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We investigate the differences between several proposed formation scenarios for black hole binaries,
including isolated stellar evolution, dynamical assembly in dense clusters and active galactic nuclei (AGN)
disks, and primordial black holes. Our approach exploits the predicted spin features of each formation
channel, and adopts parametrized models of the predicted correlations between the spin magnitudes (and
orientations) and mass, inspired by first principles. Using hierarchical Bayesian inference on the recent
GWTC-4.0 dataset, we compare these features across all models and assess how well each scenario
explains the data. We find that the data strongly favor the presence of a positive correlation between mass
and spin magnitude, in agreement with previous studies. Furthermore, the hierarchical scenario provides a
better fit to the observations, due to the inclusion of second-generation mergers leading to higher spins at
larger masses. The current dataset is not informative enough about spin orientation: the cluster (random
orientations) and AGN (aligned orientations) scenarios have comparable Bayesian evidence. Finally, the
mass-spin correlation predicted by the primordial scenario gives a poor fit to the data, and this scenario can
only account for a subset of the observed events.
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I. INTRODUCTION

Since the first gravitational-wave (GW) detection by the
LIGO-Virgo Collaboration [1], the growing catalog of GW
candidates has provided increasingly precise constraints on
the astrophysical population of merging binary black holes
(BBHs) and binary neutron stars [2]. With the expansion of
the search volume to cosmological distances, it is now
possible to investigate the statistical properties of these

sources and compare them against differentmodels of stellar
and binary evolution, as well as more exotic scenarios.
A central goal of population studies is to determine how

compact binaries form and evolve before merger [3–5].
Proposed astrophysical formation channels include for
example isolated binary evolution in Galactic fields (see,
e.g., [6–15]), where processes such as mass transfer and
common-envelope evolution [16] shape the final system,
and dynamical assembly in dense stellar environments, like
globular clusters or Galactic nuclei [17–27] (see [28] for a
review). These different pathways are expected to leave
characteristic imprints on the observed mass, spin, eccen-
tricity, and redshift distributions of the merging binaries,
which can be probed through hierarchical Bayesian analy-
sis [29–31]. The growing number of detections enables
more detailed tests of stellar evolution predictions, such as
the existence of features in the BBH mass distribution
associated with pair-instability supernovae [32–35], and the
effects of tidal interactions and of the binary’s accretion
history on the spin distributions [36]. Measurements of the
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merger rate evolution with redshift further connect compact
binaries to the cosmic star-formation history. In addition,
GW observations offer a unique window into more exotic
possibilities, such as primordial BHs (PBHs) formed in the
early Universe [37–40], which may contribute to the
observed merger rate and provide clues about physics
beyond the standard model of cosmology, including their
potential role as dark matter candidates or tracers of high-
redshift phenomena.
One interesting possibility to study and characterize

different formation channels is through the spin distribution
of merging BBHs [41–44]. The third observing run of the
LIGO-Virgo-KAGRA (LVK) Collaboration [45] found that
most BBH systems are produced with spin magnitudes that
have strong support for χ ≲ 0.4, while the distribution of tilt
angles θ seems to prefer systems with spins above the
orbital plane. The GW candidates in the GWTC-4.0 catalog
[2] support these conclusions, and also hint at a more
detailed structure in the distribution of the effective spin,
χeff . In particular, the spin magnitude distribution is
concentrated at χ ≲ 0.4, the spin-tilt distribution may peak
away from perfect alignment with the orbital angular
momentum, and the χeff distribution is asymmetric around
its peak. There have been several attempts to constrain the
population distributions of GW events by leveraging spin
measurements to infer the underlying black hole (BH)
merger channels, both with parametric models [46–60] and
nonparametric ones [61–69] (see, e.g., [70] for an in-depth
review of the topic). Having an accurate inference of BH
spins, based on physically motivated parametric models,
can potentially result in more robust constraints on the
axion parameter space through the phenomenon of BH
superradiance (see, e.g., [71–75]).
In this work, we build upon this approach by modeling

the spin distribution and its correlation with mass with
physically motivated, simplified models derived from first
principles for four of the main formation scenarios: BHs
formed in isolation (IBHs), BHs formed hierarchically in
clusters (HBHs), BHs formed hierarchically in the disks of
active galactic nuclei (AGNs), and PBHs. These simplified
yet insightful models are designed to capture the key
features of distinct BBH formation channels, and to provide
a more direct physical connection between spin measure-
ments and their astrophysical origins.

A. Executive summary

Our main findings are based on the modeling of physical
correlations between source masses, spin magnitudes, and
tilt angles inspired by the four different formation channels
listed before, and detailed in Sec. II A below. Here, for the
reader’s convenience, we summarize the main results of
the paper:
(1) We find strong support for a spin magnitude dis-

tribution which broadens at high masses. Within our
models, this is closer to hierarchical scenarios

(namely, HBHs and AGNs), which include both
first- and second-generation mergers. However,
there is no support either in favor of or against a
flat spin direction distribution, compared to spin-
angular momentum alignment at small masses.
Therefore, we cannot distinguish, among the envi-
ronments we have considered (clusters or AGN
disks), the one in which hierarchical mergers are
most likely to occur. More generically, we conclude
that the current dataset does not contain sufficient
information to robustly favor specific (mis)align-
ment in the scenarios we considered.

(2) Our analysis shows a weak preference for multiple
spin populations, although we observe that even a
single hierarchical scenario—either HBHs or
AGNs—could be able to fully capture the spin
distribution and its correlation with the mass ob-
served in the GWTC-4.0 data.

(3) The sharp mass-spin correlation predicted by the
primordial BH scenario, with efficient cosmological
mass-spin evolution, is strongly disfavored as the
sole explanation of the GWTC-4.0 dataset.

(4) The inferred mass-distribution parameters do not
change significantly [i.e., beyond the Oð1Þσ level]
when performing the inference across the different
models, or combinations of models, considered in
this work, despite their different predictions for the
spin distribution.

(5) The information on the merger-rate redshift evolu-
tion remains subdominant compared to spin infor-
mation in the current catalog, and/or the data do not
require each subpopulation to follow radically differ-
ent redshift distributions.

(6) For scenarios that provide a poor fit to the data, such
as the PBH-only case, the hierarchical likelihood is
evaluated in regions of parameter space where the
Monte Carlo integrals used for the event posteriors
or for the selection effects may be insufficiently
sampled. Accurate stability estimators should be
used to ensure proper convergence.

II. MODELING DIFFERENT BBH POPULATIONS

In this work, we explore different formation scenarios for
BBHs that could explain the physical properties of the
population of observed GW sources. We focus on four
distinct classes of models:
(1) IBHs: binaries formed through isolated stellar evo-

lution in Galactic fields.
(2) HBHs: binaries assembled dynamically in dense

stellar environments, such as globular clusters,
where previous merger remnants can participate in
subsequent (hierarchical) mergers.

(3) AGNs: binaries assembled dynamically in AGN
disks. This channel is structurally similar to the
HBH one, with the only exception that BHs form in
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a disk environment, which imprints a preferred
aligned-spin direction.

(4) PBHs: binaries formed in the early Universe from
the collapse of primordial density fluctuations,
independent of stellar processes.

