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The population of binary black hole (BBH) mergers observed by the LIGO-Virgo-KAGRA (LVK)
collaboration offers a window into the cosmic evolution of compact binaries and the physical mechanisms
that drive their formation. We employ the semianalytic population-synthesis code B-pOP to model BBHs
assembled through isolated binary evolution and dynamical interactions in young, globular, and nuclear
star clusters. Our framework self-consistently incorporates star formation history, metallicity evolution,
and single and binary stellar evolution to quantify their impact on the observable properties of the BBH
population and on the relative contribution of distinct formation channels. Our models are characterized
by a merger rate, R = 17.5-24.1 Gpc™> yr~!, broadly consistent with LVK constraints. Moreover, the
predicted distributions of primary mass, mass ratio, and effective inspiral spin parameter are compatible
with those inferred from current LVK observations. Our primary-mass distribution is dominated by
isolated binaries at m; < 20My, while dynamically assembled first- and higher-generation mergers
dominate at larger masses. As a consequence, the subpopulation of mergers with m; 2 45M, exhibits a
nearly flat mass-ratio distribution and distinctive spin properties. We leverage our models to explore how:
(i) the fraction of stars in isolated binaries and the fraction of stellar mass bound in clusters regulate the
overall merger rate; (ii) common-envelope physics shapes the primary-mass distribution and its redshift
evolution; (iii) the inclusion of stellar-collision products enhances the formation of higher-generation
mergers; and (iv) the natal spin distribution of stellar-mass black holes influences the effective spin of
merging BBHs. Using our models to assess possible origins of selected gravitational waves events, we
illustrate how the complexity of the underlying astrophysical processes can hinder the possibility to draw
definitive conclusions.

DOI: 10.1103/d99y-nq93

I. INTRODUCTION

With the conclusion of first part of the fourth observation
campaign run by the LIGO-Virgo-Kagra (LVK) collabo-
ration [1-7], the gravitational-wave transient catalog

“Contact author: manuel.arcasedda@ gssi.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2470-0010/2026/114(8)/083037(36)

083037-1

(GWTC-4) counts 165 robust detections' of coalescing
black hole binaries (BBHs) [9].

Despite the ever-growing number of detected BBHs,
understanding their origin still remains an unsolved prob-
lem of gravitational waves (GW) astrophysics, primarily
due to the many degeneracies and uncertainties affecting
the underlying stellar physics of black hole (BH) formation

'Here, we consider all sources with a parameter p,q,, > 0.5.
Note that the number of detections that also have a false-alarm
rate <1 yr" is 151. Unless otherwise stated, the LVK data
utilized to perform comparisons with our models are publicly
available at [8].
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(e.g., [10,11]). From the theoretical viewpoint, the pop-
ulation of detected BBHs likely belongs to a heterogeneous
mixture of binaries formed through different formation
channels [12—17]. Broadly speaking, the origin of BBHs
can be categorized into two main scenarios: the isolated
formation scenario [18-26], in which BBH mergers form
from the binary stellar evolution of two stars paired at birth,
and the dynamical formation scenario [27—41], in which
BHs meet and pair up via dynamical interactions in star
clusters and galactic nuclei.

Several quantities inferred from LVK detections could be
used to untangle signatures of different formation scenarios,
such as the local merger rate density (MRD), Rivk =
(14 — =26) yr~! Gpc™3, the mass distribution of binary
primaries, the possible evolution of BBH masses and merger
rate with redshift, the spin distribution. Additionally, excep-
tional BBH sources may hint at very specific formation
scenarios. Among others, the most massive BBH mergers
ever detected, like GW190521 [42] and GW231123 [43],
hardly reconcile with the expectations of isolated stellar
evolution [but see [44,45]], possibly being byproducts of
dynamical processes in dense stellar environments and
galactic nuclei [46—49], or deriving from an even more
exotic scenario (e.g. the merger of primordial BHs, [50,51]).

In the last few years, several studies utilized phenom-
enological models to infer properties of BBH mergers at
population level and to assess their statistical significance,
regarding the BBH masses [52—55], spins [56—60], or the
possible combination of BBH features [26,61-68]. From
the numerical point of view, semianalytical population
synthesis codes represent powerful tools to simulate sta-
tistically relevant populations of BBH mergers to compare
with observations. Generally, these tools are tailored to
represent one scenario at a time, either isolated [21,69,70]
or dynamical [36,71-73]. Among others [73-75], B-POP
[12,13,17] is a semianalytical tool that simultaneously
simulates populations of BBH mergers forming via isolated
binary (IB) stellar evolution or dynamical encounters in
young (YC), globular (GC), and nuclear clusters (NCs).
This allows B-POP to simulate a synthetic Universe that
naturally contains a mixture of BBH mergers originating in
different environments and through different formation
scenarios. Comparing observations with simulated BBH
populations, constructed by varying the cosmic star for-
mation history of different environments or the stellar
evolution paradigm, can help placing constraints on the
mutual contribution of different formation channels to the
population of observed BBH mergers.

In this work, we leverage on B-POP to perform “forward
modeling” and predict the population of BBH mergers in
synthetic Universe models. Each model is defined by a set of
parameters, including the cosmic star formation history of
galaxies and clusters, the metallicity evolution with redshift,
stellar evolution of single and binary stars, and the structural
properties of star clusters. Comparing models and

observational constraints on BBH population properties,
we explore the impact of model parameters on BBH
observables, such as the MRD, the distribution of masses
and spins, and the evolution of such quantities with redshift.
We show that, despite the many uncertainties, a fiducial
model based on astrophysically motivated initial conditions
naturally leads to a population of BBHs with properties
broadly consistent with those inferred from the sample of
observed GW sources. We also attempt to constrain the
origin of some GW events, showing how the complexity of
astrophysical models hinders the possibly to conclusively
assign a specific formation scenario for single sources.
The paper is organized as follows: Sec. II describes the
method adopted and the features of investigated models;
Sec. III presents the main results describing the main
features of our mock population of BBHs, the comparison
with GWTC-4 observational constraints, and the impact of
the adopted initial conditions; and Sec. IV summarizes the
conclusions of the work. Additionally, a comprehensive
description of the code is available in Appendix A.

II. METHOD

Binary merger POPulations (B-pop) [12,13,17] is a
semianalytical code for the simulation of BBH mergers
forming from either IBs or dynamical interactions in YCs,
GCs, and NCs.” The code implements several recipes to
initialize the cosmic star formation; metallicity; star cluster
masses and sizes and their long-term evolution; natal mass,
spin, and kick of stellar BHs; properties of dynamically
formed binaries; mass of BHs formed from stellar colli-
sions; and interactions. Moreover, B-POP handles multiple
generation mergers in star clusters using numerical rela-
tivity fitting formulas to calculate the merger remnant mass
and spin [76] and gravitational recoil [77-80]. Hence,
B-POP creates a synthetic Universe filled with an hetero-
geneous population of BBH mergers formed in different
environments. We refer the interested reader to [13,17] for
further details about the code workflow and features. More
details about the different features of the code are described
in Appendix A.

Recently, we upgraded B-POP to include state-of-the-art
stellar evolution tracks for single and binary stars, star
cluster evolution dynamical evolution, a reliable redshift-
dependent metallicity distribution of BH progenitors, and
the possible formation, through stellar collisions and
mergers, of BHs with masses beyond the limit set by
ordinary single and binary stellar evolution. A dedicated
Python library processes B-POP catalogs to generate MRD
profiles for different environments and a mock catalog of
sources for a given time interval.

*The code is available at https://github.com/marcasedda/
BPOP.
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A. Investigated models

To properly model a cosmic population of merging
BBHs, we need several ingredients to describe: a) the
stellar evolution paradigm adopted to link stellar progeni-
tors and their remnants, and b) the cosmological evolution
of the environments in which they form and evolve.

While deferring to Appendix A a detailed discussion
about the structure and features of B-pOp, we briefly
summarize here the main properties of our fiducial syn-
thetic Universe and its variations.

It should be noted that all the upgrades implemented in B-
POP are based on either improved stellar evolution recipes,
latest results on stellar collisions, or on the relation between
metallicity and cosmological star formation rate. None of
the implemented upgrades are tailored to interpret LVK
data, as the basic principle behind our forward modeling
approach is to verify if, starting from astrophysically
motivated initial conditions, we can produce BBH mergers
consistent with observational expectations.

For the sake of clarity, the main upgrades implemented in
this new version of B-pOP are: BH mass catalogs compiled
with up-to-date stellar evolution prescriptions, a mass-
dependent relation to initialize the mass of intermediate-
mass black holes (IMBHs) formed through stellar collisions
in dense star cluster, a metallicity-dependent relation to
assess the contribution of BHs in the upper-mass gap
formed via stellar interactions in star clusters, a new
prescription for natal BH spins that depends on the BH
formation history, a set of evolutionary formulas describing
star cluster relaxation tailored on high-end N-body models,
and several choices for the star formation history and
metallicity distribution of BBH host environments.
Additionally, we complemented B-POP with a Python library
that calculates the MRD for a given synthetic Universe and
uses the its outputs to generate the corresponding BBH
mock catalogs, thereby facilitating comparisons between
simulated quantities and observationally inferred ones.

1. Black holes natal masses and spins

The natal mass of BHs is drawn from catalogs of BHs
forming from single and binary stars generated with the
SEvN population synthesis code [21,22,81]. We initialize
stellar binaries following the fiducial model described in
[21] (see Sec. II A-IIC and Table 5). To find a balance
between the completeness of our models and computational
demand, we only vary the acg parameter, which regulates
the fraction of orbital energy converted into kinetic energy
during the common envelope phase. In this work, we
assume acg = (1,5), i.e., values that bracket the maximum
and minimum values of the local merger rate evaluated for
IB mergers only (see Fig. 22 in [21]). We generate 2 x 108
binaries and single stars divided into 12 values of the
metallicity in the range Z = 10~ —0.03. While BBH
orbital properties of isolated binaries are provided by

SEvN, the orbital properties of dynamical binaries are
calculated according to the environment in which they
form. We assume that a certain fraction, f,,c, of BBH
mergers involve at least one component whose progenitor
was previously in a primordial (or original) binary, i.e., a
binary star that was already paired at cluster birth. The
remaining 1 — f;x binaries, instead, are assumed to
involve only BHs formed from single stars (see also
[17]). An important consequence of this choice is the
possibility to take into account also BHs produced in binary
mergers events, which can attain masses within or above
the upper mass gap, i.e., the range of masses where the
onset of pair-instability supernova (PISN) rips off the stellar
progenitor and leaves no remnant [82]. Upper mass gap
BHs formed this way may crucially determine the proper-
ties of BBHs with a dynamical origin (see, e.g., [49,83,84]).
In this work, we assume f,;, =0, 0.5, or 1, i.e., either
none, half, or all BHs have a progenitor that evolved in a
binary. Additionally, BHs in the upper mass gap can form
from a dynamical merger among initially unrelated stars.
We leverage the results from direct N-body simulations
presented in [83] (hereafter DC19), and implement a
metallicity-dependent function to calculate the fraction
of BBHs with at least one dynamically formed component
with mass in the upper mass gap. We extract the mass of
these BHs in the range (50-100)M, assuming a flat
distribution. The latter assumption represents a reasonable
balance between the impact of the adopted Kroupa initial
mass function [85], which favors lighter BH progenitors,
and the fact that heavier BH progenitors have larger cross
sections, thus a higher probability to interact and pair up.
As evidenced in several recent works [86-90], multiple
stellar collisions and star-BH interactions can also trigger
the formation of IMBHs, i.e., objects with a mass
> 100M . To include this further feature, in B-POP it can
be assumed that a fraction fygy of all clusters with given
properties can form a very massive star (VMS) via repeated
collisions. In this work, we assume that only a fraction
S = 0.2 of clusters with a mass > 5,000M, and a
density > 10°M, pc~3 can form a VMS, as suggested by
the works referenced above. The terminal VMS mass is
calculated as m,,,, = max(2 x 10*M, 0.02m), following
the numerical results described in [89] (hereafter R24). We
assume that the VMS directly collapses to an IMBH if its
mass exceeds mys > 270M, and calculate the IMBH
mass as Mgy = 0.9m,,, [91]. More details about BHs
natal masses and the adopted stellar evolution paradigm are
provided in Appendix A 1.

BH natal spins are assigned depending on the BH
formation history (following [14]). In particular, we assign
a negligible spin to BHs formed from single stars and to
first-born BHs in binaries [92], while we assume a flat spin
distribution limited between 0 and 1 for all second-born
BHs in binary stars and BHs formed from stellar collisions
(see Appendix A for further details). We refer to this model
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as to B20. Additionally, we perform a run in which all BHs
have a natal spin extracted from a Maxwellian distribution
with ¢, = 0.2, following our previous papers [13,17], to
mimic a distribution skewed toward values > 0.1 as
suggested by LVK data analysis [93,94]. Hereafter, we
refer to this as the LVK model. Finally, we model spins
orientation differently depending on the formaiton channel.
For dynamical binaries, we assume randomly oriented spin
vectors. For isolated binaries, we adopt a distribution for
the polar angles 6, ,, i.e., the angles between each spin and
the binary angular momentum, such that up to ~55% of
isolated BBHs feature a relative difference between
df/0 < 0.05. More details about BH natal spins and spin
alignment are provided in Appendix A 2.

