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ABSTRACT

Aims. We investigate the observed distribution of the joint primary mass, mass ratio, and redshift of astrophysical black holes using
the gravitational wave events detected by the LIGO-Virgo-KAGRA collaboration and included in the third gravitational wave transient

catalogue.

Methods. We reconstructed this distribution using Bayesian non-parametric methods, which are data-driven models able to infer ar-
bitrary probability densities under minimal mathematical assumptions.

Results. We find evidence that both the primary mass and mass-ratio distribution evolve with redshift: our analysis shows the pres-
ence of two distinct subpopulations in the primary mass—redshift plane, with the lighter population, <20 M, disappearing at higher
redshifts, z > 0.4. The mass-ratio distribution shows no support for symmetric binaries.

Conclusions. The observed population of coalescing binary black holes evolves with look-back time, suggesting a trend in metallicity
with redshift and/or the presence of multiple redshift-dependent formation channels.
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1. Introduction

GW150914 (Abbott et al. 2016a), the first gravitational wave
(GW) event detected by the two LIGO detectors (Aasi et al.
2015) during the first observing run (O1), was the first direct
measurement of the intrinsic properties of a binary black hole
(BBH). The two compact objects that compose this system were
a surprise to the astrophysical community: before GW150914,
stellar-sized black holes (BHs) were studied mainly via single-
line spectroscopic binaries from the very first observation of
the BH in the X-ray source Cygnus X-1 (Byram et al. 1966;
Bahcall et al. 1978). The mass distribution for such objects was
modelled as a Gaussian distribution centred at 7.8 My with a
standard deviation of 1.2 My (Ozel et al. 2010). In contrast, the
primary and secondary masses of GW150914, of namely 36jfl
and 29j M., respectively (Abbott et al. 2016b, 2024), are sig-
nificantly higher than the maximum BH mass observed in Milky
Way X-ray binaries (Farretal. 2011). A common interpreta-
tion, although still controversial in its details, is that the mass
of a BH depends on the metallicity of its stellar progenitor,
with metal-poor stars losing less mass by stellar winds and
leading to the formation of more massive compact remnants
than metal-rich stars (e.g. Heger et al. 2003; Mapelli et al. 2009,
2010; Zampieri & Roberts 2009; Belczynski et al. 2010).
Joined by the Virgo detector (Acernese et al. 2015) during
the second observing run (02) in 2017, by KAGRA (Aso et al.

* Movies associated to Figs. 3 and 4 are available at

https://www.aanda.org

2013; Akutsu 2020) in 2020 at the end of the third run (O3),
and expected to include LIGO-India (Iyer et al. 2011) during the
next decade, the LIGO-Virgo-KAGRA (LVK) collaboration has
detected almost 100 GW signals to date, most of them generated
by BBH coalescence (Abbott et al. 2023b). As the LVK collabo-
ration is now in the middle of the fourth observing run (04), this
number is expected to grow in the upcoming months.

These observations confirm that the mass distribution
inferred from Galactic BHs does not describe the general
BBHs across the Universe, therefore suggesting that either
coalescing BBHs follow different evolutionary paths from
Galactic BHs, or that they have a different origin altogether. To
discriminate among the various proposed scenarios, or unveil
new ones, several groups have put considerable effort into
studying BBH populations (Abbott et al. 2019, 2021b, 2023c;
Talbot & Thrane 2018; Stevenson et al. 2019; Edelman et al.
2021; Fishbach et al. 2021; Roulet et al. 2021; Galaudage et al.
2021; Bouffanaisetal. 2021; Stevenson & Clarke 2022;
Callister & Farr 2024; Sadiq et al. 2024).

Current theoretical models propose several different for-
mation channels for astrophysical BBHs. Among those, the
most highly considered in the literature are isolated evo-
lution (e.g. Bethe & Brown 1998; Belczynskietal. 2002;
Dominik et al. 2012; Eldridge & Stanway 2016; Stevenson
et al. 2017; Klencki et al. 2018; Kruckow et al. 2018; Iorio et al.
2023; Fragos et al. 2023; Briel et al. 2023; Srinivasan et al. 2023)
and dynamical assembly in star clusters (e.g. Portegies Zwart &
McMillan 2000; Banerjee et al. 2010; Rodriguez et al. 2016a;
Mapelli 2016; Askar et al. 2017; Samsing 2018; Banerjee 2018;
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Di Carlo et al. 2020; Kumamoto et al. 2020; Kremer et al. 2020;
Fragione & Silk 2020; Arca Sedda et al. 2021; Dall’ Amico et al.
2021; Romero-Shaw et al. 2022) or active galactic nucleus
(AGN) discs (e.g. McKernanetal. 2012, 2018; Bartos et al.
2017; Tagawa et al. 2020, 2021; Li et al. 2021b; Samsing et al.
2022; Vaccaro et al. 2024). Given the large observed masses
in BBHs, it has also been proposed that at least one of the
two BHs composing the detected binary may have already
undergone a merger (Miller & Hamilton 2002; Gerosa & Berti
2017; Fishbachetal. 2017, 2022; Rodriguezetal. 2019;
Antonini et al. 2019; Kimball et al. 2021; Mapelli et al. 2021;
Gerosa & Fishbach 2021; Mould et al. 2022; Fragione & Rasio
2023; Rodriguez 2023).

The processes that stars go through during their life-
time are expected to leave signatures in the BH astro-
physical distributions. For example, stellar winds (Vink et al.
2001; Lamers & Levesque 2017), core-collapse supernovae
(Fryer et al. 2012; Schneider et al. 2021), envelope removal after
common envelope (Hurley et al. 2002), and pulsational pair-
instability supernovae (Heger et al. 2003; Woosley et al. 2015)
result in non-negligible mass loss for the star. In addition to this,
there is also the possibility that the BH is not of astrophysical
origin, as in the case of primordial BHs (Carr 1975).

The LVK collaboration explored the properties of BBH
populations and of individual BHs in a series of papers
(Abbott et al. 2019, 2021b, 2023c) using different parametric
and semi-parametric phenomenological models. In particular,
the BH mass distribution is modelled after the initial stel-
lar mass function (Salpeter 1955; Kroupa 2001) and revolves
around a power-law model. Several additional features have
been included throughout the years, such as a hard high-
mass cutoff and a power-law distribution for the mass ratio
(Fishbach & Holz 2017; Wysocki et al. 2019), or a Gaussian
feature at around 35-40 M, (Talbot & Thrane 2018), result-
ing in the so-called ‘POWERLAW+PEAK’ model. This model,
described in Appendix B.1b of Abbott et al. (2023c), is the fidu-
cial population model for LVK analysis.

Such models follow a phenomenological approach: they are
based on the underlying physics, but capturing the many facets
of astrophysical processes is beyond their scope. Moreover, these
models are constrained to a given functional form that may or
may not represent the underlying population. As a consequence,
inferences based on these models could be biased if some of the
features of the BH distribution are not properly accounted for.

Nonetheless, building a reliable parametric model that
takes into account the complexity of astrophysical models is
a formidable task: to date, and to the best of our knowl-
edge, no all-encompassing parametric model has been pro-
posed, although mixture models have begun to be explored.
For instance, Zevin et al. (2021) show that single-channel mod-
els are disfavoured compared to models that include multiple
channels.

An alternative route for the inference of BBH astrophysics —
based on an opposing approach to the all-encompassing model —
is to use the so-called non-parametric methods. These methods
allow probability densities to be reconstructed from observations
without commitment to any model-specific prescription. Being
notably flexible and powerful, they are able to reconstruct arbi-
trary probability densities under minimal assumptions. Despite
the potentially misleading name, these models do have parame-
ters, and these are either countably infinite or varying in number.
However, the flexibility of this type of model comes at a cost:
no physical information can be directly inferred from the recon-
structed distribution, and therefore any interpretation in terms of
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astrophysical processes and formation channels has to be done a
posteriori.