Each channel is characterized by its own mass, spin, and
redshift distributions, which can be derived from first
principles—that is, obtained directly from the physical
properties predicted by the channel itself, rather than
relying on phenomenological or data-driven assumptions.
While population studies based on distinct mass and

redshift distributions in each formation channel remain the
primary approach for identifying the nature of the merger
populations [76–80], as these properties are more tightly
constrained by the GW data, the spin distribution can offer
valuable complementary information. Indeed, the most
salient spin properties can be modeled agnostically, and
the prediction of every channel may be more robust, despite
the details of the formation mechanism not being fully
understood. For example, isolated binary formation generi-
cally leads to preferentially aligned spins [36,81–86],

whereas hierarchical mergers predict a subpopulation of
spinning BBHs clustering around χ ∼ 0.7, which may
dominate at large masses [20,21,31,87]. Similar arguments
also apply to the primordial scenario. For PBHs, the mass
distribution, and even its overall range, is essentially
unknown [88] and strongly model dependent, whereas
the main feature of their spin, namely that PBHs are formed
with nearly zero spin in the standard formation scenario
[89–91] and can acquire spin only through mass-dependent
accretion [92–94], is robust and generic. In our analysis,
our goal is to disentangle the different possible formation
channels using only information from the mass-spin
correlations, specific to each scenario.
In Fig. 1 we show the spin magnitudes and orientations

of the observed (i.e., after imposing the selection effect)
primary and secondary source-frame masses of all the
GWTC-4.0 BBH candidates with IFAR ¼ 1 yr−1, which
selects NBBH ¼ 153 events. Some visible trends can be
identified from the figure, such as a positive correlation
between mass and spin for the primary BH, a sparsely
populated region at negative orientations for low masses,

FIG. 1. GWTC-4.0 catalog: Mass-spin scatter plot of the 153 GW candidates used in this analysis, chosen to have at least
IFAR ¼ 1 yr−1. The stars represent the median values of the BBH event parameters from the GWTC-4.0 catalog. The x axis indicates
the source-frame masses of the primary (left columns) and secondary (right columns), while the y axis shows the dimensionless spin
magnitudes χ (first row) or the cosine of the polar angle cos θ (second row). Error bars correspond to the 1σ uncertainties from the
official LVK parameter estimation samples for each event. We do not show the nontrivial correlation between parameters in the posterior
for simplicity. mi indicates source frame mass, as in the rest of the text.
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and the outstanding event GW231123 [95], which is
currently the most massive and most rapidly spinning
system detected to this day (but see Ref. [96] for a
discussion, as the origin of this event is still debated
[97–106]).
In the following sections, we introduce the phenomeno-

logical parametric models for the spin and redshift dis-
tributions used in this work. We stress that we adopt an
agnostic, flexible parametric model for the merger rate,
without imposing astrophysical priors. Leveraging the
existing uncertainties on the astrophysical and primordial
rates, we assume a logarithmic flat prior on the rate of each
population. As for the mass spectrum, we assume a single
common distribution, i.e., we do not model the mass
distribution of each channel separately. Although this is
admittedly a strong assumption, it remains compatible with
current population-synthesis predictions, which show that
isolated, multigenerational, and/or primordial BBHs—
either individually or in combination—can reproduce the
observed phenomenological mass function. Also, this
assumption is analogous to some LVK studies [2], where
multipopulation analyses are performed with a single mass
distribution. The overall mass distribution we adopt,
following the LVK analysis, is discussed in Appendix C.
In some cases we will also allow for different merger-rate
evolutions for each subpopulation, and find that redshift
information remains largely subdominant.

A. Spin models

In this subsection, we describe in detail the physically
informed models adopted for the spin distributions as

functions of the masses. For each population model, we
provide an illustrative example of the mass-conditional spin
and tilt-angle distributions in Fig. 2. We note that the spin
distributions we employ, depending on the specific for-
mation scenario, involve mass-dependent parameters, as
detailed below. This introduces characteristic mass-spin
correlations in the BBH population.

1. Isolated channel

In isolated binaries, spin orientations retain the memory
of the stellar progenitors’ evolutionary history [36,81–86].
While stellar spins are often assumed to be initially aligned
with the orbital angular momentum, misalignment can be
introduced by supernova kicks imparted at BH formation,
which tilt the orbital plane [36,83,107–109]. Tidal inter-
actions during the binary’s evolution can partially counter-
act this effect by realigning spins [82,85,110]. We will
remain agnostic about the detailed modeling of these
processes and capture the main properties of this scenario
as follows.
We assume that BH spins are preferentially aligned with

theorbital angularmomentum.The tilt anglesθi (for i ¼ 1, 2)
are modeled such that cos θi follows a Gaussian distribution
centered at unity, representing a preference for alignment,
with a standard deviation parameter δ controlling the degree
of misalignment. The spin magnitudes χi are drawn inde-
pendently from a Gaussian distribution N ½0;1�ðχij0; χmaxÞ
centered at zero, indicating a preference for small spin
values (see, e.g., [31]), and truncated to the physical range
[0, 1]. The resulting distributions are then given by

FIG. 2. Examples of probability distributions of χ (first row) and cos θ (second row), for the different formation channels. The
distributions span from 10M⊙ (blue) to 100M⊙ (red). The model parameters of each scenario are fixed to the maximum likelihood point
obtained when fitting the GWTC-4.0 catalog with our models.
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pðcos θiÞ ¼ N ½−1;1�ðcos θij1; δÞ; ð1Þ

pðχiÞ ¼ N ½0;1�ðχij0; χmaxÞ: ð2Þ

The correlation between sourcemass and spins is encoded in
χmax and δ. For simplicity, we model the δðmÞ and χmaxðmÞ
dependence as linear functions within the relevant range (an
approximation that should be sufficient at the present level of
measurement precision), and take (e.g., [111])

δ ¼
�
δIBH0 þ δ̇IBH

�
m

30M⊙

��
½0.1;2�

; ð3Þ

χmax ¼
�
χIBH0 þ χ̇IBH

�
m

30M⊙

��
½0.1;1�

; ð4Þ

where m is the individual source-frame BH mass. We
constrain the parameters to be within the physical range
δ∈ ½0.1; 2� and χIBHmax ∈ ½0.1; 1�, respectively. Hence, in the
IBH scenario, the spin model hyperparameters are

ΛIBH ¼ fδIBH0 ; δ̇IBH; χIBH0 ; χ̇IBHg: ð5Þ

We emphasize that this parametrization is a simplified
phenomenological description of the IBH spin distribution.
In particular, while the adopted model captures gradual
mass-dependent trends in spin magnitudes and orientations,
it does not include an explicit high-mass, high-spin
subpopulation. Such a feature could arise in isolated
binaries under specific astrophysical conditions—e.g.,
low-metallicity progenitors, inefficient angular-momentum
transport, or uncertain fallback physics—but remains
highly model dependent. Consequently, any comparison
between the IBH and hierarchical channels, and the
resulting mixture fractions or Bayes factors, should be
interpreted in light of this modeling choice. A systematic
exploration of more flexible IBH prescriptions is deferred
to future work.

2. Hierarchical channel

For the dynamical (hierarchical) formation channel, we
consider a population which can include contributions from
hierarchical mergers. In this model, the BBH population is
composed of three distinct subpopulations [20,31]:
(1) 1gþ 1g (first-generation mergers): both BHs origi-

nate from stellar collapse, and later they form a
binary by gravitational dynamics (i.e., capture and
multibody interactions).

(2) 2gþ 1g or 1gþ 2g (mixed-generation mergers):
one component is a remnant from a previous merger.

(3) 2gþ 2g (second-generation mergers): both compo-
nents are merger remnants.