In the following sections, we will explore the properties
of BBH spins through global quantities, such as the binary
effective spin parameter, i.e., a combination of the projec-
tions of spin vectors (y;) on the binary angular momentum

(L) [95-97]

( 1)?1 2)?2) L
o un mn L, 1
Xeff : 5 ( )

and the precession spin parameter, defined as [98,99]

4a —
44=3  n 92>. (2)

Xp = max ()(1 sin91,q4_3q

2. Star cluster evolution and black hole dynamics

A star cluster in B-POP is uniquely identified by its initial
mass and half-mass radius. These two quantities are used to
calculate the cluster structural properties: core radius,
density, velocity dispersion, and escape velocity. Cluster
evolution is modeled to follow three main phases: (i) initial
contraction driven by two-body relaxation and mass seg-
regation, (ii) core-collapse, (iii) rebound and expansion.
The formulation is based on the DRAGON-I N-body
simulations [100] and semianalytical results by [101],
and is described in detail in Appendix A 3.

In B-pPOP, the dynamical evolution of the cluster directly
affect the formation of BBHs in star clusters. In fact,
dynamical BBHs in B-pOP form through either three-body
or binary-single scatterings, and shrink via stellar harden-
ing and GW emission down to a point where they either
merge in the cluster or are ejected, possibly merging
afterward. The final properties of merger remnants are
calculated according to numerical relativity fitting formulas
[76], following our previous works [13,17]. If the relativ-
istic kick is smaller than the cluster escape velocity, the
remnant is retained, possibly forming new binaries and
undergoing further “hierarchical” mergers. Since cluster
properties crucially affect the timescales over which BBHs
evolve, in B-POP we incorporate the cluster evolution into

the set of equations regulating BBH formation and evolu-
tion, as shown in Sec. A 4.

3. Star formation history and metallicity evolution

To infer the MRDs and compile mock catalogs, we
convolve our population with the star formation rate (SFR)
of different environments, ensuring that the sum of all
formation rates from different channels equals the cosmic
star formation rate (CSFR), which we assume as

~001(1 +z)*°
14 (1 +z2)/3.2]°2

wmr17(2) Mg yr~'Mpc™,  (3)

following [102] (hereafter MF17). In the fiducial model, we
assume this functional form to model the formation history
of IBs, YCs, and NCs. However, we scale the SFR by a
factor that represents the amount of stellar material con-
tributing to a specific channel. In the case of IBs, we
assume that only a fraction fig of the whole SFR forms
stellar binaries, and we set fig = 0.4, following [21].
Similarly, we assume that a fraction fyc = 0.01 of stellar
material builds YCs [103], and that a fraction fyc =
0.0005 of stellar mass eventually resides in NCs [104].
For GCs, instead, we assume a redshift-dependent
Gaussian distribution
2

(Z ZGC) :| . ( 4)

WEB19(2) = Bge exp {— (2000)?

based on the recent work of [105]. In the fiducial model,
we assume a normalizing factor Bge = 1.2 x 107 M,
yr~! Mpc™3, mean redshift value zgc = 4.5, and dispersion
ogc = 2, following [105]. We refer to this model as EB19.
Alternatively, we assume Bge = 2 X 107*M g yr~! Mpc =,
Zgc = 3.2, ogc = 1.5, following [16]. We refer to this
model as M22.

We run an additional model in which we adopt the same
Gaussian distribution for NCs too, assuming in this case
Bne=5%x 10" Mg yr~'Mpc=3, zn¢ = zge» and on¢ = 6.
Note that this assumption relies on the dry-merger formation
scenario for NCs, by which they formed—at least partly—
from repeated mergers of massive clusters formed in the
inner regions of the host galaxy (e.g., [106-109]).

More details about the treatment of the CSFR in B-POP
are described and discussed in Appendix A 5.

The metallicity evolution is modeled assuming it follows
a log-normal distribution around a mean value, modeled as

(Log(Z/Zo)) = a + pz’ + A(Z), (5)

where we adopt a = 0.153,4 = —0.074, and y = 1.34,
following [14,102], and A(Z) = In(10)6%/2 [16] for the
MF17 star formation model. For the EB19 star formation
model, instead, we follow [110] and calculate the metal-
licity as
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TABLE I.

Main properties of investigated models. Column 1: model name. Column 2: common envelope parameter. Columns 3—4:

fraction of stars in isolated binaries and fraction of stellar mass bound in young clusters. Column 5: fraction of BHs in clusters formed
from progenitors born in a binary. Column 6-7: model adopted for dynamically formed upper-mass gap BHs and IMBH seeds. Column
8: model adopted for natal spins. Columns 9-12: star formation history model assigned to isolated binaries and dynamical binaries in

young, nuclear, and globular clusters.

Model acg fis fye frnix Upper IMBH Spin VB Wyc WNC WaGc
name mass gap seeds
Fiducial
F 1 0.4 0.01 0.5 DCI19 R24 B20 MF17 MF17 MF17 EBI19
Primordial binary fraction
FbO 1 0.4 0.01 0 DCI19 R24 B20 MF17 MF17 MF17 EBI19
Fbl 1 0.4 0.01 1 DCI19 R24 B20 MF17 MF17 MF17 EBI19
Common envelope
F5 5 0.4 0.01 0.5 DCI19 R24 B20 MF17 MF17 MF17 EBI19
Star formation history

Fe 1 0.4 0.01 0.5 DCI19 R24 B20 MF17 MF17 MF17 M22
Fb 1 0.4 0.01 0.5 DCI19 R24 B20 MF17 MF17 EBI19 EBI19

BH natal spins
Fmxl 1 0.4 0.01 0.5 DC19 R24 LVK MF17 MF17 MF17 EBI19

Seeds

Fgp 1 0.4 0.01 0.5 DC19 B20 MF17 MF17 MF17 EBI19
Fst 1 0.4 0.01 0.5 e B20 MF17 MF17 MF17 EBI19

V4 M
Log 7 )= 0.4Log A +0.67 exp (—0.5z) — 5.04.
o o

(6)

Further details about the metallicity-redshift relation are
provided in Appendix A 6.

The main features of our fiducial model and its variations
are summarized in Table 1.

B. Merger rates and mock sources

Following previous works, we define the cosmic MRD
for each formation channel as (e.g., [111,112])

max Zmax d[lb (ZI)
dzd7
/mm / dZ/

<y 22 Fi(e.2.2)  (7)

where dty,(2')/dz’ = [(1 + 2)Hy[(1 + 2)Q,, + Q,]'/?]7!
is the cosmological time element; w;(z") is the SFR
calculated at the binaries’ formation redshift, z’; p;(Z, z’)
is the probability that a star formed at z’ has metallicity Z;
n(Z) is the BBH merger efficiency at the metallicity Z;
F (7', 2, Z) is the number of mergers forming at redshift 7/
and merging at redshift z in environments with metallicity
Z, per time unit. We adopt cosmological parameters from
Planck 2018 results [113].

For each i-th formation channel and metallicity value, we
integrate the corresponding MRD [R;(Z’, Z)] in different
redshift bins, taking into account the cosmological volume
and the dilation time, such that the number of events per
year is given by (e.g., [114])

(z.2) / Ri(z
where R;(Z, Z) encodes the astrophysical properties of our
model, dV(z')/dz’ is the element of comoving volume, and
the term (1 + z’)~! accounts for time dilation. The number
of sources for each channel forming at a redshift z is thus
given by N,y i(z,Z) = dI'i(z, Z)T, where T is the consid-
ered time-span. In the following, we assume 7" = 10 yr of
events. This procedure allows us to create a synthetic
population of BBH mergers for each formation channel and

metallicity bin, and assess the contribution of different
environments to the cosmic population of merging BHs.?

() /
)d cd7’, (8)

III. RESULTS

One of the main advantages of a framework such as B-pOP
is the ability to obtain a coherent, astrophysically motivated
catalog of BBH mergers from different environments. Any
change affecting one of the many parameters that character-
ize the synthetic Universe is propagated across all the layers

3All simulated data are available at [115].
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contributing to the population synthesis, thereby ensuring
self-consistency within the population. Hence, a single run
with B-POP enables the simulation of a self-contained
Universe in which different environments evolve coherently
and contribute to the formation of BBH mergers. The
framework is kept sufficiently flexible to allow users to
replace the pre-compiled BH catalogs generated with their
chosen stellar evolution tool, as well as all the parameters
regulating both BH properties, such as natal spins or kicks,
and global properties, such as the star formation history,
metallicity distribution, or cluster structural properties.

In the following, we present the main results of our
analysis. We divide them into three parts: first, we describe
the intrinsic properties of BBHs formed in different
environments and at different metallicities; second, we

derive merger rates and mock source catalogs; third, we
explore our cosmological population of BBH mergers and
compare it with observational constraints.

We note that this is one of the first works in which the
prescriptions adopted for the isolated channel in [21] are
self-consistently propagated into the dynamical channel.
Therefore, agreement between the following results and the
trends or broad conclusions of previous works based on
different stellar evolution paradigms should not necessarily
be expected. Nonetheless, finding consistent results across
different approaches in the literature would reinforce the
idea that forward modeling based on astrophysical models
of BBH mergers provides a robust framework for inter-
preting GW observations, despite the large uncertainties
affecting astrophysical models.

1B YC
5 3 (001-0.04) Z, 1 (0.20-0.50) Ze, . 3 (001-0.04) Zo, [T (0.20-0.50) Zg,
10 I (0.04-0.08) Zo [ (0.50-1.00) Ze, 10 C (0.04-0.08) Zo [ (0.50-1.00) Ze,
F| 3 (0.08-0.20) Zg, (1.00-3.00) Zg, [ (0.08-0.20) Zg, (1.00-3.00) Zg,
10t } 10*
g10° :E g 10
g =
10? J’J‘L—L 10?
10! 10
10° 10° -|
10! 102 10! 107 10° 10t 10° 10° 107
my Mg mi [Mo)
GC NC
5 3 (0.01-:0.04) Zo, 1 (0.20-0.50) Ze, . 3 (0.01-:0.04) Zo, 1 (0.20-0.50) Ze,
10 3 (0.04-0.08) Ze [ (0.50-1.00) Ze, 10 3 (0.04-0.08) Zo [ (0.50-1.00) Ze,
1 (0.08-0.20) Zo, (1.00-3.00) Zs, I (0.08-0.20) Ze, (1.00-3.00) Zs,
10* 10*
£ 10 I ﬂ £ 10
= =
~— —~—
=, =,
< gel
102 | 102
10! 10!
10° |—| 10°
10! 10° 10° 10* 10° 109 107 10t
my [Ma)] my [Ma)]
FIG. 1. Primary mass distribution of merging BBHs in different environments. From left to right and from top to bottom: 1B, YC, GC,

and NC. Different colors correspond to different metallicity bins.
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[— B NC POWERLAW — B
== YC -— F B-SPLINE -= YC
103 e GC 103 e GC

R [yr~! Gpe™

— Fbo

NC PowERLAW — IB NC POWERLAW
B-SPLINE -=- YC — Fbl B-SPLINE
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[— B NC
--YC — T
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R [yr~! Gpc™

NC PowERLAW
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B-SPLINE B-SPLINE

1071 10° 10! 1071

1071 100 10!

100 10!
zZ z

FIG. 2. Merger rate density of all BBH mergers for different models. The straight blue and orange lines, as well as the shaded regions,
correspond to the inferred rate from GWTC-4 according to a strongly modeled approach (Power-Law, blue) and a weakly modeled
approach (B-SPLINE, orange) [94], and their 90% confidence level. In all panels, the red straight line identifies the total simulated merger
rate density, while the other lines highlight the contributions from BBHs in isolated binaries (purple straight line, IB), young clusters
(blue dashed line, YC), globular clusters (green dotted line, GC), and nuclear clusters (light green dash-dotted line, NC). From left to
right, top row panels display the rate for the fiducial model (F) and its variations assuming a primordial binary fraction f;; = 0 (Fb0),
and 1 (Fbl). Similarly, bottom row panels display the rate for a model with acg = 5 (F5), with a GC formation history as described in
[111] (Fe), and excluding dynamically formed upper-mass gap BHs and VMS remnants.

A. Black hole binary mergers in different
environments: General properties

We first focus on the intrinsic properties of the simulated
population of BBH mergers in our fiducial model. Figure 1
shows the primary mass distribution for all merging BBHs
dissected into different formation channels and metallicity
bins. In the case of IBs, the distribution shows two different
trends depending on the metallicity. Mergers originating in
environments with metallicities below 0.04Z; show a
nearly flat distribution extending up to ~40My, with
two narrow peaks around 8 and 35 —40M and a broad
peak covering the 15 — 25M ; mass range. More metal-rich
environments, instead, produce BBH mergers with a
primary mass distribution narrowly peaked around 8M
and an extending tail up to 20 — 40M . As expected, these
features are fully consistent with previous results [21].