Some works do explore this direction (Mandel et al.
2016; Tiwari 2018, 2021; Edelman et al. 2021, 2023; Li et al.
2021a; Toubiana et al. 2023; Ray et al. 2023; Sadiq et al. 2024,
Callister & Farr 2024), as do some of the models included
in Abbott et al. (2023c); however, most of them are semi-
parametric rather than non-parametric. The distinction among
the two classes lies in the number of free parameters included
in the model. Both classes include effective parameters that have
the sole purpose of modelling the underlying distribution, mean-
ing that a direct physical interpretation of them is not to be
sought: for non-parametric models, the number of such param-
eters is potentially infinite, allowing for a very high level of
flexibility in modelling arbitrary distributions. Conversely, semi-
parametric models include a finite number of effective parame-
ters, and often the value of some of them has to be specified a pri-
ori. Therefore, while being more flexible than parametric mod-
els, semi-parametric models often require non-negligible tuning
of some of their parameters; for instance, the maximum number
of components in flexible mixture models or the typical width of
the expected features.

In a previous publication, we proposed (H)DPGMM (short
for ‘a hierarchy of Dirichlet process Gaussian mixture model’),
which is a fully non-parametric multivariate method developed
to investigate the BH mass distribution (Rinaldi & Del Pozzo
2022a). In this latter study, we limited our investigations to the
reconstruction of the one-dimensional distribution of the masses
of BHs in merging binaries, essentially confirming what has been
found by the LVK (Abbott et al. 2021b, 2023c). In the present
paper, we extend our investigation to a multi-dimensional slice
of the full BBH parameter space. We apply (H)DPGMM to the
third GW transient catalogue (GWTC-3) to investigate the corre-
lations among the primary mass of the binary M|, the mass ratio
q = M,/M,, and the redshift z. The presence of such correla-
tions would be completely hidden within any one-dimensional
— and therefore marginal — distribution. Spotting any correla-
tions is paramount, as they could be the signature of different
formation channels, shedding light on the processes that lead
to the observed population of astrophysical BHs: Callister et al.
(2021) and more recently Adamcewicz et al. (2023) report the
presence of an anti-correlation among g and the effective spin
Xeff, Whereas Biscoveanu et al. (2022) suggest that the spin dis-
tribution broadens with redshift.

The paper is organised as follows: in Sect. 2, we sketch
the non-parametric method used in this work and discuss an
improved method used here to account for selection effects
over mass and redshift. In Sect. 3.1, we follow up the work of
Rinaldi & Del Pozzo (2022a), reconstructing the primary mass
distribution with GWTC-3. We then expand the parameter space
in Sect. 3.2 to include the primary mass, mass ratio, and redshift,
which is the main outcome of this study. Finally, we propose an
astrophysical interpretation of this distribution in Sect. 4.

2. Methods

The methods used in this work are largely based on a previ-
ous paper by the same authors (Rinaldi & Del Pozzo 2022a),
where we investigated the BBH mass distribution with a
fully non-parametric approach using the data from the sec-
ond GW transient catalogue (GWTC-2; Abbott et al. 2021a).
Rinaldi & Del Pozzo (2022a) find that the non-parametric
reconstruction of the BBH mass distribution is consistent with
all four of the parametric models used in Abbott et al. (2021b).
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Hereafter, we briefly outline the main features of (H)DPGMM,
the hierarchical non-parametric method introduced by
Rinaldi & Del Pozzo (2022a) and based on the Dirichlet
process Gaussian mixture model (DPGMM); the notation used
here follows that of Rinaldi & Del Pozzo (2022a). Details about
the implementation and sampling scheme can be found in
Rinaldi & Del Pozzo (2022b). Details of both the model used
and the inference scheme can be found in these papers.

The basic premise of the DPGMM is that any arbitrary prob-
ability density p(x) can be approximated as infinite weighted
sums of Gaussian distributions (Nguyen et al. 2020):

px) = > w; N, ). (1

This result holds also for multivariate probability densities, sim-
ply replacing the Gaussian distribution with its multivariate
extelnsion as a kernel function: this paper is based on this fea-
ture .

The DPGMM has a countably infinite number of parameters,
0 = {w, u, o}: these can be inferred by making use of the samples
from the underlying distribution x,

POIx) < p(xi6) p(6) = [ | p(xj16) p(®), )
J

where we assume that the samples are exchangeable and there-
fore independent and identically distributed. The index j labels
the different samples.

In the case of a hierarchical inference, we only have access
to the posterior distributions for individual realisations for the
target hyperdistribution (as is the case for GW parameter esti-
mation). (HYDPGMM models both the hyperdistribution and the
individual posterior distributions with DPGMMs, linking them
in a hierarchical fashion by making use of the set of available
individual event posterior distributions Y = {yy,...,yxy}; hence
the name ‘hierarchy of Dirichlet process Gaussian mixture mod-
els’. The posterior distribution then reads

P(GIY)OCf1_[p(xj|®)p(xj|0j)p(0j|yj)p(®)d9jdxi, 3
j

where both p(x;|®) and p(x;|6;) are DPGMMs. Here, 6; denotes
the DPGMM parameters of the jth event and ® denotes the
DPGMM parameters {w, u, o} for the hyperdistribution.

The posterior distribution is explored using a varia-
tion of the collapsed Gibbs sampling scheme described by
Rinaldi & Del Pozzo (2022b) and implemented in FIGARO?, a
PYTHON code designed to reconstruct arbitrary probability den-
sities with DPGMM and (H)DPGMM. All the results presented
in this paper were obtained with this code.

Throughout the paper, for all the calculations that involve
cosmological quantities (conversion between luminosity dis-
tance and redshift, between detector-frame and source-frame
masses and the comoving volume element dV./dz), we assume
the cosmological parameters reported by the Planck collab-
oration Planck Collaboration VI (2020, Table 1, ‘Combined’
column).

! While dealing with parameters with boundaries, such as g, we make
use of the parametrisation presented in Rinaldi & Del Pozzo (2022a),
Sect. 3.1., for each parameter separately.

2 FIGARO is publicly available at
sterinaldi/FIGARO.

https://github.com/

2.1. Selection function

A key ingredient to any astrophysical population inference result
is the correction to account for the uneven sensitivity of the
detectors to different corners of the parameter space, resulting
in different detection probabilities for different events (Loredo
2004; Mandel et al. 2019). In particular, the non-parametric
approach we are using is even more sensitive to the so-called
selection effects, because the only source of information about
the underlying distribution is the data set on which the inference
is based. In this paragraph, we use A to denote the parameters of
the GW model: component masses, luminosity distance, spins,
and so on.

As in all the methods based on the Dirichlet process,
(H)DPGMM is only able to reconstruct the observed distribution
Pobs(A|A), rather than the astrophysical one® pagro(A|A). Here,
we use A to denote the parameters required by the astrophysical
distribution. In this context, the selection effects act as a filter
through the so-called selection function pgei(A):

pobs(/uA)
pdet(/l) .