We neglect N > 2 generation mergers, as their current
detection rate is expected to be subdominant with respect to

the former generations. Indeed, since 2g BHs inevitably
have large spins, they receive larger merger recoils, and
only clusters with very high escape velocity can success-
fully retain a meaningful fraction of 3g or higher-gener-
ation mergers (see, e.g., [112–115]).
For all the spin orientations in this scenario, we assume

that the angles θi are isotropic, so cos θi is drawn uniformly
in the physically allowed range ½−1; 1�, and

pðcos θiÞ ¼
1

2
; cos θi ∈ ½−1; 1�: ð6Þ

For first-generation binary components, we assume the spin
magnitudes χi to be drawn from a Gaussian distribution
centered at χ ¼ 0 with a variable width χmax. Therefore,
similarly to the IBH channel, we assume

p1gðχÞ ¼ N ½0;1�ðχij0; χmaxÞ: ð7Þ

For binary components of second generation, we assume a
spin magnitude drawn from a truncated Gaussian centered
at χ̄f (which is χ̄f ≈ 0.69 for spinless binaries [116,117]):

p2gðχÞ ¼ N ½0;1�ðχjχ̄f; σfÞ; ð8Þ

where σf is a hyperparameter describing the width of the
distribution of the remnant spin (which is a relatively
narrow distribution around the spinless results; see, e.g.,
Fig. 8 of Ref. [118]), and the Gaussian is truncated to lie
within the physical range [0, 1].
To account for all the subpopulations with relative

mixing fractions, we model our total spin distribution as

pðχ⃗jm⃗Þ ¼
X

x;y¼1;2

πxðm1Þπyðm2Þpxgðχ1Þpygðχ2Þ; ð9Þ

where m⃗ ¼ ðm1; m2Þ denotes the component masses, χ⃗ ¼
ðχ1; χ2Þ the spin magnitudes, and θ⃗ ¼ ðθ1; θ2Þ the tilt
angles. We further define πxðmÞ as

πxðmÞ ¼
�
fðmÞ if x ¼ 1

1 − fðmÞ if x ¼ 2
; ð10Þ

with

fðmÞ ¼ f1g;high þ
ðf1g;low − f1g;highÞ

1þ e
m−mt
δmt

; ð11Þ

where fðmÞ is a sigmoid mixture fraction that switches
from different fractions of 1g=2g BHs as a function of
mass. As 2g BHs should be typically more massive than 1g
ones, we expect the fraction fðmÞ to transition between 1
and 0. In the above equation, f1g;high is the fraction of 1g
BHs at high masses, f1g;low is the fraction of 1g BHs at low
masses, mt is a transition mass, and δmt is a transition
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window. Note that Eq. (10) allows for the possibility that
the more massive black hole is 1g and the secondary 2g.
This model of the spin distribution of 1gþ 2g BHs can

reproduce the χeff distribution found in population-synthe-
sis results for globular and nuclear star cluster environ-
ments, as defined in Ref. [76] based on [119,120], simply
by adjusting χmax and the relative fraction as a function of
the primary mass. This was shown explicitly in Ref. [46]
(see their Fig. 1). Therefore, this model provides a well-
motivated framework to capture the spin properties, and
their correlation with mass, in the dynamical scenario.
Having fixed fχ̄HBHf ¼ 0.69; fHBH1g;low ¼ 1; fHBH1g;high ¼ 0g to

their values as motivated above, the population hyper-
parameters in the HBH model are

ΛHBH ¼ fχHBHmax ; σHBHf ; mHBH
t ; δmHBH

t g: ð12Þ

3. Active galactic nuclei channel

We also include a simple model for the AGN channel
(see, e.g., [19,121]). For the spin magnitude, this channel is
assumed to contain both 1g and 2g mergers, with a spin
distribution matching the form adopted for the HBH
model in Sec. II A 2. However, for this model, the
presence of a disk in the AGN environment generates a
preferential direction for both BH pair dynamics and gas
accretion [122,123], thus leading to binaries that have
nearly aligned spins [115,121]. Therefore, we model the tilt
distributions as

pðcos θiÞ ¼ N ½−1;1�ðcos θij1; δAGNÞ: ð13Þ

We allow for the tilt angles to be correlated with masses;
therefore,

δAGN ¼
�
δAGN0 þ δ̇AGN

�
m

30M⊙

��
½0.1;2�

: ð14Þ

Following a similar treatment for the spin magnitude as
described above, the AGN model is described by the
following model hyperparameters:

ΛAGN ¼ fδAGN0 ; δ̇AGN; χAGNmax ; σAGNf ; mAGN
t ; δmAGN

t g: ð15Þ

Accretion effects in the AGN channel are not explicitly
included in this model, and are left for future work.

4. Primordial channel

In the PBH scenario, binaries are supposed to form in the
early Universe with negligible initial spins, due to the
quasispherical nature of the collapse of large curvature
perturbations during radiation domination [89–91].
However, PBHs may acquire spin through gas accretion
before reionization [92,93], with the efficiency of accretion

depending on the PBH mass. Accretion is negligible for
light PBHs belowOð10ÞM⊙, while it can induce significant
spins for more massive PBHs (see the upper right panel of
Fig. 2), thus introducing a characteristic correlation
between spin and mass. The location of this transition
depends on the accretion efficiency, and it is encoded in the
model hyperparameter zcut−off [93]. In the absence of
subsolar mass merger detections [124–128] and access
to high redshift events with z≳Oð30Þ [129–135], the
mass-spin correlation induced by accretion remains the
only predictive testable imprint of the primordial sce-
nario [136].
The spin directions are assumed to be isotropically

distributed, as expected for independent PBHs with random
relative orientations [92]:

pðcos θiÞ ¼
1

2
; cos θi ∈ ½−1; 1�: ð16Þ

The spin magnitudes χi are modeled via an analytical fit
describing accretion-driven spin growth as a function of the
primary mass m1, mass ratio q, and a cutoff redshift zcut-off
that parametrizes the end of efficient accretion. A detailed
description of these functions can be found in Ref. [136].
Given the uncertainties in the accretion efficiencies, as well
as expected scattering in the environmental properties
around PBH binaries, we allow both spins to be
distributed as a Gaussian centered around the value χ ¼
χPBHðm⃗jzcut-offÞ predicted in the model, so that

pðχjm⃗Þ ¼ N ½0;1�ðχjχPBHðm⃗jzcut−offÞ; σχÞ: ð17Þ

In this case, the hyperparameters of the PBH model are

ΛPBH ¼ fzcut-off ; σχg; ð18Þ

as the full spin distribution is determined by these param-
eters via the analytical fit described above. We summarize
the spin model parameters in Table I.

B. Redshift model

For all channels, we model the merger rate density
evolution with redshift through a smooth Madau-Dickinson
broken power-law function,

ψðzjΛzÞ ¼
�
1þ 1

ð1þ zpÞγþk

� ð1þ zÞγ
1þ

h
ð1þzÞ
ð1þzpÞ

i
γþk ; ð19Þ

governed by three parameters,

Λz ≡ fγ; k; zpg: ð20Þ

This shape is motivated by the star formation rate evolution
[137], although it remains sufficiently flexible, so that it can
fit the low-redshift merger rate at z≲Oð3Þ—of relevance
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for current LVK sensitivity—for all the formation channels
considered here.
Interestingly, the functional form in Eq. (19) can repro-

duce specific population-synthesis predictions for the
scenarios described above. In particular, as shown in
Ref. [138], the isolated channel predicts a merger rate with
reference parameters [139]

ΛIBH
z ¼ fγ ¼ 2.57; k ¼ 3.26; zp ¼ 2.36g: ð21Þ

For the case of HBHs, the merger rate evolution shown
in population synthesis studies (see, e.g., [140]) is fitted
using

ΛHBH
z ¼ fγ ¼ 1.56; k ¼ 1.94; zp ¼ 2.12g: ð22Þ

The PBH merger rate is dominated by the binaries formed
at high redshift, before matter-radiation equality, and the
merger rate evolution is predicted to be of the form
ψ ∝ t−34=37, where t is the age of the Universe at redshift
z (see Ref. [141] for a recent review). This robust prediction
results from the properties of binaries at high redshift and

GW-driven evolution through Peter’s formula [142,143].
We can fit this relation at low redshift with better than a few
percentage accuracy by choosing

ΛPBH
z ¼ fγ ¼ −k ¼ 1.17g; ð23Þ

this yields a simplified single power-law expression, where
the parameter zp drops out.