The primary distribution of dynamical mergers in metal
poor environments, < 0.1 Z, exhibits a more complex
morphology, with a clear peak around 40M 5 common to all

cluster types, and an extended tail peaking around 500M
for YC, and covering a broad range, ~10°~10" M, in GCs
and NCs. In these environments, stellar collisions and
hierarchical mergers can efficiently form IMBHs and, in
NCs, even objects in the supermassive BH mass range.*

We note that the inclusion of stellar collision products,
either in the form of BHs in the upper mass gap or IMBH
seeds, and the inclusion of star cluster evolution recipes
clearly impacts the high end of the primary mass distri-
bution (see also [74]).

We find that an IMBH is involved in at least one merger
in (6.7 — 8.6)% of BBHs in YCs, (8.4 — 10.9)% of BBHs
in GCs, and (4.4 — 5.9)% of mergers in NCs. The param-
eter that mostly affects these percentages, and brackets their
boundaries, is the fraction of BHs forming in primordial

“In this paper, we label as IMBHs all objects with a mass
MIMBH = 102MO'
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binaries, f ., with larger values of f ;. leading to a larger
fraction of mergers involving an IMBH.

Around 90% of IMBHs with a mass > 10°M, have an
ancestor with an initial mass m, > 100Mg, mostly
formed through stellar collisions. In the remaining ~10%
of the cases, instead, IMBHs grow solely via hierarchical
mergers from a stellar BH ancestor.

BBH mergers from clusters with larger metallicities are
characterized by a distribution with a single peak around
20 —40M . Note that all the features described in this
section are intrinsic of the population. To assess their
impact on a realistic population of mergers, we must
convolve different populations with their own merger
efficiency, star formation history, and metallicity evolution.

B. Building up a synthetic Universe: The cosmological
merger rate density of stellar black hole binaries

Figure 2 compares MRD profiles calculated for different
models against the rate inferred from observed BBHs in
GWTC-4, either assuming that the MRD follows a power
law (Power Law model), or adopting a weakly modeled
approach to reconstruct the MRD (B-SPLINE model) [9,94].
The last column in Table II shows the local merger rate,
Rioe, i-€., the MRD evaluated at redshift z = 0.2 [93].

Overall, our models predict a local merger rate that
ranges from Ry, = (17.5-24.1) yr'Gpc™, in broad
agreement with LVK’s latest predictions, i.e.,
Rivk = (14-26) yr~! Gpc™3. Toward z =0, our simu-
lated MRDs tend to decline more gently than the phenom-
enological functions adopted by LVK. Within z = 1.5, our
models can be fit with a shallow power law with offset
Ry ~22 yr ! Gpc™ and slope kg ~ 1.1. Moreover, our
MRD profiles deviate from LVK results at redshift
72 1-1.5, bending to follow the underlying SFR. On
the one hand, the differences between B-POP models and
the Power-Law model arise from the fact that LVK analysis

TABLE II. Simulated local merger rate. Column 1: model
name. Columns 2—4: local merger rate evaluated for first-gen-
eration mergers, high-generation mergers, and mergers involving
an IMBH.

RIOC (yr_l GpC_3)

Model

Name lg ng IMBH
F 22.13 0.95 0.0082
Fb0 22.0 1.01 0.00089
Fbl 23.1 0.88 0.021
F5 17.5 0.06 0.013
Fe 24.1 0.063 0.016
Fb 21.3 0.039 0.0081
Fmxl 224 0.005 0.0055
Fgp 21.9 0.043 0.0073
Fst 21.9 0.045 0.0081

assumes an MRD that evolves with redshift following a
power law, whilst in our case it is the result of the combined
effects of SFR and BBH formation and evolution processes.
On the other hand, the B-SPLINE model peaks at lower
redshift compared to B-pOP. This may be due to a nontrivial
combination of factors: the adopted SFR, the metallicity
relation, and the physics of binary evolution. Indeed, the
amplitude and location of the peak in our simulations
slightly change across all models. In most models, the
MRD maximizes at redshift z ~ 5, attaining maximum
values of Ry ~ 200 yr~! Gpe™. The only exception is
model F5, for which acg = 5, in which the peak is broadly
distributed in the redshift range z =~ (2-6) and reaches
Rpeak = (80-90) yr~' Gpc™. As evidenced by the plots, in
most models the IB channel dominates the rate at all
redshift, hence suggesting that—in our models—the MRD
could be used to probe the IB formation scenario.
Moreover, we see that each formation channel is charac-
terized by a different evolution with redshift. This interest-
ing feature suggests that the presence of multiple peaks in
the observed MRD could carry information about the
impact of different formation channels. In model F5, for
instance, we see that the broad peak is due to the
contribution, at lower redshifts, of IBs, NCs, and YCs
and, at higher redshifts, of GCs.

By comparing the total number of mergers—i.e., the
integral of the MRD up to z = 15—formed through
different channels, we find that IBs constitute a fraction
fow.s = 0.69-0.73 of the whole population of mergers,
whilst dynamical mergers represent the remaining
fawayn = 0.31 =0.27 in almost all models. The only
exception is model F5, where the choice of acg = 5 causes
a significant decrease in the IB merger efficiency but has
little effect on the dynamical mergers, leading to a
population with fgw s ~ 0.42 members originating from
IBs and fGw gyn = 0.68 from dynamical environments.
Overall, the MRD derived from our models and the mass
distribution of binary primaries are consistent with pre-
dictions from similar studies focused on different dynami-
cal channels (e.g., [16,75,116,117]). Regarding the
branching ratios between dynamical and isolated mergers,
our model suggests smaller values compared to previous
works [16,118], in line with predictions from studies
adopting similar prescriptions for the BH natal spins
(e.g., [14,15]).

In the dynamical formation channel, binaries originating
in YCs and GCs contribute comparably to the population,
whereas binaries formed in NCs constitute roughly 10% of
the mergers produced through this channel. Table III
summarizes the fractional contribution of each formation
channel to the overall merger population.

The redshift-dependent metallicity distribution and the
adopted star formation rate have a clear impact on the
stellar population that mostly contribute to the cosmic
population of BBHs. In the fiducial model, most mergers
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TABLE III. Fraction of mergers from different channels.
Column 1: model name. Columns 2-5: fraction of mergers from
isolated binaries, young clusters, globular clusters, and nuclear
clusters.

Model name PB Pyc PGe PNe

F 0.726 0.109 0.134 0.032
Fb0 0.728 0.107 0.135 0.030
Fbl 0.717 0.118 0.132 0.033
F5 0.376 0.248 0.304 0.072
Fe 0.685 0.103 0.182 0.030
Fb 0.718 0.108 0.132 0.042
Fmxl 0.726 0.111 0.129 0.034
Fgp 0.730 0.101 0.138 0.032
Fst 0.732 0.099 0.137 0.031

originate from stellar progenitors with metallicities in the
range Z = 1073-1072. Around > 95% of BBH mergers
from NCs have progenitors with a metallicity in the range
Z = 0.004-0.02, whilst for GCs this range reduces to
Z = 0.001-0.007. Similarly, around 97% of all mergers
from the IB channel have progenitor metallicities in the
range Z = 0.0014-0.014.

The SFR functional form and normalization has a clear
impact on the overall shape of the MRD, its local value, and
the resulting mixing fractions among different formation
channels. In these regards, Fig. 3 shows how the local MRD
varies with the scaling factors adopted to quantify the
fraction of binary stars in the field (fig) or the amount of
stellar mass bound in YCs (fyc), for the fiducial model and
the model with acp = 5.

The plot identifies the range of fig — fyc values within
which our model predicts a local merger rate compatible
with GWTC-4 constraints. Moving inside this region has
implications for the environments in which BBHs form. For
example, observations of YCs suggest that they may con-
stitute a fraction fyc = 0.005-0.02 of their host galaxy
stellar mass [103]. Considering the fiducial model and the
LVK merger rate estimate, we see that the extreme value
fyc =0.02 would require a fraction of stars in stellar
binaries fig < 0.3, which however is in contrast with
observations (e.g., [119,120]), especially among massive
stars [121,122]. This comparison highlights how the merger
rate of BBHs could be used to constrain the environments in
which BBHs form and vice versa, modulo the many
uncertainties affecting theoretical models. We also perform
a similar exploration for GCs and NCs. To exceed the LVK
upper boundary, the amount of stars forming in NCs or GCs
should increase by a factor ~4 with respect to adopted
values. However, this extreme choice would imply a local
number density of NCs and GCs significantly larger than
what observations suggest, up to a factor 2-5.

Models adopting a different star formation history for
GCs and NCs (Fe and Fb in Table I, respectively), are
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FIG. 3. Merger rate density at redshift z = 0.2 as a function of

the fraction of isolated binaries (f1z) and the fraction of stars in
YCs (fyc). The red star identifies the considered model. White
dashed lines denote the loci of fig — fyc values required to
reproduce the upper and lower bounds of the LVK-inferred rate.
The horizontal, white, dotted lines mark the observational
constraints on fyc.

broadly consistent with the fiducial one, both in terms of
local MRD and the distribution of population parameters,
such as the primary mass. The little impact of the star
cluster formation history on our results is due to the fact
that IBs dominate the global population.

Clearly, our results are bound to the properties of the
synthetic Universe they refer to, and as such cannot predict
the impact of additional formation channels or environ-
ments. However, the “per-channel” merger rate derived in
this section represents an extensive quantity, and as such
can be summed to the merger rate evaluated for any
additional channel not considered here. This implies that,
within observational constraints and the uncertainties
associated with our models, additional processes should
be characterized by an overall local merger rate
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FIG. 4. Top row panels: mass distribution of black hole binary mergers in different redshift bins extracted from the overall population

(filled red steps) and mergers from isolated binaries (purple steps), young (blue steps), globular (green steps), and nuclear clusters (light
green steps). Central row panels: same as above, but for the binary effective spin parameter. Bottom row panels: same as in top panels,

but for the binary precession spin parameter.

Reothers < 3 yr~! Gpe™3. This constraint could be combined
with predictions from other channels, not explored here,
such as the active galactic nuclei scenario (e.g., [123-127]).

C. Main features of the fiducial population of mergers

In this section we build up a mock catalog of BBH
mergers drawn accordingly to the cosmological MRDs
discussed in the previous section.

Figure 4 shows, for the fiducial model and in different
redshift bins, the distributions of primary mass, effective

spin parameter, and precession spin parameter. In the
following, we discuss the main properties of our mock
sources. All results are based on 10 years of events,
corresponding to ~1.3 x 10 BBH mergers. Hereafter, we
refer to BHs that undergo a merger for the first time as 1g
BHs, and to higher-generation BHs as n g BHs.

1. Primary mass and mass-ratio distributions

Many works in previous and recent literature tried to
understand the origin of the different features of the
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primary mass distribution of merging BBHs. In most cases,
these studies focus on one formation channel and their
features, like the impact of different prescriptions for
common envelope physics and mass transfer in the isolated
scenario (e.g., [128,129]), or the impact of dynamics and
structural evolution in star clusters (e.g., [116,117,130]).

In the following, we combine all the formation channels
considered in this work to explore whether the primary
mass distribution of BBHs in our synthetic Universes
exhibits features compatible with current observation
constraints.

Overall, the primary mass distribution is characterized by
a prominent peak at around mp, = 8.6M and a second
broad peak covering the range 20 — 40M . These features
persist across different redshift bins (top panels of Fig. 4).
Evident differences arise in the m; > 100M, mass range,
where high-redshift mergers (z > 2) exhibit a clear sub-
population of events involving an IMBH with mass
(10°-10°) M, that represents a fraction ~0.002 of the whole
sample. At z < 2, these massive mergers have primary
masses clustering around ~10*M and constitute a small
fraction of the population, ~10~*. The apparent dearth of
massive BHs from NCs, where in principle the conditions for
their formation is optimal, is due to the combination of SFR,
metallicity distribution, and dynamics, as discussed in
Appendix B. Dynamical and isolated binaries occupy clearly
different regions of the m; distribution. Dynamical mergers
dominate the mass distribution at m; > 15M,, where they
constitute ~90% of all mergers. Isolated mergers, instead,
dominate the primary mass distribution in the low-mass
range, determining the peak at 8.6M .

To enable a more direct comparison with observational
constraints, Fig. 5 compares the differential MRD, as a
function of primary mass for our fiducial model and in
different redshift bins,5 to the inferred distribution from
GWTC-4 [94]. At redshift z < 2, this distribution clearly
shows the primary peak around 8.6M , discussed above and
a few secondary peaks at 20, 25, 35M g, nicely reproducing
the so-called “bump” at ~35M  suggested by LVK results.
In our model, this bump is determined by dynamical
mergers, which constitute the ~95% of all mergers with
a primary mass in the range 30 — 40M . Features in the
primary mass distribution are also a natural outcome of the
combined star formation history and metallicity-redshift
dependence adopted.

At z <2, the majority of simulated mergers have
progenitors with a metallicity Z > 0.003 (93.6%) and
0.001 < Z < 0.003 (6%). The population of BBHs at larger
redshifts, instead, contains also a significant percentage,
54%, of mergers with metal-poor progenitors (Z < 0.003).