As pointed out by Essick & Fishbach (2024), directly inferring
the observed distribution pps(A|A) with the astrophysical param-
eters A and then correcting for selection effects a posteriori
might lead to biased results due to the missed convolution with
selection effects. In this framework, we approximate pops(A|A)
with (H)DPGMM, thus obtaining an effective representation of
this probability density that is independent of the astrophysical
parameters A but rather depends on the DPGMM parameters @
introduced in Eq. (3):

pobs(/uA) pobs(/u@)
astro (A|A) o = .
Pasrol AV 0 ™ haad ©)

By doing so, the convolution described in Essick & Fishbach
(2024) becomes a simple reweighing that can be done a pos-
teriori in the analysis thanks to the separation between A and Q.
In other words, as A is the set of parameters of the astrophysical
distribution p,s0(A|A) before the application of selection effects,
the inference scheme must account for selection biases directly
while exploring the parameter space. Our approach, which is
designed to describe the observed distribution pops(4|@) only
after the application of selection effects, is not directly affected
by this bias: in this framework, the parameters ® are not the
parameters of the astrophysical distribution, and therefore the
correction can be performed a posteriori.

The reconstructed astrophysical distribution is then trans-
formed into a differential merger rate as

Pobs(AUA) % Pastro(AA) Paet(A) = Pastro(AIA) 4

B3R

pObS(Mlaq’ Z|®) dVC
1 e
dMydgdz (1+a)(

DPaet(M1, q,2) dz

where we restrict ourselves to the parameters of interest for this
work.

Knowledge of the selection function allows us to correct
for the selection bias and to recover the astrophysical distribu-
tion. Clearly, the details of the selection function greatly affect
the inference, as the different parts of the parameter space are
weighted differently. Given its crucial role, this function must be
studied with utmost care.

N ©6)

3 Again, we follow the same convention as Rinaldi & Del Pozzo
(2022a), where ‘astrophysical distribution’ refers to the that from which
the observed events are drawn before accounting for selection effects.
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Traditionally, the selection function is evaluated either via
Monte Carlo integration carried out during the population
study itself (Tiwari 2018; Farr 2019; Essick 2021) or through
(semi-)analytical approximations (Wysocki et al. 2019; Veske et
al. 2021). Both approaches require a set of injections* dedicated
to studying the performance of the detector in a Monte Carlo
fashion, either to be used directly in the analysis (first method)
or to calibrate the approximant (second).

The method we use in this paper requires the observations
to be exchangeable: this requirement is not met in the pres-
ence of selection effects, because different observations have dif-
ferent weights, which are inversely proportional to their prob-
ability of being observed. For this reason, we cannot include
selection effects directly in the inference process: we therefore
correct for selection effects a posteriori following the reconstruc-
tion of the observed distribution, as in Eq. (5). We therefore rely
on the analytical approximant for the selection function, which is
presented by Lorenzo-Medina & Dent (in prep.)>. The selection
function pge(M, M3, z) is modelled as a sigmoid function cali-
brated on the O3 injections data set released by the LVK collab-
oration (LIGO Scientific Collaboration et al. 2023). We provide
further details on this approximant in Appendix A. In principle,
the selection function depends on the spin parameters as well.
Here, we neglect this dependence, assuming that the inclusion
of spins in the selection function has a marginal effect on the
distribution investigated here: this is based on the fact that the
selection function depends weakly on the spin parameters and at
the current sensitivity level the precision at which we are able
to constrain the spins is low with respect to the other parameters
included in this work. In the LVK sensitivity estimate campaign,
the authors injected events drawn from a fiducial, astrophysically
inspired distribution modelled as a non-evolving power law for
both the primary and secondary mass. This is reasonable consid-
ering the Monte Carlo approach to selection effects: injecting a
distribution that is similar in shape to the one that is expected
to be found in real data minimises the statistical uncertainty.
However, for the purposes of this work, and for non-parametric
approaches in general, it is crucial to be able to characterise the
detection probability of events that are not predicted by the fidu-
cial model: these are the events that might be smoking guns for
the presence of new formation channels. We will consider this
aspect in future works.

The way in which we account for selection effects implicitly
relies on the assumption that the available data are representative
of the actual population, meaning that the underlying distribution
has little to no support in regions of the parameter space where
either our detector is insensitive or the observing runs were too
short to have a reasonable chance of detecting events there. If
this assumption is invalid, the recovered astrophysical distribu-
tion will be biased by the fact that the non-parametric recon-
struction cannot be informed about the BH population in the so-
called censored regions of the parameter space and will not be
representative of the actual population. We address this potential
issue in Appendix D, finding that our results are not likely to be
affected by this bias.

As a final note, we want to reiterate that the results of a pop-
ulation study in general, and of a non-parametric one in particu-
lar, are extremely dependent on correctly taking into account the

* We adhere to the LVK nomenclature, indicating simulated BBH sig-
nals added to the data as ‘injections’.

5 The code to evaluate our pge; model and fit its parameters to injec-
tion results, and the resulting maximum likelihood parameter values,
are publicly available athttps://github. com/AnalorenzoMedina/
cbc_pdet.
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corrections for selection effects. We believe that the approximant
used in this paper captures all the relevant features of the selec-
tion function: nonetheless, we cannot exclude the possibility that
some of the features presented below could be ascribed to an
inaccurate modelling of selection effects. To ensure the robust-
ness of our results, we will explore different choices of the selec-
tion function as soon as they become available. Moreover, we
are making the assumption that a single selection function cali-
brated on the O3 injection campaign can be used for a data set
composed of observations coming from O1, 02, and O3. This is
a reasonable approximation considering that the majority of the
GW events were detected during O3 and the fact that — as we are
not reconstructing the total merger rate — we are mainly inter-
ested in the shape of the selection function: nonetheless, we plan
to investigate the possibility of using different selection func-
tions for different observing runs in a future work.

2.2. Multivariate plots

The multivariate plots reporting the differential merger rate den-
sity d*R/dM;dqdz presented in Sect. 3 were obtained using the
specific functional form of the Gaussian mixture model, which
allows analytical marginalisation and conditioning. In particular,
given that the three-dimensional reconstruction obtained with
FIGARO is inherently continuous, our plots do not rely on a red-
shift binning but simply report slices of the distribution at arbi-
trary redshift values for visualisation purposes. This does not
apply to Fig. 1, which is a marginal distribution and is therefore
inherently one-dimensional.

As (HIDPGMM is meant to reconstruct probability densi-
ties, with this specific framework we are not able to estimate
the local merger rate density Ry: all the distributions are there-
fore rescaled by this quantity and the y-axis values are not to
be taken as indicative of actual values for the differential merger
rate. Lastly, concerning Figs. 3a and 4a, due to the way in which
they are built, each level has its own vertical linear scale, which
may vary significantly within the same plot. By construction,
every level is rescaled in such a way that all levels appear to
have the same height. We opted for this particular representa-
tion because these plots are designed to show the morphological
evolution of the differential merger rate rather than the relative
magnitude at different redshifts.

2.3. BBH sample

GWTC-3 (Abbott et al. 2023b) adds events detected during the
second half of O3 to the already existing GW catalogues, for
a total of just below 100 events. Among these observations,
Abbott et al. (2023c) use a subset of 62 high-purity BBH events
to investigate their astrophysical properties using both astrophys-
ically motivated phenomenological models and semi-parametric
models. In the present work, we apply the non-parametric
method sketched out in Sect. 2 to the same subset of events in
order to be able to compare our findings to the results presented
by the LVK collaboration (Abbott et al. 2023c).

3. Results
3.1. Primary mass distribution

Figure 1 shows the marginal primary mass differential merger
rate density we obtained with FIGARO applied to the subset of 62
high-purity events from GWTC-3 used in Abbott et al. (2023c).
We account for selection effects using a marginalised version of
the three-dimensional selection function approximant.
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Fig. 1. Primary mass differential merger rate density reconstructed with
FIGARO along with the POWERLAW+PEAK model from Abbott et al.
(2023c). The shaded areas correspond to 68 and 90% credible regions
for (HIDPGMM (blue) and POWERLAW+PEAK (orange).