III. HIERARCHICAL BAYESIAN
INFERENCE SETUP

In the following, we describe the setup of the analysis
that we perform to identify and disentangle the various
channels. We perform a hierarchical Bayesian analysis of
the GWTC-4.0 catalog [144,145] with ICAROGW [146], a
Python code developed to infer astrophysical and cosmo-
logical population properties of noisy, heterogeneous, and
incomplete observations. We assume standard cosmologi-
cal parameters for the Λ Cold-Dark-Matter (ΛCDM) model
[147]. The core of the hierarchical Bayesian analysis is the
construction of the merger rate, for which we adopt two
models:

(i) Model I (common mass and redshift distributions).
In this minimal model, both the mass distribution
and the redshift evolution are shared across all
channels. Hence, only the spin distributions are
allowed to vary depending on the formation channel:

dNBBHðΛÞ
dλdzdt

¼ dVc

dz
ψðzjΛzÞ
1þ z

pðm⃗jΛmÞ

×
X
c

Rc
0pcðχ⃗; cos θ⃗jm⃗;ΛcÞ; ð24Þ

where c takes values in the subset of models {IBH,
HBH, AGN, PBH}.

(ii) Model II (common mass distribution). All the
aforementioned channels share a common mass
distribution, while both the redshift evolution and
spin distributions remain channel dependent. The
overall merger rate is then defined as

dNBBHðΛÞ
dλdz dt

¼ dVc

dz
1

1þ z
pðm⃗jΛmÞ

×
X
c

Rc
0ψðzjΛc

zÞpcðχ⃗; cos θ⃗jm⃗;ΛcÞ:

Here, λ ¼ ðm⃗; χ⃗; θ⃗Þ denotes the set of intrinsic binary
parameters, z is the redshift, t is the source-frame time, and
Λ are the model hyperparameters. The term dVc=dz is the
differential comoving volume element, and RðzjΛÞ
describes the redshift-dependent merger rate density. The
function pðm⃗jΛÞ models the distribution of source-frame
component masses, while pðχ⃗; cos θ⃗jm⃗;ΛÞ specifies the

TABLE I. Priors on the BBH spin and redshift-evolution model
hyperparameters. U indicates uniform distribution, while LU
indicates log-uniform distribution, within the indicated range.

Spin models Parameter Prior

IBH δIBH0
U½0.1; 1�

δ̇IBH U½−1; 1�
χIBH0

U½0.05; 1�
χ̇IBH U½−1; 1�

HBH χHBHmax U½0.1; 1�
σHBHf U½0.1; 0.5�
mHBH

t U½10; 100�M⊙
δmHBH

t U½1; 100�M⊙

AGN δAGN0
U½0.1; 1�

δ̇AGN U½−1; 1�
χAGNmax U½0.1; 1�
σAGNf U½0.1; 0.5�
mAGN

t U½10; 100�M⊙
δmAGN

t U½1; 100�M⊙

PBH zcut−off U½10; 30�
σχ U½0.05; 0.2�

Redshift evolution Parameter Prior range

IBH, HBH, AGN γ U½0; 10�
k U½0; 10�
zp U½0; 10�

PBH γPBH 1.17
kPBH −γPBH

All models Rc
0 LU½10−4; 80�
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joint distribution between spin magnitudes and spin ori-
entations. Next, the hierarchical likelihood for Nobs GW
observations fxg can be written as [148]

LðfxgjΛÞ ∝ e−NexpðΛÞ
YNobs

i

Tobs

Z
dλdzLobsðxijλ; zÞ

×
dNBBHðΛÞ
dλdzdt

; ð25Þ

where Lobsðxijλ; zÞ is the likelihood of the single GWevent
xi. The factor Nexp, corresponding to the expected number
of detectable events for the model with hyperparameters Λ,
encodes the selection effects, and is defined as

NexpðΛÞ ¼ Tobs

Z
dλdzPdetðλ; zÞ

dNBBHðΛÞ
dz dλ dt

; ð26Þ

where Tobs is the observation time, and Pdetðλ; zÞ denotes
the probability of detecting an event with intrinsic param-
eters λ at redshift z. An event is considered detected if it
exceeds the threshold defined by the search pipeline, such
as a minimum signal-to-noise ratio or a false-alarm rate
(FAR) limit [144,145]. Following the LVK state-of-the-art
analyses, we impose a cut on the FAR for each event being
smaller than ðFARminÞ−1 ≥ 1 yr, where FARmin is the
minimum FAR computed among the search pipelines active
at the detection of the specific event. The integrals in the
hierarchical likelihood are computed numerically using
Monte Carlo (MC) integration of a set of finite samples. To
ensure numerical stability and good estimates of these
integrals, we use a variance cut [149]. For more details on
the numerical likelihood evaluation, see Appendix B.
It has been shown that GW population inference can be

biased unless the variance of the log-likelihood estimator is
below unity, especially when including spin information in
the models [150]. Therefore, following the recent LVK
population analysis [2], we adopt a threshold of σ2

ln L̂
¼ 1 to

mitigate potential biases in the posterior. Above this
threshold, the likelihood estimate may not be sufficiently
converged, and posterior samples with larger variances are
therefore discarded. In practice, this can exclude substantial
regions of the hyperparameter space for some models,
limiting the range of populations that can be robustly
explored [151–158]. As shown in Appendix B, the like-
lihood-variance cut can indeed impact the inference, in
particular for models which include spin and/or spiky
distributions. When a model fits the data poorly, evaluating
the likelihood requires sampling points in the far tail of the
posterior of some events, which suffer from poor coverage
due to the finite sampling of the GW event posterior, or
evaluating the model distribution on regions of parameter
space which have few injections needed to compute the
selection function (see, e.g., Appendix D3 of [2] and
Appendix A of [158]).

The population models introduced above depend on
a set of hyperparameters that describe the underlying
distributions of BBH properties. To carry out hierarchical
inference, we impose prior distributions on these hyper-
parameters, as shown in Table I. The priors adopted for the
mass distribution are shown in Appendix C.

IV. RESULTS

This section presents the results of our inference analysis
with the GWTC-4.0 catalog [144,145]. We begin by
assessing which of the formation channels considered
(IBH, HBH, AGN, or PBH) are required to reproduce
the observed BBH population, first examining each channel
individually, then mixtures of two, and finally three-
channel configurations. We then discuss, within these
combined IBHþ HBHþ PBH scenarios, how the different
channels can jointly contribute to the observed mass and
spin distributions.1 In the 1- and 2-population cases, we use
Model I only, in which the merger rate evolution is shared
across all channels, while for the 3-population case we also
explore Model II (see Sec. III).
For all the cases listed above, the reconstructed mass

distribution is in agreement with the one reconstructed by
the LVK Collaboration in Ref. [2]. In other words, varying
the assumptions on the spin model does not significantly
affect the inference of the mass distribution. We discuss this
in more detail in Appendix C.

A. Model comparison

In Table II we report the estimated log10 Bayes factors
for each of the scenarios considered. The reference model is
taken to be the Gaussian component spins model,
denoted by★ and employed in the LVK analysis [2], which
does not include any correlation between the binary
component masses and their spins. The Bayes factor values
were computed by taking into account the effective volume
explored by the samples [159]. Thus, they are defined as

BM
★ ¼ ZM

Z★ ·
VM
eff

V★
eff

ð27Þ

with ZM and VM
eff being respectively the evidence and the

effective volume of a given model M.
In Table II we also list the ratio between the maximum

and posterior-averaged likelihoods found by the model and
those of the Gaussian component spins model,
namely