*We adopted the Gaussian kernel density estimator FFTKDE
implemented in the KDEpy package (see https://kdepy.readthedocs
.10/en/latest/_modules/KDEpy/FFTKDE.html).
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FIG. 5. Differential merger rate density as a function of the
primary mass for our fiducial model (red straight line), consid-
ering only mergers occurring at z <2 (top panel) or z > 2
(bottom panel), compared against the rate inferred from GWTC-4
within the B-SPLINE (straight orange line) and the Broken Power Law
+ 2 Peaks (dashed blue line) fit models (dashed blue line [94].

Next-generation GW detectors, like the Einstein
Telescope (ET), will be able to observe up to 10° BBH
merger candidates per year [131,132], possibly enabling a
thorough study of these redshift-related signatures.

Also the mass-ratio distribution, shown in Fig. 6,
resembles the observed distribution, although our model
is characterized by multiple peaks around ¢ =~ 0.6-0.9,
rather than a single peak around 0.8 or a steady increase as
suggested by LVK phenomenological models. The mass
ratio distribution depends strongly on the BBH formation
channels. In fact, mergers from the IB channel dominate the
distribution at ¢ > 0.6, where they represent over 83% of
the events, while dynamical mergers constitute 90% of
mergers with g < 0.6.
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FIG. 6. Differential merger rate as a function of the mass ratio
for the reference model and for mergers occurring at a redshift
7 < 2 (straight red line), compared to the rate inferred from
GWTC-4 and described through the models B-SPLINE and Broken
Power Law + 2 Peaks [94].

2. Spin distributions

The effective spin distribution is broad and characterized
by a bump around y. ~ O (central panels of Fig. 4). The
peculiar shape of the distribution results from three differ-
ent contributions: a) a broad range of y.; between 0 and 0.5
due to isolated binaries, reflecting the assumptions of mild
spin alignment and low natal spin for first-born black holes;
b) a clear peak around O due to dynamical binaries and
driven by the assumption of low-natal spin for BHs formed
from single stars; c) an extension down to y. <0
completely dominated by dynamical mergers.

In Fig. 7, we compare the skewed Gaussian distribution
of y.¢ inferred from GWTC-4 [94] and the results from the
fiducial model and the Fmxl model, which relies on a
Maxwellian distribution of BH natal spins (see Table I).
The fiducial model leads to BBHs with a y.s distribution
that nicely resembles inferred data, mostly owing to the
population of BHs with nearly zero spin. A Maxwellian
distribution with ¢, = 0.2, instead, leads to a distribution
narrowly peaked around y.¢; ~ 0.25, with a small popula-
tion of objects, mostly formed dynamically, broadly dis-
tributed around y.;~0. The overlap between the
observationally constrained y.; distribution and our fidu-
cial one is a natural result of the combination of different
factors: the dependence between BH natal spins and the BH

formation history, the cosmological and metallicity distri-
bution of BH host environment, the branching ratio among
isolated and dynamical mergers. The impacts of these
different quantities mix in a nontrivial way, but seem to
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FIG. 7. Effective spin parameter distribution inferred from
GWTC-4 (dashed blue line), the fiducial model (F, red straight
line) and the model in which BH natal spins follow a Maxwellian
distribution (FmxI, orange dotted line). We consider only mergers
occurring at redshift z < 2 and with a primary mass < 200M .

be the key to interpret the skewed distribution inferred from
GWTC-4 data.

Another parameter that is generally identified as a
possible indicator of the BBH formation channel is the
precession spin parameter y,. The distribution of y, in the
fiducial model and for different redshift bins is shown in the
bottom row panels of Figure 4. The distributions exhibit a
clear peak around y, ~ 0, determined by the population of
BHs born with nearly zero spin in our models, and a
secondary, smaller peak around y, ~ 0.6-0.7. The latter is
due to the contribution of second-generation, and higher-
generation, mergers, which are characterized by a post-
merger spin narrowly peaked around ~0.69 [133-136].
This is further highlighted in Fig. 8, which shows the y,
distribution for BBHs involving either a first- or higher-
generation primary.

In the next section, we further focus on the subpopula-
tion of high-generation mergers and their features.

3. Redshift evolution

Several studies have used the observed population of
GW sources to argue for redshift evolution in the distri-
bution of BBH masses and spins (see, e.g., [137-139] and
references therein). However, the limited reach of current
detectors, combined with selection effects, make con-
straints on BBH parameter evolution highly uncertain.
The GWTC-4 population analysis finds clear evidence
for an evolving merger rate and a redshift-dependent
broadening of the effective spin (y.g) distribution, but
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FIG. 8. Precession spin parameter distribution for all BBH
mergers in the fiducial model (red filled steps), and for mergers
involving a first-generation primary (lg, open red steps), or a
higher-generation primary (n g, dashed black steps).

reports no statistically significant evidence for evolution in
the BBH mass spectrum [94].

From a theoretical standpoint, some degree of redshift
evolution in BBH properties is generically expected, owing
to the intrinsic coupling between binary formation chan-
nels, host environments, and cosmological star formation
(e.g., [17,71,117,140]). Here, we investigate the redshift
dependence of binary mass and effective spin across
different evolutionary scenarios.

Figure 9 shows the redshift evolution of the median
binary mass (mppymeq) for the fiducial model (F), the
model in which we assume acg = 5 (F5), and the model
adopting a Maxwellian natal spin distribution (Fmxl),
separating the results for the isolated and dynamical
formation channels.

In general, IBs exhibit a slight increase of the primary
mass with redshift, with the median slowly shifting in the
range Mig med ~ (20-40)My over the redshift range
z < 15. Dynamical mergers, instead, exhibit a much
steeper evolution, with the median monotonically increas-
ing in the range mgy, meq = 40-100M . Since in most
models the majority of mergers formed in IBs, the global
BBH mass evolution resembles that of isolated mergers.
The only exception is model F5, in which dynamical
mergers dominate the population. In this case, the redshift
evolution of mppy eq 15 more complex showing a sudden
increase from mppy e = 25M g to 50M, at redshift
7 ~2-6, a subsequent decrease lasting up to redshift 10,
and a shallower increase from z = 10-12. This behavior is
driven by the dominant impact of isolated (dynamical)
mergers at z < 3 (z > 3).
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FIG. 9. Median binary mass as a function of redshift for
mergers in models F (top panel), F5 (central panel), and Fmxl
(bottom panel). We show the median mass for the whole
population (blue solid lines), as well as for dynamical (red
dashed lines) and isolated mergers (black dotted lines). The
shaded area encompasses the 50% of the population.
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Interestingly, at a redshift z <2, i.e., within LVK
detectors’ reach, the median binary mass does not evolve
appreciably, remaining constant around mppy med™
9.7M, in all models but in F5, which instead features a
clear mpgy meq increase already within this redshift range.
A different stellar evolution paradigm can affect these
results. Models in which the population of IB mergers is
significantly contributed by binary stars undergoing Roche-
lobe overflow could lead to a median mass that increases
toward small redshift (see, e.g., [141]). Regardless of the
adopted stellar evolution paradigm, our analysis suggests
that the redshift evolution of the binary mass could
represent a useful diagnostic to determine the impact of
different formation scenarios. Models in which the fraction
of dynamical mergers is smaller than isolated ones are
characterized by a nearly constant mggy meq ~ 15-20M 4, at
least within the LVK reach, whilst models in which
dynamical mergers dominate the population are charac-
terized by a larger value of mppy meq ~ 30-35M, at red-
shift 0 and clearly increasing with redshift. The evidence of
a nonevolving binary mass with redshift found in GWTC-4
data analysis [94] suggests that models in which dynamical
mergers are the dominant component of the populations are
unlikely.

As shown in Fig. 4, dynamically formed mergers
dominate the population at primary masses m; 2 20M.
Consequently, the median mass of the high-mass subpopu-
lation is expected to reflect the characteristic mass growth
associated with dynamical assembly.

Regarding the spins, instead, we explored the variation
of the median of . g for the same set of models. Overall,
we do not find any significant evolution within z < 2, a
finding broadly consistent with GWTC-4 analysis [94]. The
median effective spin attains a value ygneq = 0.1 in the
fiducial model, and ygf meq = 0.2 in the Fmx1 model. These
models favor positive yepmeq Values owing to isolated
mergers, which dominate the distribution. In model FS5,
instead, the larger impact of dynamical mergers leads

to )(eff,med ~0.

4. Repeated mergers

In dynamical environments, BHs can undergo multiple
merger events, provided that the recoil imparted onto the
remnant of a merger is smaller than the environment’s
escape velocity. Multiple, or hierarchical, merger products
are expected to feature peculiarities that can help distin-
guish them from the overall population of mergers, such as
a larger mass or a peculiar spin distribution. In the current
version of B-POP, we assume that multiple mergers involve
only the primary BH. This assumption relies on the fact
that, after a few mergers, the primary BH rapidly becomes
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FIG. 10. Primary mass distribution for all BBH mergers in
model F (top panel) and Fgp (i.e., without including stellar
collision products, bottom panel). Different colors correspond to
different generations, with 1g identifying all BHs that are
undergoing their first merger, and > 2 g all BHs that already
merged at least once.

the object with the largest cross-section in the cluster, thus
monopolizing the interactions and preventing the develop-
ment of additional merger chains.’

®A detailed study on the impact of high-generation secondaries
is underway and will soon be published in a follow-up study
(Ugolini et al., in prep.).
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TABLE IV. Percentage of high-generation mergers in different mass bins for the fiducial model.

omy Generation (%)
Mg 1g 2g 3g 4g S5¢g >6g
Fiducial
0-50 98.2 1.78 0.019 0.001 0 0
50-100 40.37 56.61 2.56 0.38 0.08 0.01
100-250 63.87 21.42 7.53 3.68 1.39 2.11
250-103 56.28 23.19 8.50 3.72 1.59 6.73
103-10* 0.39 1.76 0.92 0.46 0.52 95.95
10*-108 0 0 0 0 0 100
Model Fgp

0-50 98.184 1.797 0.019 0 0 0
50-100 40.51 56.53 2.583 0.293 0.075 0.009
100-250 64.44 22.06 7.59 3.09 1.22 1.61
250-103 10.20 10.20 18.37 14.29 8.16 38.78
103-10* 0 0 0 0 0 100
10%-10% 0 0 0 0 0 100

Globally, high-generation primary BHs represent a
fraction f,, = 0.008-0.112 of the population, depending
on the initial conditions. The largest value is obtained for
model F5, owing to the larger fraction of dynamical
mergers over the total, whilst the lowest is obtained for
model Fmxl, owing to the fact that a Maxwellian distri-
bution of spins favors larger postmerger kicks compared to
other models. We find that mergers with primary masses
> 100M  constitute a fraction fpygr; = 0.001-0.0068 of all
BBHs. In the following, we refer to these systems as
intermediate-mass ratio inspirals (IMRIs), though we note
that the term “IMRI” is generally used to identify binaries
with a mass ratio ¢ ~ 10™4~1072 (see, e.g., [142]).

In terms of local merger rate, these numbers correspond
t0 Ripeng = (0.005-1.01) yr=' Gpe™ for high-generation
mergers, and Rjo. 00 ~ (0.9-8.2) x 1073 yr~! Gpc™ (see
Table II).

To dissect the properties of multiple BH merger rem-
nants in our models, we show in Fig. 10 the primary mass
distribution of different generations of BHs for the fiducial
model and for the model in which we neglect the impact of
multiple stellar collisions (model Fgp, see Table I).

In the fiducial model, the population of IMBHs with a
mass in the range mpypy = (10°-10°)M, is dominated by
first-generation (1g) IMBHs—formed from stellar colli-
sions—and 2g IMBHSs, which contribute for up to 25%—
50%. The population of higher-generation objects is
negligible in this mass range. Interestingly, in the mass
range mpypy = (100-250)M, almost 64% of mergers
involve a 1g IMBH regardless of the model. This is due
to the impact of stellar mergers on the natal mass spectrum
of BHs, as they can extend the maximum mass out to

~250M, especially in low-metallicity environments.
Hence, the inclusion of nontrivial stellar processes, like
stellar mergers, may be essential to correctly interpret the
origin of peculiar GW sources, like GW231123 (see our
recent work in [49]). The population of IMBHs with a mass
> 10°M, instead, is mostly comprised of objects that
underwent more than six previous mergers (>6 g), even in
models in which the maximum natal mass allowed for BHs
is < 100M o, such as in model Fgp. More specifically, these
IMBHs form through long chains counting (102-10%)
mergers with secondary BHs with a median mass of
~20-30M . When massive BH seeds are not included
(models Fgp and Fst), the number of BBH mergers with
m; > 10°M, is smaller by one to two orders of magnitude
and the mass spectrum reaches a smaller maximum mass.
Table IV summarizes the results on high-generation merg-
ers for different models and mass ranges.

Repeated mergers are also expected to exhibit distinctive
features in the spin distribution. In fact, the merger
remnants of nearly equal mass, nonspinning, BHs are
characterized by a quite precise final spin of y., ~ 0.69
[133—-136], although this quantity can attain a more broad
range of values for asymmetric binaries with highly
spinning components [143].