Despite being consistent for the majority of the mass spec-
trum, our non-parametric model departs from the simpler form
of the parametric distribution: the power-law behaviour is
present only in the low-mass end of the spectrum (<25 M)
and the smooth tapering of the POWERLAW+PEAK is less pro-
nounced in our reconstruction.

An excess of BHs is visible at around 35-40 Mg, in a
region compared with the position of the Gaussian peak of the
parametric model (Abbott et al. 2021b, 2023c). However, this
excess, with respect to the simple power-law behaviour, is far
less localised than the 4.63’% M, standard deviation reported
in Abbott et al. (2023c), spreading all the way up to ~70 M.
Lastly, the non-parametric distribution shows a cutoff at around
90 M (mainly due to GW 190521, Abbott et al. 2020a).

We made sure that the features we observe — especially
the excess between 35 and 70 M — are not an artefact of the
selection function by repeating the analysis with a marginalised
version of the two-dimensional (primary and secondary mass)
approximant presented in Veske et al. (2021). We find that the
features are robust in this respect.

From the mass distribution alone, it is understandably diffi-
cult to decide whether the features we find in the BH mass dis-
tribution presented in this section are intrinsic or due to stochas-
tic fluctuations; that is, before we even attempt to obtain a
reliable interpretation in terms of astrophysical processes. We
therefore exploited the possibility made available by (H) DPGMM
to infer multivariate probability density to investigate the correla-
tions among the primary mass M, the mass ratio ¢, and the red-
shift z: the presence of such correlations would both confirm the
astrophysical origin of the features and guide the development of
theoretical models for BH formation channels.

3.2. Joint primary mass, mass ratio, and redshift distribution

In this section, we report and describe the non-parametric recon-
struction of the differential merger rate as obtained with FIGARO.

The three-dimensional distribution displayed as a corner plot
in Fig. 2 reveals correlations among all the different possible
pairs of parameters. In particular, we find the two following
aspects to be of particular interest:

—— (H)DPGMM

L SO FH
SN N

My (M) q z

Q QA H 3 Q
» &P @S
NN N N RN

Fig. 2. M,, q and z differential merger rate density reconstructed with
FIGARO as in Eq. (6). The diagonal panels show the marginal distribu-
tions for M, g and z (top to bottom), respectively, and the panels below
diagonal show the median distribution marginalised over the third vari-
able.

— The mass ratio does not show support for symmet-
ric binaries: this is particularly interesting given that most
binary evolution models predict the mass ratio to have a
maximum at ¢ ~ 1 (Dominik et al. 2012; Belczynski et al.
2016; de Mink & Mandel 2016; Giacobbo & Mapelli 2018;
Klencki et al. 2018; Broekgaarden et al. 2022). The central panel
of Fig. 2 shows a bimodal marginal distribution for the mass
ratio, with the main mode centred around g = 0.7. This particu-
lar feature is not an artefact of either the model or the code we
are employing, as shown in Appendix C.

— The mass distribution evolves with redshift: the lower-left
panel of Fig. 2 shows that the primary mass changes with red-
shift: at high redshift, the mass distribution shows no support for
BHs with masses <20 M. Conversely, for low z, the distribu-
tion peaks at around 8—10 M with a cutoff just above 40 M.
This is in contrast with the conclusions of Abbott et al. (2021b)
and Ray et al. (2023), who do not find evidence for the evolution
of the mass distribution; Karathanasis et al. (2023), on the other
hand, find indications of such a redshift dependence.

In the following, we describe the different features that are
present in the evolving primary mass and mass-ratio distribution,
deferring a discussion of these in terms of astrophysical models
to Sect. 4.

3.2.1. Mass ratio

Figure 3 shows the evolution with redshift of the mass-ratio dif-
ferential merger rate, dR/dq. Overall, the mass-ratio distribution
is roughly constant at all redshifts, and is composed of a sin-
gle pileup at ¢ ~ 0.7. The only additional feature is a peak at
around g ~ 0.25-0.3 at redshift z < 0.2, populated by two only
events (GW190412 and GW190917_114630). This latter feature
could simply be due to the small number of events: with more
events coming from the current and future observing run, it will
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Fig. 3. Mass ratio evolution with redshift: joy plot (a) and tomography (b). Both panels report the median distribution only: an animated version
of this plot including the 68% credible regions is available online along with plots showing individual slices. This distribution, set aside an
excess at low redshifts (z < 0.2), is consistent throughout the whole redshift spectrum in having support at around 0.7, with negligible support

forg = 1.

be possible to assess its actual significance in the astrophysical
distribution.

The differential merger rate in Fig. 3b is not precisely Gaus-
sian: in particular, the distribution favours asymmetric binaries,
with a preference for smaller redshifts. Symmetric binaries, con-
versely, are equally disfavoured independently of the redshift,
being suppressed just above g = 0.9 at the 90% credible level
(see Fig. 2, second row, second column panel, and online-only
material): support for symmetric binaries is almost absent. A
more detailed discussion of the shape of this distribution in terms
of observed events can be found in Appendix B.

This is in contrast with the parametric model used in
Abbott et al. (2023c), where the mass ratio is modelled as a
power law: dR/dgq o« ¢, with 8 = 1.lﬂ';. The specific paramet-
ric model employed in this analysis inherently favours symmet-
ric binaries, having a maximum at ¢ = 1 for 8 > 0, potentially
making the preference for symmetric systems an ‘artefact’ of
the model. Other works making use of semi-parametric models
have investigated this distribution (Tiwari 2022; Callister & Farr
2024), but their findings are different from those presented here:
Tiwari (2022) made use of a model based on a power law for ¢
(Tiwari 2021), and Edelman et al. (2023) hint at the possibility
of a decrease in the merger rate near equal-mass binaries. How-
ever, the suppression of symmetric binaries, which is not pre-
dicted by the majority of the existing literature on the subject, is
confidently found in the data by our non-parametric model.

In order to assess whether or not this feature is an artefact
induced by the model we we use, we validated our method using
a simulated data set modelled after the findings of Abbott et al.
(2023c). The results, presented in Appendix C, show that our
model is capable of retrieving the simulated distribution, includ-
ing a power-law ¢'"! for the mass ratio.

3.2.2. Primary mass

The primary mass differential merger rate is reported in Fig. 4.
The morphology of the primary mass distribution changes with
redshift, from a power-law-like distribution with a preference
for low-mass objects at redshift z < 0.4 to a high-mass
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pileup for z > 0.4. The combination of these two subpop-
ulations, once marginalised over redshift, is the basis for the
POWERLAW+PEAK model.

Abbott et al. (2023c), in contrast to our findings, find no evi-
dence in favour of a redshift dependence of the primary mass. We
ascribe this difference to the parametric model Fishbach et al.
(2021), Abbott et al. (2023c) adopted to investigate this correla-
tion: these authors assume that the parameters of the mass distri-
bution change with redshift, rather than allowing for a change
in the functional form. In particular, Fishbach etal. (2021),
Abbott et al. (2023c) model the high-mass tail of the distribution
with a separate power-law index with the cutoff location evolv-
ing with redshift. Based on our findings, this model does not
properly capture the actual evolution of the mass spectrum. We
believe that this is the main reason why Abbott et al. (2023c) do
not find evidence in favour of the evolution of the BH mass func-
tion with redshift: while performing model selection in the con-
text of Bayesian statistics, the addition of one or more degrees
of complexity (such as the second power-law index) that do not
improve the modelling of the available data is penalised by the
Bayes’ factor.