1The HBH and AGN channels, which differ in our modeling
only through the spin orientation, are highly similar and degen-
erate, as the current dataset does not contain enough information
to distinguish between different spin-orientation distributions.
For this reason, in the three-channel case we retain the HBH
channel as our reference model.
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RL
max ≡ log10

maxLM

maxL★
; RL

av ≡ log10
hLiM
hLi★

: ð28Þ

We examine the Bayes factors together with the maxi-
mum and average likelihoods to assess whether any model
is preferred by the GW data. While Bayes factors are
inevitably affected by the choice of priors, reporting
information about the likelihood allows us to more robustly
interpret how well each model, with a varying number of
parameters, improves the inference. As the max-likelihood
ratios and the ratios of average likelihoods show similar
values to the Bayes factors, we are confident that the effect
from the prior volume remains subdominant.
When including only one formation channel, the results

show that the IBH, HBH, and AGN channels are decisively
preferred with respect to the Gaussian component
spins model, indicating that the catalog strongly favors
models featuring mass-spin correlations, in agreement with
the conclusions of Ref. [53]. Among the various models
composed of a single population, the AGN channel seems
to provide the best fit, with only a slight (but not
statistically conclusive) preference over the HBH channel.
This small advantage of the AGN scenario likely arises
from its preferentially aligned spin directions, which are
only marginally favored by the data [2]. Both AGN and
HBH are favored over the IBH scenario, with a relative
difference of respectively log10ðBHBH

IBH Þ ¼ 0.9, and
log10ðBAGN

IBH Þ ¼ 1.6. No Bayes factor is reported for the
PBH-only scenario, since the analysis does not converge
due to the likelihood variance cut, which prevents an

adequate exploration of the parameter space and thus
reliable fits. This is because the PBH channel struggles
to reproduce mildly spinning BHs at low masses without
simultaneously overpredicting large spins at higher masses.
Explaining the low-mass events, in fact, requires efficient
accretion (i.e., low zcut-off ), which in turn predicts large
spins across the entire mass range. In short, a single
population of PBHs cannot describe the observed spins
from GWTC-4.0.
When combining two formation channels, both the

IBHþ AGN and IBHþ HBHmodels perform comparably
to the AGN or HBH channels alone. This already suggests
that, in these mixed scenarios, the IBH component is
subdominant relative to the dynamical channels. This
conclusion is further supported by Bayes factors of
log10 B ¼ Oð2Þ with respect to the IBH-only case, indicat-
ing a strong preference for including at least one dynamical
channel.
Interestingly, the data favor a spin magnitude distribution

characteristic of hierarchical mergers, whether HBH or
AGN, while also showing a mild preference for an aligned-
spin component. In the IBHþ AGN model this component
is supplied by the AGN channel, whereas in the IBHþ
HBH model it is provided by the IBH subpopulation.
The two-population model IBHþ PBH, which does not

include hierarchical mergers (i.e., either HBH or AGN), is
essentially equivalent to the HBH model alone. We also
explore configurations in which the PBH channel is added
to either the IBH or HBH populations. In both cases, the
inclusion of a PBH component increases the log10 Bayes
factor by approximately 1. We do not consider the HBHþ
AGN combination, as these channels are degenerate apart
from their spin-orientation distributions, and thus this
scenario is expected to yield evidence comparable to that
of the individual channels.
Finally, we consider the three-channel combination

IBHþ HBHþ PBH, for model I and model II, respec-
tively. For model I, which assumes a common redshift
distribution for all channels, the inclusion of an additional
population is preferred, but with a low statistical signifi-
cance. Indeed, the three-channel model is preferred by
merely log10B ∼Oð0.4Þ with respect to the best two-
population case, IBHþ AGN. When relaxing the
assumption of a common redshift distribution with model
II, we find only minor differences between that and the
two-population scenario. This outcome simply reflects the
fact that (i) information on the merger-rate redshift evolu-
tion remains subdominant compared to spin information in
the current catalog, and/or (ii) the data do not require
each subpopulation to follow radically different redshift
distributions.
Considering the two-population and three-population

models, we are interested in what fraction of each possible
formation channel contributes to the overall BBH popula-
tion. The corner plots in Fig. 3 display the local merger rate

TABLE II. Log10 Bayes factors (second column), ratio of
maximum likelihood (third column), and ratio of average like-
lihood (fourth column), for each combination of the models
considered in this work, relative to the Gaussian component
spins spin model for GWTC-4.0, identified as ★ as in [2] [see
Eq. (28) for the definitions of RL

max and RL
av]. Results shown are

derived including the σ2
ln L̂

cut in each Bayesian inference.

Model M log10ðBM
★ Þ RL

max RL
av

One population

IBH 5.3 4.7 4.9
HBH 6.2 5.7 5.8
AGN 7.0 6.6 6.9
PBH � � � � � � � � �

Two populations

IBHþ HBH 7.0 6.2 6.2
IBHþ AGN 7.2 6.5 6.7
IBHþ PBH 6.5 5.7 5.9
HBHþ PBH 7.0 5.6 5.7

Three populations

Model I: IBHþ HBHþ PBH 7.6 6.4 6.4
Model II: IBHþ HBHþ PBH 7.4 6.4 6.4
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densities for the two- and three-population scenarios,
respectively. Whenever present, both the HBH and AGN
channels provide the dominant contribution to the merger
rate, with R0 ∼ 20 Gpc−3 yr−1, a value similar to (and fully
consistent with) the total merger rate density inferred in [2].
Only in the two-population IBHþ PBH case we find that
both channels may contribute comparably to the overall
merger rate, with the PBH component being subdominant
and slightly anticorrelated with the IBH rate. In the three-
population scenario, we also find that the hierarchical
channel is the dominant one, while only an upper limit
can be set on the others. Furthermore, only very mild
differences in the mixing fractions are observed between
model I and model II, again showing that the inclusion
of individual rate evolution currently provides less con-
straining power compared to spin information.
We also repeat a subset of our analysis using the GWTC-

3 catalog to compare with the results obtained from the
latest GWTC-4.0 dataset. While GWTC-3 already showed
hints that mass-spin correlations were favored
[46,53,115,160], the evidence was not strong enough.
The larger GWTC-4.0 catalog now allows us to reach
more robust conclusions. Overall, the Bayes factors derived
from GWTC-4.0 confirm the trends observed with
GWTC-3, once the expected scaling of model preference
with the number of detected events is taken into account.

For example, model I exhibited a Bayes factor of about 3
relative to the reference model in GWTC-3, which included
69 events. Given the 153 events in GWTC-4.0, one would
naively expect the Bayes factor to increase approximately
as 3 × 153=69 ≃ 6.7, assuming the two catalogs have
comparable statistical properties and each event is sta-
tistically independent. This expectation is indeed consistent
with the value of ∼7.5 reported in Table II for a fixed set of
priors.
To summarize, our findings are the following: (i) models

with mass-spin correlation are strongly preferred with
respect to the uncorrelated models [2]; (ii) when compared
to single channels, the ones with multiple populations are
only slightly preferred, or comparable to the one-popula-
tion HBH/AGN cases; 3) adding a third channel only
mildly improves the fit; and 4) adding different redshift-
evolution distributions for the various channels has negli-
gible impact, suggesting that redshift information is sub-
leading relative to spin information in the GWTC-4.0
catalog.

B. Posterior predictive distributions

In this section, we examine the posterior predictive
distributions (PPDs), which represent the reconstructed
astrophysical distributions of observables—here, the spin
magnitudes and tilt angles—after accounting for selection

FIG. 3. Left panel: local merger rate density for the two-population scenarios considered in this work: IBHþ HBH, IBHþ AGN,
IBHþ PBH, and HBHþ PBH. The first (second) column corresponds to the first and second subpopulation in each case. Right panel:
local merger rate density for the three-population scenarios. In both plots, the contours in the 2D posteriors denote the 68% and 95%
credible regions.
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effects. Those distributions are predicted by a given model
after accounting for the uncertainties in its inferred param-
eters, and provide a direct way to visualize possible
differences between competing scenarios.