Several works pointed out that mapping BH spins onto
the primary mass and leveraging on the peculiar spin of nth
generation BHs (n g) can help identify a mass threshold
above which hierarchical mergers dominate the primary
mass distribution (e.g., [126,144—-149]). Reference [147]
found a threshold 7 ~47M,. Above 7, the inferred
GWTC-4 mass-ratio distribution is nearly flat, offering a
further quantity to compare with dynamical BBH models.
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For example, Monte Carlo simulations of GCs suggest that
1g + 2g mergers should be characterized by a mass-ratio
distribution narrowly peaking around g ~ 0.5 [35], possibly
suggesting that the tail of the mass distribution beyond
~40-50M inferred from GWTC-4 is not necessarily
dominated by n g merger products (see, e.g., [150]).

To explore this feature in our models, in Fig. 11 we
compare the ¢ distribution for all 1g + 1g mergers to the
one for 1g + 1g and ng + 1¢g mergers with a primary mass
in the range m; = (45-500)M . Note that, in the fiducial
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FIG. 11. Top panel: Mass-ratio distribution for all first gen-

eration mergers (lg, gray filled steps), and mergers with a
primary mass > 45M, either 1g (blue straight line), or reaching
a higher generation (n g, red dashed line). Bottom panel: same as
above, but here we show the primary spin distribution.

model, more than 95% of mergers in this mass range form
in star clusters. Mergers with such a massive primary are
characterized by a broad and nearly flat distribution,
regardless of the generation of their progenitor. Our results
are similar to those found with Model A in [39], though
here we do not make any a priori assumptions on BH
pairing. This feature persists in all our models, suggesting
that a flat mass-ratio distribution at m; > 45M, is a
peculiarity of dynamical mergers involving both 1g and
higher-generation primaries.
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FIG. 12. Combined distribution of primary mass and y. for all
mergers in models F and Fmxl, dissected into 1g + 1g (blue
shaded areas) and 1 g+ n g (red shaded areas). From the
outermost to the innermost contour, different levels encompass
the 2nd, 10th, 20th, 50th, and 70th percentile, respectively.
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Combined distribution of y.q and y. for mergers in GCs and IBs and with a primary mass < 200M , in models F (left panel)

and Fmxl (right panel), dissected into 1g + 1g (purple contours), 2g + 1g (blue contours), and ng + 1g (green contours) generation
mergers. Contour lines represent the 25th and 75th percentiles of the distribution. Different markers identify different sources, namely
GW231123 (dot), GW241011 (pentagon), GW241110 (triangle), GW190521 (star), GW150914 (square), GW190412 (diamond).

A further, clear peculiarity can be seen in the combined
distribution of primary mass m; and spin y;, which in
Fig. 12 is shown for the fiducial model and the alternative
model (Fmxl) in which we assume a Maxwellian distri-
bution with ¢, = 0.2 for BH natal spins.’ As expected from
General Relativity, n g mergers tend to accumulate around
a spin 0.4-0.8, leading to two clearly distinguishable
populations (see also [151]), with n g mergers gathering
around a typical primary mass of ~40M .

Additional differences between 1g and n g mergers may
be hidden in the distribution of y.g and y,, which directly
depend on component spins and masses. Recently, [152]
proposed that mergers involving high-generation compo-
nents, for example, occupy a well-defined portion of
the yerr —x, plane. Figure 13 shows the combined
Xeff — Xp distribution for all BBH mergers for mergers
with m; < 200M .

High-generation mergers are distributed in a broad region
in the semiplane with y, > 0.2. The overlap with first-
generation mergers is minimal in the fiducial model, but
becomes more evident in the Fmxl model, due to the
different assumptions on BH natal spins. Nonetheless, we
find that ~25% of high-generation mergers fall within a
peanut-shaped region, which for 2g + 1g mergers is enclosed
roughly within y.; = (=0.3,0.3) and y, = (0.6,0.7), and
for higher-generation primaries is slightly larger, as shown in

"Contours are realized through the KDEPLOT utitlity of the
Seaborn library (see https://seaborn.pydata.org/generated/seabo
rn.kdeplot.html).

the figure. Our results are consistent with the phenomeno-
logical model proposed by [152]. Given the negligible
overlap between the distributions of dynamical 1g + 1g
and IB mergers, this region may represent an ideal spot to
identify mergers involving a high-generation primary.

We overlay on the distribution a few GW sources for
which a dynamical origin has been proposed, namely
GW231123, GW241011, GW241110, GW190521,
GW150914, and GW190412 [94]. Among all considered
sources, only GW190521 falls in the peanut region
identified above, and GW231123 seems an outlier of the
ng + 1g distribution, likely owing to its massive secondary.
All other sources are located in regions with significant
overlaps among different channels.

D. The impact of initial conditions

In this section we explore how different sets of initial
conditions affect our results and conclusions.

1. The impact of common envelope physics

Increasing the value of acg from 1 to 5 results in a
significant overall decrease in the merger rate density of IB
across all redshifts, leading to a difference in the local
merger rate values between the two models of ~25%. The
resulting variation in the relative amount of BBHs from
isolated and dynamical channels leads to a reduction of the
peak at m; ~8-10M, as shown in Fig. 14. This owes
primarily to the significant reduction in the merger effi-
ciency of isolated binaries at metallicities Z > 0.001 [21].
Nonetheless, the resulting primary distribution maintains
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FIG. 14. As in Fig. 5, but for model F5.

an overall visual agreement with the inferred distribution at
larger m, values.

Additionally, despite the different mutual fraction of
sources from different channels, the local MRD remains
within the observational limits for acg = 1-5.

We note that previous works have shown the merger rate
and rate efficiency poorly vary for acg < 1, at least for
BBH populations generated with SEvN [21], and our models
show that dynamical BBHs are poorly affected by acg [see
also [16] ]. Hence, within the explored range of acg values,
the results for the population of local BBHs are degenerate
at some level.

Precise measurements of the relative heights of the
primary and secondary peaks could represent a possible
way to constrain the impact of different formation channels.
Additionally, as discussed in Sec. III C 3, the redshift
evolution of the median BH mass is substantially affected
by acg, but at redshifts beyond reach of current GW
detectors.

Variation in the fraction of isolated over dynamical
mergers will possibly impact the amount of BBH mergers
with a massive component. To explore this possibility, we
focus on sources at z <2 with m; = (20-50)M. This
choice enables us to investigate a region of the phase space
dominated by dynamical mergers but poorly affected by the
assumptions made to model BHs in the upper mass gap and
beyond. For acg = 1, these massive binaries represent a
fraction f,y_so = 0.25, whereas this fraction rises up to
f20-50 = 0.39 for acg = 5. The clear difference in f,y_s,
remains if BBHs at all redshifts are considered, suggesting
that, once detectors like ET will be operative, the vast
amount of detectable BBH mergers per year will open the
possibility for precisely measuring this quantity.

Constraining the redshift evolution of the MRD, the
relative heights of the primary and secondary peaks in
the mass distribution, the redshift evolution of BBHs, or the

relative abundance of massive BBHs could possibly enable
placing phenomenological constraints on acg and better
understanding the implications for the astrophysical proc-
esses regulating binary star evolution.

2. The impact of binary fraction in star clusters

In our fiducial model, we assume that the BHs in
dynamical mergers have a probability of 50% to have
formed from a single star or in a binary. This roughly
corresponds to assuming that star clusters have, on average,
an initial fraction of binaries f,;, = 0.5. The mass dis-
tribution of BHs formed in binaries systematically extends
toward larger values compared to that of BHs from single
stars, regardless of the metallicity (see, e.g., [17]). Stellar
collisions and matter accretion can indeed form BHs with
masses in the range 50 — 200M g, which will more likely
interact with other BHs in star clusters, possibly promoting
the formation of heavy mergers. Figure 15 shows the
overall primary mass distribution of dynamical BBH
mergers assuming f ., = 0-0.5 — 1, highlighting the effect
of including BHs formed in binary stars. Compared to the
case fix = 0, the number of mergers with a primary more
massive than 100M increases by a factor 2 (3) when
Smix = 0.5 (1), and up to a factor 4 (8) if the analysis is
limited to mergers occurring at z < 2.

The resulting local merger rate for mergers with at least
one component m; > 100M varies by a factor ~10,
ranging between R ;oo =~ (0.0009-0.021) yr~! Gpc~3, where
the lower bound corresponds to lower values of f ;.

Such massive BHs lie at the edge, and even outside, the
current detectors’ sensitivity, making it hard to assess
the properties of BBH mergers at the edge of the mass
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FIG. 15. Primary mass distribution of all BBH mergers in

models with f,;. = 0 (Fb0, dashed light green line), 0.5 (F, solid
blue line), and 1 (Fbl, dotted purple line).
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distribution. Next-generation observatories operating in
different frequency bands, like ET [132], the Laser
Interferometer Space Antenna (LISA [153]), and possibly
detectors in the deci-Hz frequency band like the Lunar
Gravitational Wave Antenna (LGWA [154,155]), will allow
us to synergetically probe the IMBH mass spectrum and
unravel their properties.

3. The impact of high-mass BHs

Our fiducial model includes the possibility that suffi-
ciently dense clusters undergo a series of stellar collisions
that rapidly build an IMBH seed, as recently suggested by
state-of-the-art numerical simulations (e.g., [89,156]).
Additionally, we also include BHs forming from dynamical
processes affecting primordial binaries, following a met-
allicity dependent approach that relies on numerical models
of young massive clusters [83,88].

Our recipes to model the formation of BHs in the upper-
mass gap and in the IMBH mass range rely on high-end
numerical simulations [83,88-90,156—158] that, despite
ensuring numerical accuracy, rest on several uncertain
assumptions for the outcome of multiple stellar collisions,
the fate of the stellar collision product—e.g., the direct
collapse of very massive stars, and the mass accreted onto
stellar BHs from tidally disrupted stars. In the densest
clusters, these assumptions lead to the formation of BHs as
massive as 0.01-0.04 times the host cluster mass in the
densest clusters. These peculiar objects can significantly
impact the observation prospects for future GW detectors
operating at lower frequencies, but they should have a
marginal effect on the population of sources detectable by
current ground-based detectors. In a forthcoming work, we
will explore how further variations of these models could
be used in combination with future observations to probe
some of the mechanisms supposedly at the basis of IMBH
seeding and growth. To test the impact of these prescrip-
tions, we exclude stellar-collision products (model Fgp)
and dynamically formed BHs in the upper mass gap (model
Fst) to assess the impact of these features on the global BH
mass spectrum. As shown in Fig. 16, this assumptions
primarily affect only the high-mass tail at m; > 300M . In
the fiducial model, the fraction of such massive BHs is
f300 = 2.1 x 1073, while, in both models Fgp and Fst, this
fraction is reduced to fip = 3.7 x 107>, Despite this
substantial suppression, the effect on the local merger rate
of binaries with m; > 100M remains negligible, with
Rioe.100 = (0.0073-0.0081) yr~! Gpc=3, since BHs with
masses above 300M contribute only a minor fraction
of the overall population.

4. The impact of spins

Spin amplitude and alignment represent further param-
eters to assess BBH origins, especially in concert with the
binary masses or mass ratios. Binaries with nearly equal
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FIG. 16. Primary mass distribution of all BBH mergers in the
fiducial model (solid blue line), in the model where we do not
include IMBH seeds from stellar collision products (Fgp, dashed
light green line) and in the model where we exclude BHs with a
natal mass in the upper mass gap (Fst, dotted purple line).

masses and aligned spins—i.e., y.¢ > O—are generally
associated with the IB scenario, although supernova explo-
sions during the BH formation can tilt the spin vectors (e.g.,
[159,160]). However, similar features are also associated
with formation in an AGN disk [161,162], unless BBHs
retain a significant eccentricity [163]. BBHs formed
through dynamical processes, instead, should feature a
broad mass spectrum and spins isotropically oriented in
space, leading to a y.4 distribution peaked around O.
Additionally, BBHs involving high-generation BHs are
characterized by spins peaking around ~0.7, and mass
ratios ¢ < 1.

Hence, different formation channels leave fingerprints in
the global spin parameters distributions that could help
untangling them. For example, we have shown in Fig. 4
how dynamical mergers contribute to the broadening of the
Xeir distribution toward negative values, and to the develop-
ment of a small peak around y, ~0.65-0.7 due to high-
generation mergers. Nevertheless, some of these features
may be significantly influenced by BH natal spins.
Figure 17 shows the distribution of y.¢ and y, for mergers
occurring at z < 2 in model Fmxl in which natal spins
follow a Maxwellian distribution with 6, = 0.2.

We see that a clear difference between dynamical and
isolated mergers is still visible in the y. distribution.
However, the adoption of a Maxwellian distribution for all
BH natal spins reduces the probability for multiple mergers,
as BH remnants receive larger kicks compared to the
fiducial case (in which BHs can have zero spins at birth
depending on their formation history). This results in the
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FIG. 17. Distribution of primary masses (top panel), effective
spin parameters (central panel) and precession spin parameters
(bottom panel) for mergers at z <2 in model Fmxl, which
assumes a Maxwellian distribution with 6, = 0.2 for BH natal
spins. The red shaded areas identify the overall distribution, while
open steps split the population into different origins: nuclear
clusters (light green), globular clusters (green), young clusters
(blue), and isolated binaries (purple).

absence of the bump at y, ~0.6-0.7, which is instead
present in the fiducial model. In these regards, it is
interesting to note that GWTC-4 results suggest a skewed
distribution for y.; asymmetric around zero with support
for positive values, and a y,, distribution peaking around
Xp ~=0.2-0.4, albeit the uncertainties related to the infer-
ence procedure [94].