Given our non-parametric reconstruction, we believe that a
good phenomenological parametric model —still based on the
POWERLAW+PEAK model- would be a superposition of a power
law and a Gaussian peak with a redshift-dependent relative
weight w(z), to smoothly transition from the low-redshift, low-
mass power law to the high-redshift, high-mass Gaussian peak
with a mean that evolves with redshift. When using such a
model, a parametric analysis should in principle be able to pick
up the redshift evolution of the mass function. van Son et al.
(2022) propose a similar model where the relative weights of the
power law and the Gaussian peak are proportional to (1 + z)*»
and (1 + z)“e=, respectively. The authors find marginal evidence
in favour of the evolution of the mass with redshift.

3.2.3. Transition from power law to peak

Figure 5 compares the mass distribution in the local Uni-
verse, z < 0.2, with a pure power-law distribution with index
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Fig. 4. Primary mass evolution with redshift: joy plot (a) and tomography (b). Both panels report the median distribution only: an animated version
of this plot including the 68% credible regions is available online along with plots showing individual slices. The mass distribution drastically
changes with redshift, suggesting the presence of two distinct populations of BHs.
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Fig. 5. Primary mass conditional differential merger rate density for the
local Universe (z < 0.2) compared with a power-law distribution (index
a from Abbott et al. 2023c). Shaded areas correspond to 68% credible
regions.

a = -3.5, as found in Abbott et al. (2023c). This definition
of local Universe is purely arbitrary and chosen for visualisa-
tion purposes. The non-parametric reconstruction is consistent
with the power-law distribution in the 10 ~ 40 M, region, up
to redshift z ~ 0.13, with cutoffs at both ends of the mass spec-
trum. At larger redshift, the distribution starts to deviate from the
simple power-law behaviour, transitioning towards the ~35 M,
Gaussian-like feature. Given this qualitative agreement between
our reconstruction and the power-law reported by Abbott et al.
(2023c), we suggest that the POWERLAW+PEAK model is actu-
ally driven by the local merger rate density, with a contribution
to the Gaussian peak from the BHs further away in look-back
time.

3.2.4. Peak evolution with redshift

Figure 4a shows that the pileup drifts towards larger masses with
redshift. This behaviour is highlighted in Fig. 6. We define the

peak of the pileup as the maximum of the distribution for® M; >
25 M. With this, we can isolate three different regimes:

—z < 0.2: this region is dominated by the low-mass power
law, and therefore the maximum leans towards 25 M, driven by
the preference of the local Universe for lighter BHs. The pileup
here, if present, is subdominant.

—0.2 < 7 < 0.7: in this redshift interval, the number of avail-
able events is large enough to have an accurate reconstruction of
the pileup: its peak steadily moves towards larger masses with
look-back time, with a somewhat linear dependence.

—z > 0.7: the number of events beyond z = 0.7 is too lim-
ited: this fact, combined with the poor resolution of the binary
parameters, means that the non-parametric reconstruction pro-
vides only a mere hint of the actual behaviour of the underlying
distribution. Therefore, the peak in this region is ill defined, and
its 90% credible interval encompasses almost the entire mass
spectrum.

3.2.5. Minimum and maximum mass of a black hole

Following Abbott et al. (2023c), we define the minimum and
maximum mass of a BH as the 1st and 99th percentiles of the
mass distribution, M9, and Mggg,. We report these values in
Table 1. The redshift values are the same as those used for the
primary mass joy plot. For the same quantities, Abbott et al.
(2023c¢) report Mg, = 5.0f(1):2 and Mogg, = 44’:2:%: both values
are in agreement with our findings for the low-redshift region, in
which the mass distribution is dominated by the power-law-like
feature.

We do not quote the credible interval for Mq, for redshifts
above 0.25 due to the dominance of selection effects in the low-
mass, high-redshift region of the parameter space. The vetted
region bounds below the credible interval for this quantity: we
deemed the uncertainty estimate for z > 0.25 unreliable, and
therefore opted to quote the median value only for reference pur-
poses and to show that a growing trend is nevertheless present.

® This threshold between low-mass and high-mass regime is purely
heuristic and not backed by any specific model or figure of merit. We
defer a more detailed analysis of this threshold to a future work.
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Fig. 6. Evolution of the peak of the pileup feature of the mass distribu-
tion with redshift. The peak is defined as the maximum of the distribu-
tion for M; > 25 M. The shaded areas correspond to the 68 and 90%
credible regions.

Table 1. Minimum and maximum value for the BH mass as a function
of redshift.

z Mg [Mo]  Mogg, [Mo]
0.057  4.6716 36*12
0.114 55722 41+8
0.171  6.52¢ 45+8
0228 74731 49+10
0.286 8.0 54+12
0.343 9.3 60"
0.400 12 64+10
0.457 15 6741
0.514 18 7013
0.571 21 73413
0.628 24 7713
0.685 25 80712
0.742 26 84+
0.800 28 8579,
0.857 29 85",
0.914 31 8579,
0.971 33 84+10
1.029 35 831
1.086 37 81*12
1.143 38 80*14

Notes. For the minimum mass, we quote the credible interval only for
z < 0.25 due to the dominance of selection effects in the low-mass,
high-redshift region of the parameter space.

3.2.6. GW190521: A stand-alone BBH?

The primary mass spectrum also shows a small peak’ at M; ~
90 M, z ~ 0.8 (see Fig. 7).

This feature marks the presence of GW 190521 (Abbott et al.
2020a), the most massive BBH in the high-purity catalogue con-
sidered here, with a total mass of ~150 M. Abbott et al. (2020b)

7 However, we mention that this additional feature is not as robust as
the 35-50 M,, one due to the large uncertainties.
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Fig. 7. Primary mass conditional differential merger rate density for z =
0.8. The shaded area correspond to the 68% credible region. The peak
at M, ~ 90 M, marks the presence of GW190521.

mention that the primary mass of this BBH is in tension with the
population inferred from O1 and O2, suggesting the possibil-
ity for this event to be an ‘outlier’. Despite its peculiar com-
ponent masses, in the latest population studies (most notably
Abbott et al. 2021b, 2023¢c), GW190521 is found to be consis-
tent with the rest of the BBH population. Here, we do not quan-
titatively assess whether this event is an outlier or not, but rather
we use the opportunity to briefly discuss the concept of outliers
in the context of non-parametric methods.

An outlier is often defined as a data point that is difficult
to explain with or is unlikely to have been produced by a spe-
cific population model: this is the case, for example, for a point
that has been drawn from a subpopulation not included in the
model. However, in the context of a non-parametric analysis,
we cannot really talk about outliers in this sense, given that the
inferred distribution is the one that best describes all the avail-
able data, regardless of their origin. It is up to the analysts to
decide whether to include a certain data point (or, in our case,
an event) in the data set. An event or a group of events that
shows different properties from the rest of the catalogue, in a
non-parametric analysis, is simply modelled as a subpopulation
on its own, as is also the case for the mass ratio of GW 190412
and GW190917_114630. We therefore believe that, in the con-
text of non-parametric analyses, ‘stand-alone’ could be a more
appropriate name for such a data point.

GW190521 could, qualitatively, be a stand-alone BBH in
this sense, and may be an example of a new, previously unob-
served subpopulation of BBHs. This possibility is supported by
the results presented by Morton et al. (2023), where we find
evidence that GW190521 formed in an AGN disc. In AGN
discs, BBHs might form with masses that reach and exceed
100 Mg, due to the increased probability for hierarchical merg-
ers and accretion (McKernan et al. 2012, 2018; Bellovary et al.
2016; Bartos et al. 2017; Stone et al. 2017; Yang et al. 2019;
Tagawa et al. 2020; Gayathri et al. 2022). GW190521 could
be the first observed BBH to belong to this subpopulation
(Graham et al. 2020).