1. Spin parameters

In Fig. 4, we show the PPD for the spin magnitude χ (x
axis) as a function of the BH mass (different panels on the y
axis), ranging from 10M⊙ to 100M⊙, and for different
combinations of populations. This allows us to visualize
how the spin distribution evolves across the mass spectrum.
From left to right, each column corresponds to a different
population scenario, ranging from a single population to
three populations, all within the model I framework. A
general trend visible in most scenarios is that low-mass
BHs tend to have low spin magnitudes, with the distribution
shifting toward higher spins at higher masses, in agreement
with [53,161].
We start with the single-population results. For IBHs, the

spin distribution is sharply peaked at small spin values at
low masses, and gradually flattens toward higher χ at larger
masses. In contrast, the HBH model starts showing a
distinct secondary peak at χ ≃ 0.7 around 40M⊙, associated
with the 2g component [see Eq. (9)], which becomes
dominant above ∼60M⊙. Further, the AGN model gives
similar results to HBH in terms of spin magnitude, as the
different assumptions on spin orientation do not affect the
inferred spin amplitude. For this reason we do not show the
AGN PPD. We note that the appearance of a peak at χ ¼
0.7 is imposed by construction in our HBH/AGN models
(as for 2g the mean of the Gaussian is fixed at ∼0.7).
However, the model also includes a width for this peak,
with a prior large enough to allow for this distribution to
potentially become effectively uniform. Therefore, the pref-
erence for a relatively sharp2gpeak is drivenby the data.The
higher Bayes factors obtained for HBH and AGN arise from
their ability to predict larger spins above ∼50M⊙.
Except for the IBH case, which shows only a mild

dependence on the mass due to its Gaussian-like spin
magnitude distribution, a clear transition is observed
around m ¼ Oð40–50ÞM⊙ for all the models. At small
masses, χ tends to be low and peaks near zero, while at
intermediate masses a secondary peak develops at larger
spins, leading to a distribution that definitely prefers larger
spins in the heaviest mass range, as found in [53].
We now consider the two-population cases:

IBHþ HBH, IBHþ PBH, and IBHþ AGN. In the com-
binations that include IBH with either HBH or AGN, those
channels dominate, and the resulting spin distributions
closely resemble those of HBH or AGN alone. This
confirms what was found in the previous sections based
on the Bayes factors and local merger rates, namely that the
HBH (or AGN) channel provides the main contribution. In
both the IBHþ HBH and IBHþ AGN scenarios, the IBH
population rate is largely subdominant, leaving the

corresponding population parameters essentially uncon-
strained. In practice, the HBH/AGN channel accounts
for nearly all the events, while the IBH component
contributes only a negligible fraction, preventing any
meaningful constraint on its parameters. The shaded band
corresponds to the 90% credible interval obtained by
randomly sampling the Gaussian spin distribution model
(1) with variance within the prior range 0.1 and 1, reflecting
the width allowed by our prior. In the IBHþ PBH case,
both populations contribute comparably, with PBHs repro-
ducing the enhanced spin probability at masses above
∼40M⊙. A characteristic feature of the PBH model is that,
after the transition from small masses and small spins to
larger masses and higher spins, the heaviest mergers are
predicted to have very large spins, with the distribution
developing a peak close to χ ≃ 1. While this feature partly
results from the extrapolation of the model, it is particularly
compatible by the high-spin event GW231123 [95].
However, as we verified by repeating the analysis without
including this event in the catalog, the inference in this
scenario is not dominated by the inclusion of GW231123
(see also Appendix C).
Finally, for the three-population scenarios, we report

only the results from model I, since those obtained with
model II are very similar. In the three-population case,
we again find the dynamical channel to be dominant, with
only a small contribution from the IBH and PBH pop-
ulations, the latter being especially relevant in reproducing
the peak at very large spins and high masses favored by the
inclusion of the very massive event GW231123.
Similar qualitative trends are observed in Fig. 5,

although the interpretation of the cos θ distributions
requires some care. The figure indicates that the tilt angle
appears to be rather well constrained and that, for most
models, it shows little evolution with mass. This behavior
depends on the adopted parametrizations, especially for the
PBH and HBH channels, whose tilted-spin distribution is
flat and mass independent.
For the IBH model, the PPD suggests a preference for

positive tilts at low masses, while at higher masses it
gradually approaches the flat distributions predicted by
dynamical channels (HBH) and by the PBH population.
Since the HBH and PBH models predict flat tilt-angle
distributions, only IBH/AGN can accommodate such a
feature. Overall, the main conclusions that can be drawn
from this figure are the following: (i) the choice of the
model parametrizations adopted tends to constrain the tilt-
angle distribution quite strongly; (ii) there is no compelling
evidence for a mass-dependent evolution of cos θ, except
for a possible mild trend in the IBH model, whose
significance remains uncertain; (iii) current data do not
allow us to distinguish between the specific assumptions
for spin-orientation distributions, confirming that the infor-
mation contained in χ remains the main driver of model
differentiation.
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In Fig. 6, we show the PPD for both χ and cos θ,
marginalized over the mass distribution. Since the overall
mass distribution is more populated at low masses, the

resulting averaged distributions largely resemble that of
low-mass events shown previously in Figs. 4 and 5.
However, this marginalized plot does not capture the mass

FIG. 4. Marginalized 1D PPDs of the spin magnitudes χ for different mass ranges, from 10 to 100M⊙. Continuous colored lines
represent the median value for each subpopulation, while the shaded region shows the 90% credible interval. The black line shows the
mixture of all channels. Each plot corresponds to model I, in which all populations share the same merger-rate redshift evolution. We
do not show the AGN case, which yields very similar results to the HBH PPDs, as observed when comparing
IBHþ HBH with IBHþ AGN.
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dependence present in the model. While in Fig. 6
we only show the best fitting scenario, model I:
IBHþ HBHþ PBH, the plots obtained in the other cases
are similar, i.e., they show that the marginalized distributions
are very similar to the low-mass PPD shown in Figs. 4 and 5.

The blue lines indicate the mean and 90% CL obtained
using the Gaussian spin model in [2]. In Appendix A
we give more details on this model, and show how we
reproduced the LVK results. Looking first at the spin
magnitudes, there is one visible difference with the

FIG. 5. Marginalized 1D PPDs of the polar angle cos θ for different mass ranges, from 10 to 100M⊙. The color notation is the same
used in Fig. 4. In the second column, we show the AGN model instead of the HBH model, as the latter force the distribution to be
pðcos θÞ ¼ 1=2.
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Gaussian spin model model: it seems to be preferring
slightly larger values of the spin magnitude. This is likely
due to the absence of mass-spin correlations in the
Gaussian spin model model, which is compensated
by attributing the preference for spinning events—typically
observed at higher masses—to an overall shift toward
larger spin magnitudes.
Regarding the marginalized distribution of the tilt angle

cos θ, the IBH model does not allow the peak of the
distribution to deviate from cos θ ¼ 1. However, the
combined model is constructed as a mixture of IBH and
HBH=PBH components, with the latter predicting a flat
distribution in cos θ. In the three-population scenario, the
IBH contribution is allowed to be negligible by the rate
priors, but appears to play a role. The small excess toward
positive alignment that we observe at low masses naturally

propagates into the marginalized distribution. Nonetheless,
the result remains fully compatible, within the 90% credible
interval, with a flat distribution (1=2 at cos θ ¼ 1). Thus,
we do not find evidence for alignment, only a mild trend.
Moreover, the inferred distribution is consistent with the
LVK result within uncertainties, indicating a much weaker
tension than what is observed for χ. This highlights that
spin-orientation measurements are only weakly informa-
tive: different prior assumptions and model choices can
describe the data equally well, and models without mass-
orientation correlations (such as the one adopted by the
LVK Collaboration) remain compatible with current
observations.
Finally, in Fig. 7, we present the PPDs of the effective

spin χeff and of the spin-precession parameter χp, under
the same assumptions as in Fig. 6. Like before, the

FIG. 6. Marginalized 1D PPD of the spin magnitudes χ (left) and the cosine of the tilt angles (right), for model I and averaged over
the mass distribution. Continuous lines show the median value of the PPD, and the shaded regions represent the 90% CL region. We
show the IBHþ HBHþ PBH combination in black, and the individual contribution of each channel to the three-population fit using
different color schemes. The blue dashed line is the result obtained with the Gaussian spin model adopted by the LVK
Collaboration in [2].