Intrinsic correlations between spins and masses may
translate into dependencies in the observable parameter
space. For example, analysis of GWTC-4 data suggests a
weak anticorrelation in the g — y.; plane, although its
statistical significance has reduced with respect to
GWTC-3 [93,94].
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FIG. 18. Same as Fig. 11, but for model Fmxl, which adopts a
Maxwellian distribution for BH natal spins.
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FIG. 19. Mass ratio (x axis) and effective spin parameter (y
axis) distribution for the fiducial model (blue solid contours) and
for model Fmxl, which assumes a Maxwellian distribution for BH
natal spins (red dashed contours). Contour plots identify, from the
faintest to the more vivid lines, the first, fifth, tenth, 25th, and
50th percentiles of the distribution.

In Fig. 11, we have shown that BBHs with a primary
mass > 45M, which according to our fiducial model
exhibit a nearly flat mass ratio, have a distribution in y; that
strongly depends on whether the primary underwent
previous mergers or formed from stellar evolution proc-
esses. Figure 18 shows the same distributions for BHs with
mass m; > 45M; in model Fmxl. Despite the lower
number of high-generation BHs, even in this model we
find a flat mass-ratio distribution. In contrast, the spin
distribution differs substantially from that of the fiducial
model, although it continues to show a peak around y; ~
0.6-0.8 for high-generation mergers.

We further investigate possible g — y.; correlations
between the two models in Fig. 19. Regardless of the
adopted natal spin prescription, two populations arise in the
q — Yo plane due to their different formation channels. At
mass ratios above ¢ > 0.6, the bulk of the distribution lies
in the range y. = (0-0.4), where mergers from the IB
channel dominate. Dynamical mergers, instead, dominate
the region at ¢ < 0.6, leading to a relatively narrow
distribution of y.y, with the width of the distribution
depending on the adopted natal spin prescriptions.

In Table V we list the percentages of BBHs from the
dynamical and isolated channels falling in different por-
tions of the ¢ — y.¢ in the two models. We only consider
mergers occurring at redshift z <2 and with a primary
mass m; < 200M.

In the fiducial model, approximately 95.5% of BBHs
with ¢ > 0.6 and y.; > 0 are formed through IBs, whereas

TABLE V. Fraction of mergers dissected into formation chan-
nel, mass ratio, and effective spin parameter.

Model F
q <0.6 q > 0.6
Dyn Iso Dyn Iso
Xetr <0 0.998 0.002 0.962 0.038
Xetr > 0 0.757 0.243 0.045 0.955
Model Fmxl

q <0.6 q > 0.6
Xett <0 1 0 0.999 0.001
Xetr > 0 0.851 0.149 0.148 0.852

99.8% of BBHs with ¢ < 0.6 and y.; < 0 have a dynami-
cal origin. Although adopting an alternative natal spin
distribution (model FmxI) alters these fractions, the overall
conclusion remains unchanged. This further highlights the
potential of this combined analysis in disentangling the two
formation channels for low-redshift stellar-mass BBH
mergers.

By restricting the analysis to mergers with a primary
mass m; > 20My, we find that dynamical BBHs com-
pletely dominate the population, representing 82%—-100%
of all mergers. Still, relying on such evidences to assess the
origin of observed sources is not trivial, owing to the large
uncertainties associated with parameter estimation of
observed sources. Among all considered GWTC-4 events,
GW230919 is the only one for which m; > 20M,
q > 0.6, and y. > 0 are confirmed at 90% confidence
level. In our models, 82.1% (model F) and 93.5% (model
Fmxl) of the population in this portion of the parameter
space is populated by dynamical mergers. Similarly,
GW190403 and GW190412 have m; > 20My, g < 0.6,
and y.¢; > 0, hence lying in a region of the parameter space
consisting of dynamical mergers only.

E. Model selection with GW events

In this section, we use GW events to compare different
formation channels through the detectability-weighted
Bayes factor [164,165]

p(det |dyn)
=—— ©)
p(det|iso)

which conditions the Bayes factor, i.e., the ratio of
probabilities to measure the source’s set of parameters 6
given a formation channel (assuming equal prior distribu-
tions),

B p(6]iso)
5= (@ldyn) (10)

083037-21



MANUEL ARCA SEDDA et al.

PHYS. REV. D 114, 083037 (2026)

with the ratio of probabilities that a source is detectable
given the dynamical, p(det|dyn), or isolated channel,
p(det|iso). The factor D accounts for the fact that detected
GW signals belong to the population of detectable sources
[165]. According to our definition, a value of D > 1 (< 1)
implies that the isolated (dynamical) origin is more likely to
produce the GW data, although strong (decisive) conclu-
sion can be drawn only for |InD| > 2.3(5) [166].

To evaluate the probability of having a detectable source
from a given formation channel, p(det |channel), we inject
the population of simulated isolated and dynamical BBHs in
GWFish [167], a code based on the Fisher-matrix approxi-
mation to perform SNR measurements and parameter
estimation of GW signals, and calculate p(det |channel)
as the fraction of sources with an SNR > 8, i.e., the
threshold generally adopted to mark a source as detectable
through matched-filtering searches [168,169].

In this analysis, we consider the set of observables
defined by the primary mass, mass ratio, and effective spin
parameters, i.e., @ = [m, q, y.s;]. We apply the calculation
to the 165 BBHs in GWTC-4 with a p,y, > 0.5, and
consider only mock BBHs with component masses
my > = (3-500)M,, merging at a redshift z < 2.

The distribution of In D for all the GW events considered,
shown in Fig. 20, reveals that almost all sources are
characterized by —3 < InD < 3. In fact, as summarized
in Table VI, we find 133 GW events with a InD in this
range, and only one exceeding the threshold value for a
significant assessment. This implies that, within the fiducial
model, we are unable to draw decisive conclusions about
most mergers. We perform the same analysis either adopt-
ing a larger SNR threshold, SNR > 12, or calculating the
unconditioned Bayes factor in Eq. (10), thus neglecting the
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FIG. 20. Distribution of the detectability-conditioned Bayes
factor In D for all GW events with m; , > 3M and p,g,, > 0.5.

TABLE VI. Number of GW events falling in different ranges of
the detectability-conditioned Bayes factor.
InD
<=5 (=5,-3) (-3,3) (3.5) >5
Ngw 1 13 133 18 0

detectability-conditioned corrections, finding that the main
conclusions of the analysis are not quantitatively affected.

Among all mergers, GW231123 is the only one for
which a dynamical origin is clearly favored over the
isolated scenario, yielding In D = —7.6. In the range —5 <
InD < -3 we find 13 sources, among which GW150914
(InD = -34), GW190519 (InD = —4.2), GW190521
(InD = -3.5), GW230914 (InD = -3.9), and
GW231226 (InD = —4.6). For sources with InD < -3
we also calculate the Bayes factor to compare the sub-
population of dynamical ng + 1g and 1g + 1g mergers. In
this case, we adopt Eq. (10), subtly assuming the same
detection probability for mergers belonging to the same
broad family (i.e., dynamical mergers). The largest values
we found are for GW231123 (In B = 2.1) and GW190519
(In B = 2.0), mildly supporting a ng + 1g origin.

In the isolated scenario, we find 18 sources with a
InD > 3, with the largest value found for GW191204
(In B ~ 5.1). This sample includes GW230627 (In D = 4.8)
and GW231118 (InD = 4.7). We applied the same analysis
to the recently discovered sources GW241011 and
GW241110 [170], whose highly spinning components
seem to support a hierarchical origin. However, we find
inconclusive values, namely In D = 0.6 for GW241011 and
InD = 0.4 for GW241110.

Rather than providing strong evidence in support of one
formation channel or another, our analysis wants to high-
light how the complexity behind astrophysical models can
severely hinder the assessment of the origin of the sources.

Additional parameters, not explored here, may help in
breaking some degeneracies. The orbital eccentricity is
probably one of the most notable example, since the broad
theoretical picture suggests that IBs have nearly zero
eccentricity at merger, whilst dynamical BBHs—which
should form with high eccentricity due to the chaotic nature
of their formation process—should preserve some eccen-
tricity (see, e.g., [15,171]). Nonetheless, the hypothesis that
IBs are circular at merger rests on the assumption that the
common envelope phase efficiently shrinks and circularizes
the orbit on negligible timescales (but see [172]). Similarly,
in order to preserve a non-negligible eccentricity close to
merger, dynamical binaries must form with an initially
large eccentricity and a small (sub-AU) semimajor axis
[171,173,174].

Moreover, measuring eccentricity close to the merger is
nontrivial due to degeneracies with the effects generated by
precession on the signal [175,176]. Future detectors, like
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LISA, will observe BBHs months prior to the merger and
will possibly provide a more robust way to discern between
circular or eccentric binaries (e.g., [177]).

IV. CONCLUSIONS

In this work we used the B-POP code to examine how
different formation channels, isolated evolution of stellar
binaries and dynamical assembly in star clusters, shape the
global properties of the population of BBH mergers. We
conduct a thorough investigation of the various factors
shaping the final BBH merger population, including stellar
metallicity evolution, cluster formation history, primordial
binary fraction, common-envelope efficiency, and more.

Our results show that several features of BBH mergers
population robustly hold within the explored phase space.

First, the local merger rate density fits with the observed
limits, regardless of the binary fraction in star clusters and the
field, the @ common envelope parameter, the formation history
of star clusters, or the formation of upper-mass gap BHs.

Second, all explored models are characterized by a
primary mass distribution exhibiting a prominent peak
around 8 — 10M,, dominated by isolated BBH mergers,
and several smaller peaks at higher masses, dominated by
dynamical binaries.

Third, considering the population of BBHs with a
primary mass > 45M,, we found a nearly flat distribution
of the mass-ratio and a peak around primary spins y; ~ 0.7,
dominated by high-generation mergers, despite the ampli-
tude of the high-spin peak depending on the adopted
prescription for BH natal spins.

Fourth, the classification of single GW events based on
their parameters appear to be ambiguous for the vast
majority of the sources, owing to the complex and non-
trivial relations among all the physical parameters at play.

Other features, instead, can vary depending on the model
assumptions. Clear examples are the shape of the y.q and
X p distribution, or the amount of sources with masses in the
IMBH mass range. Obtaining robust observational con-
straints on these quantities may help in identifying unre-
liable sets of initial conditions. For example, the
comparison between observed and modeled y.; distribu-
tion suggests that a Maxwellian distribution for BH natal
spins is too simplistic and cannot capture the complex
physics regulating BH formation.

In the following, we summarize in detail our main
results.

(1) The metallicity of stellar progenitors strongly affects
the BBH primary mass spectrum both in isolated and
dynamical mergers. In metal-poor environments, Z <
0.1 Z, the primary mass of dynamical mergers can
attain values as large as m| . = 10%,10°,10’M, in
young, globular, and nuclear clusters, respectively,
owing to the formation of massive stellar collision

(i)

(iii)

(iv)
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products and the onset of hierarchical BH mergers.
Stellar winds and pair instability supernovae inhibit
the formation of such massive BHs in environments
more rich in metals (Fig. 1).

The estimated local merger rate is in the range
Rioe = (17.5-24.1) yr=! Gpc3, which is consistent
with LVK inferred limits. The largest variations are
induced by the adopted common envelope acg
parameter, the fraction of binary stars initially present
in star clusters, and the globular cluster formation
history. The merger rate clearly increases up to
redshift z ~ 3—6 and subsequently declines, following
the redshift evolution of the star formation rate
adopted to model different environments (Figs. 2-3).
The BBH merger fiducial population naturally re-
produces the primary mass, mass ratio, and effective
spin parameter distributions inferred from GWTC-4
data. At redshift z < 2, the primary mass distribution
in the fiducial model is characterized by a prominent
peak at my ~8.6M and secondary peaks around
20,25,35M . The primary peak is due to isolated
binaries, while the bump is determined by dynamical
mergers, which constitute 95% of all mergers with
m; = (30-40)M,. The mass ratio distribution is
broadly consistent with LVK predictions, although
we find several peaks around g ~ 0.6-0.9 rather than
a smooth increasing trend. At g > 0.6, 86% of
mergers form from isolated binaries, whilst at lower
values dynamical mergers represent 90% of the
population, hence suggesting that the mass ratio
could be a clear indicator of a BBH origin. In terms
of spins, the effective spin parameter is well repre-
sented by a narrow distribution skewed toward
positive values. This distribution owes to the mild
alignment of spins adopted for isolated binaries (thus
implying y. > 0) and the fact that they dominate the
global population (Figs. 4 and 7).