4. Discussion: Interpretation of the astrophysical
distribution

We now discuss the astrophysical implications of the distribution
reported in the previous section. In what follows, we assume that
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the inferred distribution is correct and not affected by the possi-
ble caveats discussed above.

4.1. Primary mass

We find that the astrophysical population of BBHs changes with
look-back time. Our most significant finding is the morphologi-
cal evolution of the distribution of primary masses as a function
of redshift. In the low-redshift Universe, most BBHs have a pri-
mary mass of <20 M, in agreement with the X-ray binaries in
the Milky Way (e.g. Ozel et al. 2010; Farr et al. 2011). In con-
trast, at redshift z > 0.4, the dominant population has a primary
mass of >20 M.

This evolution of the primary mass with redshift has sev-
eral possible, non-mutually exclusive interpretations. First, we
can think of a metallicity trend: in the low-redshift Universe, we
expect to observe mostly BBHs born from metal-rich progeni-
tors, whereas, in the high-redshift Universe, most BBHs should
originate from metal-poor (Z < 107*) and metal-free progeni-
tors (Hartwig et al. 2016; Kinugawa et al. 2016; Inayoshi et al.
2017; Mapelli et al. 2017; Schneider et al. 2017; Tanikawa et al.
2021b; Costa et al. 2023). The primary mass of BBHs born
from metal-rich stars is expected to peak at ~8-12 M,
because of efficient wind mass loss (Belczynski et al. 2016;
Stevenson et al. 2017; Giacobbo & Mapelli 2018; Klencki et al.
2018; Kruckow et al. 2018; Spera et al. 2019; Schneider et al.
2021; Iorio et al. 2023; Fragos et al. 2023; Agrawal et al. 2023).
Conversely, the low-mass peak of the primary mass function
is suppressed in BBHs born from metal-poor and metal-free
stars (see e.g. Fig. 8 of Santoliquido et al. 2023): most of them
have primary mass in the ~20—-50 M, range, possibly enforcing
the peak at ~35 M, (Kinugawa et al. 2014, 2020; Liu & Bromm
2020; Tanikawa et al. 2021a, 2022; Vink et al. 2021; Costa et al.
2023; Santoliquido et al. 2023). However, current models do
not predict that the low-mass peak has already disappeared at
z ~ 0.4, but rather at higher redshift (z > 6, Santoliquido et al.
2023).

A second possible interpretation for the evolution of the pri-
mary mass function is a change of the relative importance of dif-
ferent formation channels with redshift. For example, the domi-
nant formation channel might change from isolated binary evo-
lution to dynamical assembly as redshift increases. Several pre-
vious studies indicate that we expect higher BBH masses from
dynamical formation in dense star clusters (e.g. Rodriguez et al.
2016a; Askar et al. 2017; Chatterjee et al. 2017; Antonini et al.
2019, 2023; Kremer et al. 2020; Torniamenti et al. 2022) and
AGN discs (e.g. McKernan et al. 2012, 2018; Bellovary et al.
2016; Bartos et al. 2017; Stone et al. 2017; Tagawa et al. 2020).
In particular, globular cluster formation peaks at a redshift of z ~
3—4 (VandenBerg et al. 2013; Choksi et al. 2018; El-Badry et al.
2019). This redshift-dependent formation history, combined
with longer-than-expected delay times and/or a higher-than-
expected merger efficiency, might produce a dominant popu-
lation of massive BH mergers down to a redshift of z ~ 0.4
(Rodriguez & Loeb 2018; Choksi et al. 2019; Antonini & Gieles
2020; Antonini et al. 2023; Mapelli et al. 2022).

If this interpretation is correct, we should observe an evo-
lution with redshift not only of the primary mass function but
also of the effective and precessing spin parameters. Further-
more, dynamical interactions randomise the orientation of BH
spins, leading to a nearly isotropic spin distribution, while iso-
lated binary evolution tends to align BH spins with the orbital
angular momentum of the binary systems (e.g. Kalogera 2000;
Rodriguez et al. 2016b). Moreover, hierarchical BBH mergers

are associated with large spin magnitudes, at least for the pri-
mary BH, because the dimensionless spins of merger rem-
nants peak at ~0.7 (Buonanno et al. 2008; Jiménez-Forteza et al.
2017). Therefore, an increase in the hierarchical merger popula-
tion with redshift would result in a broadening of the effective
spin distribution with redshift, and would lead to the emergence
of a peak in the precessing spin around ~0.7 (Baibhav et al.
2020; Mapelli et al. 2021). The selection function implemen-
tation used in the present work does not account for spin,
and therefore we did not include these parameters in this
work. We plan to investigate the effective spin distribution in
a future paper. Here, we mention that Biscoveanu et al. (2022)
find an increase in the width of the effective spin distribu-
tion of BBHs with increasing redshift. This might suggest a
larger contribution of the hierarchical merger scenario at higher
redshift (Baibhav et al. 2020; Mapelli et al. 2021; Kritos et al.
2022; Santini et al. 2023), but it is still consistent with other
scenarios.

A third hypothesis (not necessarily alternative to the other
two) is that the evolution of the primary mass function cap-
tured by our method stems from processes that current mod-
els fail to properly describe. Overall, models that do not
predict any evolution (or predict only a mild evolution) with
redshift (e.g. Mapelli et al. 2019) are already challenged by our
findings.

4.2. Mass ratio

Our results seem to indicate that the preferred BBH mass
ratio is ¢ ~ 0.7, with little or no evolution with redshift
(with the exception of the lowest redshift region, dominated
by the events GW190412 and GW190917_114630). In con-
trast, most current models (especially isolated binary evolu-
tion via common envelope and chemically homogeneous evolu-
tion) indicate a preference for equal-mass or nearly equal-mass
systems (e.g. Belczynski et al. 2016; de Mink & Mandel 2016;
Giacobbo & Mapelli 2018; Klencki et al. 2018; Kruckow et al.
2018; Broekgaarden etal. 2022), with a few exceptions
(van Son et al. 2022; Santoliquido et al. 2023).

Most dynamical formation channels allow a larger fraction
of unequal-mass systems than isolated binary evolution (e.g.
Di Carlo et al. 2019; Arca Sedda et al. 2020; Torniamenti et al.
2022). In particular, BBHs born from hierarchical mergers have
a strong preference for unequal-mass mergers (Rodriguez et al.
2019; Fragione & Silk 2020; Zevin & Holz 2022). However,
recent studies show that hierarchical mergers cannot account for
the majority of LVK events (Zevin & Holz 2022; Fishbach et al.
2022).

Recently, Santoliquido et al. (2023) showed that metal-poor
and metal-free BBH mergers tend to have ¢ ~ 0.7 at redshift
z < 5 (see their Fig. 7). This feature is mostly an effect of the
evolutionary channel: in the models of these latter authors, all
the BBHs with g < 0.7 form from binary systems in which the
progenitor star of the primary BH retains at least a fraction of
its H-rich envelope at the time it collapses to a BH. In most
cases, the binary system evolves via stable mass transfer. Sim-
ilarly, van Son et al. (2022) find that BBHs formed via stable
mass transfer in binary systems peak at g ~ 0.6—0.7 (see their
Fig. 9). Notably, the revised treatment of Roche-lobe overflow
stability by Olejak et al. (2021) leads to significantly lower val-
ues of g ~ 0.4—0.6 (see their Fig. 4): most of the unequal-mass
BBHs in their model form without common-envelope evolution.
Clues in this direction are also reported in Gallegos-Garcia et al.
(2021).
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Overall, none of the current models in the literature are
able to explain the non-evolving mass ratio ¢ ~ 0.7 in
conjunction with rapid evolution of the primary mass with
redshift that we find with (H)DPGMM. This might indi-
cate that astrophysical models fail to describe some key
physical process, such as the efficiency of mass accretion
and angular momentum transport during mass transfer (e.g.
Gallegos-Garcia et al. 2023; Willcox et al. 2023), the impact of
stellar rotation (e.g. Mapelli et al. 2020; Marchant & Moriya
2020; Riley et al. 2021), or the efficiency of dynamical assem-
bly (e.g. Fragione & Kocsis 2018; Mapelli et al. 2022).

