from parameter estimation. The Bayesian
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evidence obtained during parameter estimation for event i,
with spin configuration s (no-spin s =0, primary-spin s =1,
and secondary-spin s = 2) is denoted Z'. Finally, the weight w,
for a given parameter estimation sample 6 is

(X1 X2, COS 1, cOs | A) 7 (my, g, z|A)

ws(01A) =
’ T‘-(X[’ X2’ Ccos tla cos t2$ ml’ q9 Zl@)

, (A2

where 7(0|0@) is the prior probability from parameter estima-
tion, m(my, g, z]A) is the population model for primary mass,
mass ratio, and redshift from Section 2, and

m0(X1» X2 €OSH, COstr|A) = 6(x ) 0(X,), (A3)

m(X1> Xo» COSH, COSBo|A)
=Beta(x,l,» 03)8(x,)m(cos tloy), (A4)

m (X1 Xa» COSH, COST|A)

=8(xpBeta(xalp,» 03)7(cos fo|oy) (AS5)

give the spin model for each configuration. Again, note that
only the uniformly sampled x; > 0 spin values are reweighted
(to follow a beta distribution). Also note that we have omitted
the detection efficiency factor that accounts for selection effects
from Equation (A1) for the sake of brevity.

Appendix B
Additional Plots

We include an additional corner plot for the remaining
population hyperparameters governing the BBH spin distribu-
tion for the single-spin and both-spin models in Figure 3. We
also plot population predictive distributions (for both models)
for spin magnitudes and tilts in Figures 4 and 5 respectively.
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—— Single spin
—— Both spin

Figure 3. Posterior corner plot for hyperparameters governing the BBH spin distribution. Blue shows the posteriors given the single-spin model (Equation (1), while
orange shows the posteriors given the both-spin model (Equation (2) from Tong et al. 2022). Both models use Equation (2) for spin orientation. Contours on the two-
dimensional plot give the 50%, 90%, and 99% credible regions. In the single-spin framework, we measure the mean and variance of the spin magnitude distribution to
be p, = 03991 and ai = 0.047333, respectively. Meanwhile, the width of the cosine spin tilt distribution is found to be o; = 0.707)$%. In the both-spin framework,
we find the mean and variance of the spin magnitude distribution to be p, = 0.31754% and ai = 0.037993, with the width of the cosine spin tilt distribution
being o; = 0.93+0%3.

2.5 2.5
—— Single spin
—— Both spin
2.0 2.0 A
1.5 1 1.5
—~ —~
— N
= =
& 1.0 A & 1.0
0.5 A 0.5 A
0.0 T T T T T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X1 X2

Figure 4. Population predictive distributions for primary (left) and secondary (right) spin magnitude. Blue shows the single-spin model (Equation (1)), while orange
shows the both-spin model (Equation (2) from Tong et al. 2022). In either model the distributions for nonzero x; and x, must have identical shapes. In the both-spin
model, they must also have identical amplitudes. The both-spin model enforces that either x; = x, = 0 or that x; > 0 and x, > 0 simultaneously. Meanwhile, the
single-spin model enforces that x; = x, = 0, that x; > 0 and x, =0, or that x; =0 and x, > 0.
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Figure 5. Population predictive distributions for cosine spin tilts following
Equation (2). Blue shows the results for the single-spin model (Equation (1)),
while orange shows the results for the both-spin model (Equation (2) from
Tong et al. 2022).
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