At larger redshifts, the features at m; < 50M,
remain, while the tail at high masses is populated
by objects with masses up to m; < 10°M. The
median binary mass is nearly constant out to redshift
7 <5, My yeq ~ 19M g, consistent with the nonevo-
lution of the binary mass inferred from GWTC-4
data. At z > 5, the median mass increases owing to
the larger fraction of dynamical mergers and the
development of more massive BHs forming in
metal-poor environments. This evolution slightly
changes if we assume a common-envelope param-
eter acg = 5. In this case, the fraction of dynamical
mergers is much larger compared to other models,
leading the median binary mass to initially increase,
reaching a peak around z ~ 5-6, and rapidly drop
beyond this redshift value. The median effective
SPIn, Yefr.mea dOES NOt evolve appreciably, attaining a
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)

(vi)

(vii)

stably positive value around ygs neq = 0-0.3 out to
redshift z = 15.

A substantial fraction of mergers, f,,~0.047-
0.112, involve high-generation BHs with masses
up to 10°M , depending on the environment and the
initial conditions. These hierarchical merger prod-
ucts are characterized by a nearly flat mass spectrum
and a peculiar spin distribution that exhibits a peak
around 0.6-0.8, as expected by numerical relativity.
High-generation mergers locate in a peanut-shaped
region of the plane defined by the effective spin
parameter and the precession spin parameter. This
region, roughly boxed between y. = [—0.2,0.2]
and y, =[0.6,0.8] is poorly populated by first
generation mergers, hence suggesting that sources
with spin parameters falling in these ranges may
have a dynamical origin. We compared the mock
distribution with the inferred y.y, y, of some
sources for which a dynamical origin has been
invoked: GW231123, GW241011, GW241110,
GW190521, GW150914, and GW190412. We find
that only GW190521 has spins compatible with the
ranges above, and GW231123 possibly belongs to
the population of mergers with a primary of gen-
eration > 2 (Figs. 10-13).

Within the explored parameter space, the features of
our BBHs are robust. Common envelope physics has
the largest impact on the population, affecting the
height of the primary mass peak and the mutual
fraction of dynamical and isolated mergers. A large
primordial binary fraction in star clusters and the
inclusion of stellar collision remnants affects mainly
the population of mergers with a primary mass
my > 100M, hence determining the fraction of
mergers involving an IMBH and their mass distri-
bution. Spins mostly affect the fraction of repeated
mergers and the effective spin and precession spin
distributions. In a physically motivated model, y.g
follows a skewed distribution with support for
positive values, whilst the assumption of a common
Maxwellian distribution for BH natal spins leads to a
more balanced distribution peaking at positive val-
ues (Figs. 14-18).

Combining the information on mass, mass ratio, and
spins, we find a region of the g — y.; Where one
formation channel clearly dominates over the other.
In general, binaries with ¢ < 0.6 (> 0.6) and y. <
0 (yerr > 0) are more likely to form in a dynamical
environment. More specifically, considering the
semiplane ¢ < 0.6 and y.; <0, ~99.8-100% of
all mergers are dynamical, while in the case of
g > 0.6 and y . > 0, ~85.2%-95.5% of all mergers
are from isolated binaries (Table V, Fig. 19).

(viii) We use our mock catalog to determine the likelihood
of different formation scenarios for the list of GW
events with p,q, > 0.5 in GWTC-4, by computing
the detectability-weighted Bayes factor, D, between
the isolated and dynamical channel. We find con-
clusive evidence (|InD| > 5) only for one event,
GW231123, for which our model supports a dynami-
cal origin. A strong evidence (2 < |InD| < 5) in
support of a dynamical (isolated) origin is found for
13 (18) GW events, while for the remaining 133
sources the analysis led to inconclusive results. Rather
than finding the origin of GW events, our analysis
highlights how complexities in the underlying astro-
physical processes can limit our ability to determine
the origin of GW sources (Fig. 20 and Table VI).
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APPENDIX A: THE B-pop CODE

The B-POP [12,13,17] code is a semianalytical software to
model BBH mergers forming from IBs and dynamical
interactions in YCs, GCs, and NCs. The code implements
several recipes to initialize the cosmic star formation,
metallicity, star cluster masses, and sizes; their long-term
evolution; natal mass, spin, and kick of stellar BHs;
properties of dynamically formed binaries; and mass of
BHs formed from stellar collisions and interactions.
Moreover, B-POP handles multiple generation mergers in
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star clusters using numerical relativity fitting formulas to
calculate the merger remnant mass and spin [76] and
gravitational recoil [77-80]. This enables the user to create
a synthetic universe filled with an heterogeneous popula-
tion of BBH mergers formed in different environments. We
refer the interested reader to [13,17] for further details
about the code features.

Recently, we upgraded B-POP to improve the treatment of
the cosmic star formation history for different environments,
the metallicity distribution and its dependence on the
redshift, the dynamical evolution of star clusters and their
initial properties, and to consider BHs forming in the IMBH
mass range or inside the so-called upper-mass gap, i.e., the
region of the mass spectrum within 60 — 300M , where BH
progenitors are expected to undergo PISN or pulsational
pair instability supernova, hence leaving no remnant or
collapsing to a final BH with mass (40-60)M, [23,82]. In
the following, we briefly describe how B-POP works and its
new features. Figure 21 sketches B-pOP workflow.

BH masses are drawn from precompiled catalogs of
single BHs and BHs in binaries generated with a population
synthesis tool. Previous works relied on catalogs generated
with Mobse [180—182], while in the present work we used
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The population of dynamical binaries is trickier. B-POP
assigns to the binary a semimajor axis, eccentricity, and
component masses, taking into account the possibility that
a BH formed from a single star or in a binary system, and
all the relevant dynamical processes that contribute to BHs
pairing and coalescence, with the corresponding time-
scales. Even in this case, each BBH has component spins
and spin alignment drawn from the adopted distribution.

Alongside the formation process, B-POP takes also into
account the evolution of the host cluster, which affects the
time it takes for the BBH to form, shrink, and merge. If a
dynamical BBH does not merge within a Hubble time, it is
stored in a dedicated catalog. If it merges inside the cluster
and the remnant’s kick is smaller than the host cluster
escape velocity, the BH can pair again and undergo
multiple mergers. B-POP adopts numerical relativity fitting
formulas to calculate remnant masses and spins [76], and
postmerger recoil kicks [77,79,80].

In the following Subsection, we describe in more details
the various modules of the code that have been upgraded
with respect to the previous version [13,17].

1. Stellar evolution of single and binary stars in B-POP

In B-POP, the masses of BHs are drawn from precompiled
catalogs containing remnant masses for single and binary
stars. In this work, we rely on a catalog generated with the
SEvN population synthesis code [21,22,81], assuming a [85]
initial mass function for single stars and following the setup
described in [21] to draw initial binary properties. The
catalog consists of 107 single stars and 107 binary stars
simulated for 12 different values of metallicity in the range
Z = 107* = 0.03, for a total of more than 2 x 10% compact
object progenitors. To explore the impact of a common
envelope on the overall BH distribution, we assume two
values of the common envelope efficiency parameter,
a = 1-5, a rapid core-collapse supernova scheme [183],
and the pair instability supernova/pulsational pair insta-
bility supernovae described in [91,184] based on models
by [185].

BBH mergers forming from IBs are extracted directly
from SEvN catalogs and characterized through the compo-
nent masses and delay time, i.e., the time elapsed from the
formation of the two stars to the final BBH merger. For
dynamical mergers, instead, we consider only BHs with a
natal kick smaller than the cluster escape velocity. For this
subsample, we calculate the delay time as the time required
for the two stellar progenitors to form, turn into BHs, find
each other to form a tight pair, and harden up to the point at
which a further interaction either kicks out the binary from
the cluster or shrinks the binary sufficiently for GW
emission to become the dominant mechanism driving the
binary evolution. All the aforementioned phases are mod-
eled through their associated timescales, and at each new
timestep the timescales are used to update the star cluster
mass and radius to ensure self-consistency between the

dynamical evolution of the BBH and its parent cluster. All
dynamical interactions affecting the formation and merger
of compact binaries are assumed to occur in the cluster
core, where interactions are harder and more frequent. At
formation, the semimajor axis aggy of dynamical BBHs is
drawn from a Gaussian distribution peaked around the
hard-binary separation with dispersion ¢ = 0.3 and the
further constrain agpy > 0, while the eccentricity is drawn
from a thermal distribution, i.e., p(e)de x ede.

Unlike the vast majority of other semianalytical codes, B-
POP enables the users to include masses, orbital parameters,
formation time, and natal kicks of BHs formed not only
from single stars, but also from binary stellar evolution
processes. The probability that a BH formed from a single
star or in a binary system is regulated through the f,;,
parameter, such that f ;. = 0 (1) implies that BHs are only
produced by single stars (stellar binaries) (see also [13,17]).
In some sense, [ represents a proxy to the primor-
dial binary fraction in star clusters. In this work, we adopt
Smix = 0-0.5 - 1.

Even taking into account the evolution in binary stars,
our catalogs cannot include BHs from progenitors that
suffered from dynamical interactions before stellar evolu-
tion processes took place. This can include stellar merger
products from prompt stellar collisions, evolution in stellar
triples or close interactions, or matter accretion in dynami-
cally formed binaries. The main effect of these processes is
to produce BHs in the mass gap (see, e.g., [40,83]). To take
into account this further feature, we combine results from
state-of-the-art N-body simulations to derive a metallicity-
dependent parameter that represents the probability that a
BH has a mass in the range 60 — 100M, i.e.,

—0.089Z2

This relation reproduces the probability for a BBH to have
at least one component with a mass in the upper-mass gap
as found in [83]. Additionally, we follow results from [40],
and assume that the fraction of BBHs that merge and have
at least one component, or both, in the mass gap is
Pow.1gp = 0.269 and pgw 2ep = 0.154, respectively. This
choice leads to a probability for a star cluster with a
metallicity Z = 0.0002 (0.02) of having a BBH merger
with at least one component in the gap to be ~8% (0.2%).
This model is labeled as DC19 in B-pOP. Alternatively, the
power-law (PWL) model enables the user to define p,, and
to assign BHs a mass drawn from a power law with user-
defined slope and boundaries (see Table I).

The inclusion of BHs forming in the upper-mass gap
through the interplay between stellar dynamics and evo-
lution is still unable to capture additional pathways that can
lead to the formation of IMBH seeds. For example, we
expect that multiple stellar collisions in dense clusters can
drive the formation of a VMS that eventually collapses to
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an IMBH with an initial mass > 100M, as observed in
several state-of-the-art numerical simulations [87-89].

In our fiducial simulations, we assume that a VMS can
form in f,,s = 0.2 of all clusters with an initial mass
> 10°M, a density > 10°My pc™>, and a metallicity
7Z < 0.001.% In such a model, referred to as Bifrost and
based on recent findings by [89], we assume that the VMS
terminal mass is given by

Myms = min(2 x 10*M g, 0.02m,), (A2)
and the resulting IMBHs have a mass mn, = 0.971
[91]. Alternatively, B-pOP implements two further options.
In the PWL model, a user can define f,,,, and assign the
resulting IMBH a mass drawn from a Power-Law distribution
with user-defined slope and boundaries. In the DENSITY
model, the user has the same freedom as in the PWL model,
but VMSs are assumed to form only in a fraction f,, of
clusters denser than 3 x IOSMO pc3 [100].

2. Black hole natal spins

The origin and properties of stellar BH natal spins are
still unclear, but several recent works suggested that there
may be a dependence on the last stages of stars’ life, the
possible evolution in a binary system, and the spin. B-POP
implements several choices to distribute BH natal spins.
Following [14], in the fiducial model presented here we
assume that first-born BHs in stellar binaries and BHs from
single stars have negligible spins (see [92]), while for
second-born BHs we assume a spin randomly distributed
between 0 and 1 (see, e.g., [186]). The latter assumption is
also used to assign spins to BHs from stellar collisions and
those in the upper-mass gap, assuming that the complex
physical processes leading to the formation of the BH
progenitor can preserve a substantial amount of angular
momentum that is not dissipated during BH formation
[187]. Alternatively, users can also select: a Maxwellian
distribution with user-defined dispersion, a Gaussian dis-
tribution with user-defined mean and dispersion, a mass-
dependent relation as defined in [23] or [188], or zero
spin [92].

Spin alignment is characterized through the polar angle
0; between the ith BH spin vector and the angular
momentum. In B-POP, @ is assigned to each BH assuming
either a uniform distribution in cos@ or a cumulative
distribution in the form [12,17]

1
Py = 3 [cos @ + 1]+t (A3)
where the ny parameter determines the probability that the
spin vectors are aligned within a certain discrepancy.

8The latter condition is based on the fact that more metal-rich
stars are expected to avoid PISN and collapse to BHs with a mass
~20-30M, regardless of the mass of the progenitor [91].

In typical fiducial models, we adopt a flat distribution
for dynamical BBHs, while for isolated binaries we adopt
the Py distribution, assuming ny = 8, which implies a 20%
(55%) probability to have 60, , differing by less than 5(20)
percent. The azimuthal angle ® between the spin vectors,
instead, is assumed to be isotropically distributed.

3. Star cluster dynamics

Following our previous papers [13,17], the initial mass of
the cluster is assigned according to the mass distribution of
observed GCs [189] and NCs [190], and further assuming
that the YC mass distribution resembles that of GCs but is
shifted to lower values by 2.5 dex. Similarly, the initial
value of the half-mass radius is assigned according to
observed clusters (see, e.g., Fig. 4 in [17]). To take into
account the fact that most observed clusters underwent slow
expansion driven by internal (e.g., two-body relaxation) and
external (e.g., tidal heating from the galactic field) proc-
esses, in the fiducial model we reduce the initial value of the
half-mass radius by a factor extracted between 2 and 20
(e.g., [89,100]).