5. Conclusions

We applied our non-parametric model, (H)DPGMM, to the GW
events included in GWTC-3, focusing on the distribution of pri-
mary mass, mass ratio, and redshift. This distribution, once cor-
rected for selection effects, clearly exhibits a correlation among
the three parameters, providing support in favour of the evolution
of the primary mass distribution with redshift. Our main findings
can be summarised as follows:

— The mass-ratio distribution does not show support for sym-
metric binaries, favouring systems with g ~ 0.7, mostly inde-
pendent of redshift.

— The primary mass distribution is composed of two dis-
tinct subpopulations: a low-mass, low-redshift power-law-
like population and a high-mass, high-redshift Gaussian-like
feature. The change between the two subpopulations hap-
pens between z ~ 0.2 and z ~ 0.4.

— The position of the Gaussian-like feature evolves with red-
shift, drifting towards larger masses with look-back time.
We outline two possible non-mutually exclusive explanations for
the evolution of the astrophysical BBH population with look-
back time. The mass could follow a trend in metallicity, chang-
ing from low-mass BHs born from metal-rich progenitor stars at
low redshift to more massive BHs produced by metal-poor and
metal-rich stars. The other possible interpretation is that there is
a change in the relative importance of different formation chan-
nels, from an isolated evolution-dominated scenario at z < 0.4 to
a prevalent contribution of dynamically assembled systems for

z>04.

Our findings for the mass ratio are in contrast with most
of the current models for isolated binary evolution, where the
favoured systems are symmetric or near-symmetric binaries;
unequal-mass systems are more likely to be produced by dynam-
ical formation channels or hierarchical mergers. The apparent
contradiction between the rapid evolution of the BH mass func-
tion and the constancy of the mass-ratio distribution may suggest
that there is some missing physics in the present astrophysical
models.

The results presented in this paper will be crucial not
only for the advancement of BH astrophysics, but also for all
those investigations that, to a greater or lesser extent, rely on
the BH mass distribution. For example, the mass function is
a key ingredient of methods for the inference of cosmologi-
cal parameters (Abbott 2023a), the galaxy catalogue method
(Gray et al. 2020), and the joint population and cosmology
approach (Mastrogiovanni et al. 2021). Moreover, the presence
of non-scale-invariant and redshift-evolving features, such as the
pileup at z > 0.4, will have a dramatic impact on methods that
rely on features in the mass distribution to infer cosmological
parameters (Farr et al. 2019; Mancarella et al. 2022; Mukherjee
2022).
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As a final remark, we reiterate that there are two important
caveats to the findings presented in this paper, namely the data
are representative of the underlying population (the data used
here are not censored and the features in the underlying distri-
bution are properly sampled) and the approximant we employed
captures all the features of the selection function. We made sure
that these assumptions are met (see Appendices A, C and D).
Nonetheless, it is still possible that some of the features we
report are to be ascribed to the limited number of available
GW events: the new events detected during the ongoing LVK
run, together with the capacity of data-driven models such as
(H)DPGMM to automatically include new features, will either
confirm or disprove the findings reported in this paper and will
unveil new features of the BH population.
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Appendix A: Selection function approximant

Inferences from the catalogue of GW events detected by LVK
(Abbott et al. 2023b) are subject to observation selection effects
(e.g. Mandel et al. 2019), as the great majority of BBH mergers
go undetected and only signals ‘loud’ enough to trigger ded-
icated searches are followed up with detailed parameter esti-
mation. Here, as in the most recent LVK population analysis
(Abbott et al. 2023c), only candidates with an estimated false-
alarm rate (FAR) of 1 per year or less in one or more search
are considered. We refer to such signals as ‘detected’ or ‘found’.
To enable accurate estimates of the selection function, a large-
scale simulated signal (injection) campaign was performed by
the LVK detection pipelines over O3 data (Abbott et al. 2023b,
LIGO Scientific Collaboration et al. 2023).

For our analysis, considering the binary source component
masses and redshift, the parameters determining the detectability
of signals are the redshifted masses M, ; and M, and the lumi-
nosity distance Dy (z). Selection effects are therefore described
via a function pge(M| ., M> ;, Dy ) giving the probability of detec-
tion for a merger occurring during an observing period; the prob-
ability is understood to be marginalised over binary component
spins, over extrinsic (location and orientation) parameters, over
time of arrival, and over detector noise realisations.

We therefore require a sufficiently accurate functional
approximation for pger over masses and distance. Previously,
the dependence on masses and spins was modelled via ‘semi-
analytic’ functional forms, with corrections derived by var-
ious methods in order to fit to injection campaign results
(Wysocki et al. 2019; Talbot & Thrane 2022); here we addi-
tionally outline an accurate fitting of the distance- or redshift-
dependence of p4e¢, which are crucial elements in estimating the
evolution of BBH merger rates, deferring the demonstration and
validation of this method to a dedicated publication (Lorenzo-
Medina & Dent in prep.).

We use a physically motivated sigmoid function with a num-
ber of free model parameters, fitted by numerically maximising
the likelihood of the injection campaign search results. We define
the detection probability pget(M1 ;, M, Dy) as

pdet(Ml,z: MZ,D DL) =
_ 8max(Mz)
1+ DY exp (y(Dr = 1) + 6(D? - 1)

(A.1)

where M, = M, + M,_,, and D, = Dj /Dyq is the lumi-
nosity distance scaled by the mass-dependent ‘midpoint dis-
tance’ Dpyia(M;, M> ), at which the sigmoid falls to 50% of
its maximum value. This sigmoid implements a distance depen-
dence, which is universal over all masses, apart from scaling
by Dmig- We fix @ = 2.05 to fit the theoretical sigmoid data of
Finn & Chernoff (1993)8.
The quantity gyax (M),

Emax(M;) = 1 —exp(bg + b1 M, + byM?), (A.2)

represents the possible mass dependence of effects that cause the
maximum detection probability —even for very loud signals—
to fall below unity. In addition, the mass dependence of the mid-
point distance is given by

Dia(M 1z, M> ) = D0M§/6<1 +aioM; + axM:+ (A.3)

+aor +anM; + an M;)(1 - 477)),

8 Allowing @ to vary does not improve the overall fit to injection
results.

where n = (M, M) /MZ2 and the redshifted chirp mass M, =
)73/5 Mz‘

The sigmoid parameters vy, 8, by, by, b, and the Dy,;q param-
eters Dy, ajg, a2, do1,a11,az; are all fitted by maximising the
likelihood of the LVK injection results. The motivation for this
functional form, and the methodology used for fitting, will be
discussed in detail in Lorenzo-Medina & Dent (in prep.).

We verified that this model is sufficiently complex to accu-
rately describe the BBH detection probability by comparing its
predictions for the distribution of detected injections over var-
ious physical parameters to the actual injection search results.
We performed Kolmogorov-Smirnov (K-S) tests over n, M =
M + My, M., M = p’/SM, M., and Dy, obtaining K-S statis-
tic values of 0.004 or less, which means a maximum deviation
of < 0.4% of the actual from the predicted distribution, and p-
values of 0.09 or larger; i.e. no significant discrepancies.