FIG. 7. Marginalized 1D PPD for the effective spin parameter χeff and the effective precession parameter χp. The color notation is the
same introduced in Fig. 6.
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distributions are obtained by averaging over the intrinsic
mass distribution of the BBH population, and are therefore
dominated by low-mass events. While this plot contains the
same physical information as the spin-magnitude and tilt-
angle distributions, it is useful to compare it directly with
the phenomenological fits provided by the LVK
Collaboration. In particular, for χeff, the LVK skew-
normal effective spin fit (blue) predicts an asym-
metric distribution slightly shifted toward larger spin
magnitudes compared to the mixture model, whereas the
HBH and PBH contributions in our framework keep the
PPD more symmetrically distributed around zero. The only
asymmetric contribution is introduced by the IBH model,
which skews the distribution toward positive values (see
also the discussion in [162]). For χp, we find that the
distribution peaks around χp ∼ 0.1, with some mild tension
with the LVK PPD, which prefers larger values of χp. This
is probably explained by the fact that our models prefer
smaller spin magnitude for the light events that dominate
the intrinsic population (that does not take into account
selection effects).

V. CONCLUSIONS

In this work, we have investigated the presence of
physically motivated correlations between BH masses
and spin magnitudes in BBH merger events from the
GWTC-4.0 catalog recently released by the LVK
Collaboration.
Compared to GWTC-3, we found that GWTC-4.0 shows

stronger evidence for the presence of a mass-spin magni-
tude correlation, a conclusion which is consistent with the
expected statistical improvement predicted with the
increased number of GW detections. We showed that,
among the models we considered, only the dynamical
channels (HBH or AGN) provide a competitive fit when
treated as single-population scenarios. Multipopulation
models can slightly improve the fit, allowing the remaining
channels to contribute. However, once included, HBH and
AGN consistently dominate the inference, primarily due to
the preferred shape of the individual-spin distribution as a
function of mass. In those cases, the other channels, such as
IBH or PBH, are constrained to contribute only marginally,
typically through upper limits. If present, the PBH channel
predicts a subpopulation of near-extremal BHs at high
masses. This is consistent with events such as GW231123,
although the overall fit is not driven by this single event.
From the reconstructed spin distributions, we observed

a transition between spin distributions around
M ≃ 40–50M⊙. This pattern could be explained by the
hierarchical mergers (i.e., the HBH or AGN channels),
while the IBH population dominates only at small masses
and low spins. The PBH population, when present, can also
reproduce the high-spin regime at large masses. For the
spin orientations, only the IBH/AGN models can explain

the preference for positive tilts at small masses, while at
high masses the PPDs converge to those predicted by the
HBH and PBH channels. No strong preference between the
HBH and AGN scenarios is found, indicating that current
data are more sensitive to spin magnitudes than to spin
orientations. This reduced sensitivity to spin orientation is
consistent with the fact that this parameter is only weakly
constrained by the GW signal itself.
Overall, we stress that the Bayes factors reported

throughout this work should not be interpreted as con-
clusive evidence in favor of specific astrophysical forma-
tion environments. Rather, given their sensitivity to
modeling assumptions and the current statistical limitations
of the data, they should be viewed as indicating support for
broad phenomenological features—most notably the pres-
ence of hierarchical mergers and mass-dependent spin
structure—that can be associated with such scenarios. In
particular, we find that the present dataset does not contain
sufficient information to robustly discriminate among
different spin-alignment mechanisms or specific hierarchi-
cal environments. Establishing a more direct and predictive
connection with detailed ab initio astrophysical models is
therefore deferred to future work.
In this work, we focused on events from the GWTC-4.0

catalog and neglected the recent highly spinning events
GW241110 and GW241011, with masses below 30M⊙
[163]. With the inclusions of such events in the catalog, we
could expect the support for dynamical channels to grow.
However, we note that despite their peculiar high spins,
there is no evidence for these events to be population
outliers, in agreement with Ref. [163]. In this paper we
have focused on monotonic mass transitions between spin
magnitude distributions. A recent analysis of GWTC-4.0,
focusing on the effective spin parameter χeff, argued for the
presence of two subpopulations of 2g BHs (possibly with
higher and more isotropic spins) around ∼14M⊙ and above
45M⊙ [55]. Another work reported evidence for three
subpopulations in the GWTC-4.0 catalog—i.e., two pop-
ulations with small spin amplitude at masses below ∼40M⊙
(with different mass ratio distributions), and one with a flat
spin distribution at higher masses [164]. Both studies are
consistent with our findings for a spin transition around
40M⊙. The extension of population models to include other
possible subpopulations is left for future work.
Finally, it is worth stressing that our approach to

constrain the mixing fractions between models was overly
conservative, since it is based on discriminating between
models using only mass-spin correlation properties. While
we have shown that including different merger rate
evolutions for different models has a minor impact on
the analysis, the different mass distributions associated
with each model do play a major role. The investigation of
more general models, in which the assumption of a
common mass distribution is also relaxed, is an important
topic for future work.
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APPENDIX A: THE LVK GAUSSIAN
COMPONENT SPIN MODEL

In this section, we present the reference spin models
adopted in the population analysis carried out by the LVK
Collaboration in the GWTC-4.0 release [2].
Following the most recent analysis by the LVK

Collaboration, we model the spin magnitudes χi as
a truncated Gaussian distribution between 0 and 1, assum-
ing they are identically and independently distributed.
Therefore,

pðχ1;χ2jμχ ;σχÞ ¼N ½0;1�ðχ1jμχ ;σχÞN ½0;1�ðχ2jμχ ;σχÞ: ðA1Þ

We model the spin inclination distribution as a mixture
between a Gaussian distribution truncated on ½−1; 1� and an
isotropic distribution, assuming they are identically but not
independently distributed [45]:

pðcos θ1;cos θ2Þ ¼ ð1− ζÞ×
�
1

4

�
þ ζN ½−1;1�ðcos θ1jμt;σtÞ

×N ½−1;1�ðcos θ2jμt;σtÞ: ðA2Þ

We report the priors on the Gaussian component spins we
adopt in Table III, and the corner plot of the hyper-
parameters in Fig. 8.

FIG. 8. Posterior distribution for the reference spin models
considered in the GWTC-4.0 LVK population analysis. In red, we
report the posterior distribution we obtained, while black dashed
lines show the LVK posteriors [167].

TABLE III. Priors on the BBH spin and redshift-evolution
hyperparameters for the Gaussian component spin
model.

Spin model Parameter Prior

Default spin model μχ U½0; 1�
σχ U½0.005; 1�
μt U½−1; 1�
σt U½0.001; 4�
ζ U½0; 1�
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APPENDIX B: IMPACT OF EFFECTIVE
LIKELIHOOD VARIANCE CUTS

The hierarchical likelihood is sampled numerically for
each population model by combining parameter estimation
samples from Nobs GW events with a set of detectable
injections used to account for selection effects. Both the
injections and the parameter estimation samples provide
values of the parameters ðλ; zÞ, which are then employed to
evaluate the BBH merger rate. In addition, the priors πPE
and πinj used to generate the parameter estimation samples
and the injections, respectively, must be deconvolved to
recover the underlying population properties. The overall
log likelihood can be approximated as

lnLðfxgjΛÞ≈−
Tobs

Ngen

XNobs

j¼1

sjþ
X
i

ln

�
Tobs

Ns;i

XNs;i

j¼1

wi;j

�
; ðB1Þ

where sj and wi;j are the weights associated with the
injections and the parameter estimation samples, respec-
tively. Here, the index i refers to the i-th GWevent, while j
labels the MC samples. The weights are given by

sj ¼
1

πinjðλjÞ
dNBBHðΛÞ
dt dz dλ

����
j
; ðB2Þ

wi;j ¼
1

πPEðλi;jjΛÞ
dNBBHðΛÞ
dt dλ dz

����
i;j
: ðB3Þ

As we evaluate the MC integrals on a finite number of
samples from each event and a finite Ndraw, we must
carefully account for the intrinsic variance in the likelihood
estimation (see, e.g., [152]). To assess the reliability of our
MC estimators for the likelihood, we follow the recent
literature and evaluate the variance of the log-likelihood
estimator, which varies across parameter space because of
the resampling procedures used in Eqs. (B2) and (B3). By
propagating this uncertainty along independent degrees of
freedom, the variance of the log-likelihood estimator, σ2

ln L̂
,

for the combined likelihood can be estimated as [152]

σ2
ln L̂

ðΛÞ ¼
XNdet

i¼1

σ2
L̂i
ðΛÞ

L̂2
i ðΛÞ

þ N2
detσ

2
ξðΛÞ; ðB4Þ

where

σ2
L̂i
ðΛÞ ¼ 1

NPE

�
1

NPE − 1

XNPE

j¼1

w2
i;j − L̂2

i ðΛÞ
�

ðB5Þ

is the MC variance in the single-event integrals of (B3), and

σ2ξðΛÞ ¼
1

Ndraw

�
1

Ndraw − 1

XNfound

j¼1

s2j − ξðΛÞ2
�

ðB6Þ

is the variance in the detection efficiency MC integrals
(B2). In the previous equations, we introduced NPE,
Ndraw, and Nfound, denoting respectively the number of
posterior samples available for each detected event, the
number of population draws used to estimate selection
effects, and the subset of those draws that satisfy the
detection criteria.
As discussed in Appendix D3 of [2] and Appendix A

of [158], the inference can be sensitive to the likelihood
cuts introduced to ensure reliable likelihood evaluations.
We therefore also adopt a second cut based on the
effective number of samples. We introduce the effective
number of posterior samples per event, defined as [149]

Neff;i ¼
ðPNs;i

j wi;jÞ2PNs;i
j w2

i;j

; ðB7Þ

which quantifies how many samples per event are
contributing to the evaluation of the integral. In our
case, we require to have at least an effective number of
posterior samples equal to 20 for each event and
population model supported by the analysis. In case
this requirement is not satisfied, icarogw will artifi-
cially associate a null likelihood to the specific point in
the parameter space of the population model, as it
cannot be trusted. Also, following [168], we impose
numerical stability on the injection by defining the
quantity

Neff;inj ¼
½PNdet

j sj�2
½PNdet

j s2j − N−1
genð

PNdet
j sjÞ2�

: ðB8Þ

We impose that Neff;inj > 4Nobs. However, this cut has
been pointed out to be less stringent [150].
In Table IV we compare the Bayes factors obtained

using the σ2
ln L̂

ðΛÞ and Neff cuts. The values for the
former correspond to those already shown in Table II,
and are reported again here side by side for convenience.
Overall, the trends remain similar, although the Bayes
factors are slightly larger in some cases. The analysis
involving the PBH-only model converges and again
confirms that this model alone is ruled out as an
explanation of the data.
We also observe that, particularly for models featuring

preferentially aligned spins—such as IBH, AGN,
IBHþ HBH, IBHþ AGN, and IBHþ PBH—the Bayes
factors exhibit a substantial increase. While this result
cannot be fully trusted, one may speculate that part of this
behavior arises because the variance cut can downweight
regions of parameter space associated with tight spin
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alignment. This effect may also be partly linked to the use
of a uniform and isotropic spin prior in the GWTC-4.0
parameter estimation, which yields fewer posterior samples
near the strongly aligned configuration (see [2] for further
discussion).

APPENDIX C: MASS DISTRIBUTION
PARAMETERS

Table V summarizes the priors adopted for the param-
eters governing the primary and secondary BH mass
distributions adopted for all models in this work. These
include the slopes of the power-law components, the
location and width of the Gaussian peaks, and the lower
and upper mass cutoffs.
The distribution of masses can be further factorized as

ppop ≡ pðm1jΛmÞpðm2jm1;ΛmÞ, where Λm are the

parameters of the mass population. The primary mass
m1 follows a power lawþ 2 peaks distribution [169,170]:

pðm1jΛmÞ ¼ ð1 − λg;lowÞPðm1jmmin; mmax;−αÞ
þ λgλg;lowGðm1jμlowg ; σlowg Þ
þ λgð1 − λg;lowÞGðm1jμhighg ; σhighg Þ; ðC1Þ

where P is a power law truncated between mmin and mmax
with slope α, and G is a Gaussian distribution centered at μg
with standard deviation σ. The mixing fractions λg; λg;low
control the relative contribution of the two components. A
low-mass tapering is introduced through an exponential
cutoff governed by a smoothing parameter δm [171]. The
secondary mass m2 is drawn from a truncated power law
conditional on the primary:

pðm2jm1;ΛmÞ ¼ Pðm2jmmin; m1; βÞ; ðC2Þ

with slope β and lower bound mmin. Overall, the mass
model is characterized by the following parameters:

Λm ¼ fα; β; mmin; mmax; δm; μg;low; σg;low;

μg;high; σg;high; λg; λg;lowg: ðC3Þ

The parameters and model priors are reported in Table V.
In Fig. 9, we show the posterior distribution for the mass

hyperparameters, obtained in all analyses performed in this
work. We observe only statistically insignificant modifi-
cations in the PPD when varying across all the different
spin model assumptions.
The only noticeable difference arises when removing

GW231123 from the dataset. In this case mmax is shifted

TABLE IV. Log10 Bayes factors relative to the Gaussian component spins spin model for GWTC-4.0,
identified as ★ as in [2]. The right column shows the same values reported in Table II, to be compared with the
results obtained using the Neff cuts.

Model M log10ðBM
★ Þ Neff cut log10ðBM

★ Þ σ2
ln L̂

cut

One population

IBH 5.9 5.3
HBH 6.8 6.2
AGN 8.0 7.0
PBH −12 � � �

Two populations

IBHþ HBH 7.6 7.0
IBHþ AGN 8.6 7.2
IBHþ PBH 8.5 6.5
HBH þ PBH 7.6 7.0

Three populations

Model I: IBHþ HBH þ PBH 8.6 7.6
Model II: IBHþ HBHþ PBH 8.7 7.4

TABLE V. Priors on the binary BH mass model hyperpara-
meters adopted for all the analyses in this work.

Power-lawþ 2 peaks mass model Parameter Prior range

Mass distribution α U½2; 5�
β U½−1; 5�

mmin U½3; 8�M⊙
mmax U½70; 200�M⊙
δm U½0.1; 10�M⊙

μg;low U½25; 40�M⊙
σg;low U½0.4; 10�M⊙
μg;high U½40; 100�M⊙
σg;high U½0.4; 10�M⊙
λg U½0; 1�

λg;low U½0; 1�
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toward smaller values, down to around 90M⊙, consistent
with the primary mass of GW190521. Secondly, we find
that the PBH-only scenario forces the heavy bump to be
more narrowly localized around 55M⊙. This behavior is

likely related to the shape of the mass-spin correlation,
which features a sharp transition from low-mass, low-
spin systems to high-mass, high-spin systems. The
presence of moderate spins at low masses requires this

FIG. 9. Posterior distributions of the mass model hyperparameters inferred from the GWTC-4.0 catalog under different spin model
assumptions. We show results including and excluding GW231123, in order to test the impact of this unique event on the inference.
Noticeable differences are (i) excluding GW231123 shifts the preferred mmax to smaller values (∼90M⊙) and (ii) in the PBH-only
scenario, the heavy bump is forced to lie more narrowly around 55M⊙.
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transition to occur at relatively intermediate/lower masses
within the LVK range, corresponding to zcut−off ≲ 20.
However, this may lead to a tension with the moderately
spinning events in the high-mass portion of the catalog,

effectively forcing the preferred masses to be lighter.
Overall, we stress that this model alone provides a poor
fit to the full catalog (see also [172] for an analysis using
GWTC-3 data).
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