A limitation of our procedure is that we are unable to con-
strain or verify the behaviour of pg outside the physical range
of masses and distances covered by the injection set: in extreme
cases —for instance binaries with mass ratio g as small as
0(0.01)— our model may yield an unphysical estimate. How-
ever, its behaviour may readily be checked within the domain
where we are estimating BBH merger rates.

Appendix B: Observed mass-ratio distribution

One of the main findings of this paper is that symmetric bina-
ries are largely disfavoured with respect to more asymmetric sys-
tems, despite the fact that the majority of individual events are
consistent with ¢ = 1. In this Appendix, we show how the recon-
structed observed probability distribution is compatible with the
detected events, deferring a demonstration with simulated data to
Appendix C. The observed distribution inferred using GWTC-
3 data is reported in Fig. B.1: this probability density is the
marginalised version of the three-dimensional observed distribu-
tion pops(M1, g, z) inferred to produce the result presented in the
main text of this paper, before correcting for selection effects.
The same plot also reports the posterior samples for the indi-
vidual events included in our analysis as histograms, along with
their medians.

We can define consistency with g = 1 as p(g > 0.95), find-
ing that 41 events out of 62 have a probability greater than 5% of
having g > 0.95. At the same time, however, only 16 events out
of 62 have a probability of greater than 10%, and none of them
have a probability of greater than 20%°. Moreover, the largest
median value among all the posterior distributions is ¢ = 0.86,
from GW150914. With these things in mind, we see that the
inferred observed distribution in Fig. B.1 is consistent with the
observations. In particular, the median distribution is consistent
with the median values for individual posteriors, with the cred-
ible regions accounting for the possible combined fluctuations
of the individual posteriors, g ~ 0.98. These heuristic arguments
suggest that our reconstruction is in agreement with the available
observations.

The lack of support for symmetric binaries is then further
enhanced by the inclusion of selection effects, which favour
asymmetric binaries, and the conversion of the astrophysical dis-
tribution into the differential merger rate, leading to the distribu-
tion we report in the main text of this paper.

° A more stringent constraint such as p(g > 0.99) results in only four
events being consistent with g = 1 with a probability greater than 2%
and none with a probability greater than 5%.
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Fig. B.1. Marginalised FIGARO reconstruction of the observed mass-
ratio distribution (blue solid line — median — and shaded regions — 68%
and 90% credible regions) along with individual event posterior sam-
ples (histograms) coloured according to their median values (triangular
markers).

Appendix C: Validation with simulated data

In this section, we show that (H)DPGMM and FIGARO success-
fully reconstruct a probability density modelled after the findings
of Abbott et al. (2023c) in M| and g with just the small number
of events presently available. This is to validate the results pre-
sented in this paper and to strengthen the claim that the features
we find are due to the actual astrophysical population and not to
some artefacts of the model, particularly for what concerns the
shape of the mass-ratio distribution.

We generated the mock catalogue of GW events using a
rejection sampling approach as follows:

i) We drew a set of mock binary parameters from the simulated
astrophysical distribution for M|, ¢, and z. In particular, the
primary mass follows a tapered power-law distribution with
a Gaussian peak,

(@ - 1)M*
ML - My

min

p(M) =w a+ erf(w))x

max

(C.1)

x (1 + erf(w)) +(1 - wNMu, o),

min

and the mass ratio is distributed according to a power law,

p(g) <. (C2)
The redshift distribution is taken to be Gaussian, centred
around p,,

p(@) = N(zlug, 07) . (C.3)

This choice for p(z) is dictated by the need to have a model
with no significant support in the low-mass, high-redshift
region of the parameter space, which is censored by the
selection function. A significant support in this region would
lead to a bias, as explained in Appendix D. We specify the
parameters of these distributions in Table C.1.

ii) For each simulated BBH, we evaluated the detection proba-
bility pget(M1, q,z) using the selection function by Lorenzo-
Medina & Dent (in prep.). For each sample, we then
uniformly drew a number / between 0 and 1: we labelled
all the binaries with 2 < pge as ‘detected’.
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Table C.1. Parameters of the simulated astrophysical distribution pre-
sented in Appendix C.

Parameter Value
Mmin 12 MO
Minax 70 Mo
a -3.5
/1min 4 M@
/lmax 3 M@
w 0.8

o 40 Mg
o 6 M,
B 1.1

Uz 0.2

o 0.15

Simulated
—— (H)DPGMM

o) N} o O N ) Q o N
ap » A& O S 4\ ) Vv N\
NN & 6733 & © \.@

Q-

Fig. C.1. FIGARO reconstruction (blue) of the M, g and z simulated dis-
tribution (red). The diagonal panels show the marginal distributions for
M,, g, and z (top to bottom) respectively and the panels below diagonal
show the median distribution marginalised over the third variable.

iii) For every detected binary, we generated a set of 2000 poste-
rior samples under the simplifying assumption that the pos-
terior distribution is an uncorrelated multivariate Gaussian
distribution in log M, log %} and log z. We made sure that

such mock posteriors pass the pp-plot test.

Our mock catalogue contains 64 events, a number compa-
rable with GWTC-3. Figure C.1 shows the posterior distribu-
tion recovered with FIGARO after correcting for selection effects,
along with the simulated distribution.

The non-parametric reconstruction is able to capture all the
features that are present in the simulated distribution within the
90% credible region. In particular, the power-law behaviour of
the mass-ratio distribution is correctly recovered even with as
few as 64 events, supporting our finding that the astrophysical
mass-ratio distribution has little to no support at g = 1.
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Appendix D: Censored data

—— (H)DPGMM

Selection function

> o O ©
NN

z

Fig. D.1. Observed distribution for the simulated catalogue recon-
structed with FIGARO (blue line) along with the iso-probability levels
of the selection function (red). The diagonal panels show the marginal
distributions for M, ¢ and z (top to bottom) respectively and the pan-
els below diagonal show the median distribution marginalised over the
third variable.

Selection effects act as a filter for the astrophysical distribution,
modifying the probability of observing a specific binary merger.
These effects are due to several factors: among others, we men-
tion the detector noise, the efficiency of the search pipelines, and
the validity range of waveform models.

In the framework we apply in this paper, we can correct for
selection effects following Eq. (5), under the assumption that we
properly sampled all the regions of the parameter space. This
assumption does not hold, however, in a case where the astro-
physical distribution has support in a region where the detection
probability is negligible' or exactly zero, such as in a region of
the parameter space not covered by any waveform model. The
selection function would in this case censor a portion of the data.

An astrophysical distribution that extends its support in a
censored region would not therefore be reconstructed properly
by a non-parametric method: the observed distribution would be

10 For example, consider the case in which we expect one detection in
100 years and we observed for only 1 year.

A\ —— (H)DPGMM
Selection function

Fig. D.2. Observed distribution for GWTC-3 reconstructed with FIGARO
(blue line) along with the iso-probability levels of the selection function
(orange). The diagonal panels show the marginal distributions for M}, g,
and z (top to bottom) respectively and the panels below diagonal show
the median distribution marginalised over the third variable.

cut off by the selection function, biasing the subsequent infer-
ence of the astrophysical distribution.

In Fig. D.1 we show the behaviour of an observed distribu-
tion obtained filtering an astrophysical distribution that has sup-
port in a censored region of the selection function used through-
out this paper (Lorenzo-Medina & Dent in prep.). The simulated
underlying distribution is the same as in Appendix C, with the
exception of p(z):

dv

p(z) « .

T (D.1)

In the low-mass, high-redshift region, the median two-
dimensional M; — z distribution follows the iso-probability
curves of the selection function, suggesting that a portion
of the data has been censored. Conversely, this behaviour is
not seen for the credible regions of the observed distribution
reconstructed with GWTC-3 (reported in Fig. D.2) suggesting,
although heuristically, that we are not dealing with censored
data.
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