B-POP takes into account the dynamical evolution of star
clusters by modeling the time variation of the bound mass,
mass in the core, and half-mass and core radii. Given the
initial cluster mass m,, its time evolution is modeled as

t\ ki t
SN CRA LTIV S
cl,bnd cl.0 ( ty f(mcl,o)trlx

where t = 10 Myr, k; = —0.1, and ¢, is the relaxation
time. The scaling parameter

B My Pona
f(mc].O) = Opnd <106Mo> ’

(AS)

with a,,g = 100 for YCs and 1000 for GCs and NCs, and
Pona = 0.6, which determines how rapidly relaxation takes
over in the cluster dispersal. The chosen parameters
produce a mass and radius evolution in agreement with
the DRAGON-1I N-body simulations and consistent with the
expected life cycle of clusters, as recently described in
[101]. Similarly, given an initial half-mass radius 7y, o, its
evolution is modeled as

t a
Thm = Thm,0 1+t_ )
0/ hm

where tg = 5t..[1 + (rymo/1 pc)] and the slope is selected
in the range ay,,, = 0.15-0.25 at any time step. This relation
is tailored to represent the half-mass radius evolution
observed in DRAGON-II simulations.

Similarly, the time evolution of the core mass and radius
is modeled as

(A6)
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T ﬂcore
Meore = Xeoreel,0 <OCT;> ’ (A7)

where .. = 0.03, and f .. = 0.4 if t < 2t or Poore =
1/1.3 otherwise, and

max (?min,0.2<1 — 5t >0'53> t <21,

P ?min + OZ(i - 1)1/4
Foin — 0.8 + (5= — 1)003

2t.. <t < 5t
t > St
(A8)

The maximum contraction 7., is determined by the
formation of hard binaries that halt the core collapse and
revert the process, driving the core rebound [191-193].
This generally happens when a handful of stars are in the
core [193], but in our semianalytical approach such number
is i1l defined, as we cannot follow the cluster evolution on a
star-by-star basis. We leverage on the concept of influence
radius, which is the region of the cluster in which an object
with mass m,,, or a collection of objects with total mass m,,,
dominates dynamics (e.g., [194,195]), assuming a velocity
dispersion >

Gm,
Finf = .
in 0_2

(A9)

We also rely on the wandering radius, i.e., the region in
which interactions with cluster members displace an object
from its position (e.g., [196,197])

(m.)
Fwan = R. m* ,
0

(A10)

where (m,) is the average stellar mass in the cluster. The
object will settle in the cluster center and dominate
dynamics if riy¢/ryan < 1, i.€., when

1/3142/3
mOZmo*Em*/ MC/.

(A11)
Substituting m,,, in the equation of the influence radius, and
considering that 6> ~ GM_/R,, we obtain the minimum
influence radius

(Al12)

and assume that this quantity represents a proxy to the
minimum core radius, below which dynamical interactions
halt and revert the collapse. The scheme above guarantees a
smooth evolution of both global and central cluster quan-
tities, as shown in Fig. 22 for two example clusters.

106 ' ' '
105 | ﬁ
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FIG. 22. Time evolution of cluster properties in B-POP. Top
panel: evolution of bound mass (red straight line) and core mass
(black dashed line). Bottom panel: evolution of half-mass radius
(red straight line) and core radius (black dashed line). The gray
dotted line marks a Hubble time. The initial cluster is assumed to
have an initial mass of 10°M, and a half-mass radius of 1 pc.

4. Black hole binary formation through
dynamical interactions

In B-POP, we assume that the BH reservoir is comparable
to the number of BHs inside the cluster half-mass radius

Nohs = JohS retenS enctM c» (A13)

where fpy = (8 £0.8) x 10™* is the fraction of stars
that evolve in a BH according to a Kroupa initial mass
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function [85], feen = (0.5 £0.3) is the retention fraction
of BHs [30,198], and f., is the fraction of cluster mass
enclosed within the cluster scale radius, to which we
associate a 10% uncertainty to mimic the combined effect
of mass segregation and cluster contraction and expansion.

Every time two BHs pair, ny,, is decreased accordingly.
In the case of repeated mergers, the merger chain is halted if
the BBH or the merger remnant are ejected from the cluster,
the new BBH has a merger time longer than the Hubble
time, or the BH reservoir is emptied.

Pairing and hardening processes in B-POP are treated
through a series of characteristic timescales, which are
updated accordingly to the evolution of cluster masses and
radii. In the following, we briefly sketch how dynamics is
treated in our code.

To calculate the delay time of dynamical mergers, for
each BBH we first extract the cluster formation time, #,;,
from the adopted star formation rate.

We then select the maximum lifetime of the progenitors,
tyieth» from the stellar evolution catalog. The two BHs drift
to the cluster center via dynamical friction over a time-
scale [193,199]

10m,\ [/ r\ 170 frel
tgg =042 G — , Al4
. yr( Mmco ) (”h) (4'2 Gyr) ( )

which depends on the average stellar mass m,, the mass of
the drifting satellite mcq, its position inside the cluster r,
and the relaxation time 7, [193,200],

15 ry 3/2 Mc
fe =42 G T ) ENONE
el " <log A) (4 pc) omy AP

where log A represents the Coulomb logarithm. Although
generally 74 > f,;, it 1S also possible for BH progenitors
to reach the cluster center before evolving into BHs.
Therefore, we add to f,, the maximum between the stellar
lifetime and the dynamical friction timescale.

Once in the center, two BHs can pair up either via the
interaction of three unbound bodies, which occurs over a
time 13pp [27]

106Mgpe\ 2 9
typ = 4 Gyr <Opc> (C'l GC)

De 30 km/s
X <m* 1
mco

92/ 10 \ -5
) ()
mco

or via interaction between a single object and a binary,
characterized by a timescale #,, [31,201]

(A16)

0.01\ /10°pc3
tbs:3Gyr<>( pe >
fb ne

" < o, )( 10M o
30 k[n/S ah<M1+M2+mp)

). (A17)

As shown in the equations above, the interaction rates
and associated timescales crucially depend on the cluster
number density (n.) and matter density (p,.), and the cluster
velocity dispersion (o,.).

The binary-single interaction rate depends on the binary
fraction f,, the { < 1 parameter, which is a proxy to the
level of energy equipartition in the cluster, and the typical
mass of the perturbers m,,. Interactions involve hard
binaries, with a binding energy larger than the cluster
average kinetic energy. This condition implies that hard
binaries have a semimajor axis smaller than the threshold
value

M, + M, /30 km/s)2
ath9AU< 1+ 2)( m/s>,

30M o o,

usually referred to as hard-binary separation. In B-pop, BBH
semimajor axes are assigned either according to a Gaussian
distribution centered around «;, with a user defined
dispersion, or a flat distribution between 0.1 and
0.3 AU, following a setup similar to the one explored by
[173,202]. The BBH eccentricity, instead, is drawn from a
thermal distribution. Despite the limited choice available in
the current version of the code, further recipes to initialize
the BBH orbital parameters require minimal intervention
on the code.

We take into account the uncertainties associated to the
cluster mass and half-mass radius distributions, the cosmic
star formation rate, and the small-scale physics regulating
star cluster formation in galaxies by extracting each of the
timescales listed above from a Gaussian distribution
centered around the nominal value with a dispersion
of 10%.

The time needed for a hard binary to form is thus given
bY thara = tror + MaX (fyirtn, far) + MIN(3pp, fog) + fex:

Hard binaries spend most of their lifetime involved in
binary-single interactions over a timescale [31,203]

, _0.02 Gyr (10°pc™ (o,
== n, 30

1 .05 A 2
» Om, (005 U)( 0 ) (A18)
M1+M2 ay M1+M2

As the binary hardens, new interactions become rarer
and more violent, slowing down the hardening rate and
impinging a Newtonian recoil on the binary center of mass.
If the recoil exceeds the cluster escape velocity v, the
binary is ejected from the cluster. This can happen if the
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semimajor axis of the binary falls below a critical value a.;,
defined as

2
ag =0.07 AU oy < Vese

-2
(M1—|—M2+mp)(M1—|—M2) 50km/s> ’
(A19)

where y = MM, /(M + M,) is the reduced mass of the
binary system. Otherwise, the binary semimajor axis
shrinks until it reaches a critical value below which GW
emission becomes the dominant hardening mechanism, i.e.,

a 005AU<M1+M2>3/5 (My/M,)'/>
gw — Y

20M (14 My/M, )3

o, /5 (10°M gpc=3\ /3

X .

30 km/s Pe

The competing action of dynamical hardening, Newtonian
recoil, and GW hardening is determined by these two
quantities. If a;; > a,,, the next interaction will likely eject
the binary from the cluster. Otherwise, the binary will keep
shrinking until it merges inside the cluster. The timescale

for a hard binary to reach the critical semimajor axis a.; =
max(aej, agw) is [31,204]

(A20)

my + my

lei = 5ty (A21)

p

If the binary is prone to ejection, aej > dgy, in B-POP we
recalculate the binary eccentricity and the GW-driven merger
time, 4,,, computed via the [205] formalism. If 7,,, < 7.4 we
label the binary as in-cluster merger and assume its merger
time to be 7, = 1,y,, because the eccentricity change driven
by interactions drives a prompt merger of the binary before it
gets ejected from the cluster. Otherwise, we label the binary
as ejected and its merger time is given by fner = i + Loy-
Finally, if a < a,,, we assume that the binary merges
inside the cluster, assigning to the binary a merger
time fier = fogi + Loy

Figure 23 shows the fraction of mergers that occur inside
the cluster, f;,, for a population of GCs simulated with
model AS20, which assumes a Gaussian distribution for
semimajor axes with dispersion ¢, = 0.3 or a flat distri-
bution in the range 0.1-0.3 AU, and that all GCs have a
metallicity Z = 0.0002 and formed either at a redshift z >~ 2
or z ~20. We compare B-POP models to self-consistent N-
body and Monte Carlo simulations representing low-mass
young clusters [39,206] and young massive and globular
clusters [35,40,41]. The values of f;, calculated for N-body
simulations take into account only BBH mergers triggered
by dynamical processes. The clear difference among differ-
ent N-body models likely depends on the masses and
densities explored, the initial fraction of binaries, and the

14
=== Ziomm = 20 @ Torniamenti+22
=== Zform =2 ®  Arca Sedda+24
121 . S+17 ® Barber+25

®  Rodriguez+19

f in

0.0

10! 10
Vese [km /]

FIG. 23. Fraction of mergers occurring inside the parent cluster
as a function of the initial cluster escape velocity. B-POP models
assume [, = 0.5, a Gaussian distribution for the semimajor
axis with dispersion o, = 0.3, and either a fixed formation time at
t; = 10 Gyr (straight purple line), a fixed formation redshift at
z¢ = 4 (dashed blue line), the MF17 star formation rate (dotted
green line), even assuming an alternative, flat, distribution for the
BBH semimajor axis limited between 0.1 and 0.3 AU (dot-dashed
black line) inspired by [202]. Points represent N-body and
Monte Carlo simulations by [35,39-41]. The error is calculated
assuming that both the number of in-cluster mergers and total
number of mergers are characterized by Poissonian statistics.

possible presence of an external tidal field. In the case of a
Gaussian distribution for semimajor axes, B-POP models
seem to balance the differences among N-body models,
underpredicting the fraction of in-cluster mergers in low-
mass or low-density clusters, with v ~ O(10 km/s), and
slightly overpredicting f;, for lighter or sparser clusters.
The choice of a flat semimajor axis in the range 0.1-0.3
AU [S + 17, [202] ] limits the BBH sampling to relatively
tight systems that are mostly affected by dynamics but may
represent a small population compared to the general
population of BBHs in star clusters. We see that in this
case f;, sensibly increases, but remains compatible with
results from self-consistent simulations [39,41]. Given the
subtle assumptions on which both semianalytic and N-body
simulations rely, it is not surprising that Fig. 23 does not
show a perfect match among different results, but it serves
to demonstrate that the simplistic approach used to model
dynamics in B-POP leads to a reasonable ratio between in-
cluster and ejected mergers.

According to the implemented procedure, the delay time
of dynamical mergers is thus given by #4.; = fhard + fmer 1f
t4e1 18 larger than a Hubble time (#;;) we discard the BBH
and proceed to the next one. If ¢4, < iy, the BBH merges
and the final mass, spin, and GW recoil kick are calculated.
If the kick is larger than the cluster escape velocity B-POP
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halts the integration and proceeds to the next BBH. If
Vgw < Ve, the remnant is displaced from the center to a

maximum distance ry = r), \/ Vgse/ (Ve — vaw)? — 1 (see,

e.g., [74,207]), and it is assumed to drift back to the cluster
center over a dynamical friction timescale.

At this point, we assign a companion to the remnant and
recalculate all the dynamical timescales described above to
check if the new BBH merges within a Hubble time. The
procedure is iterated until either all BHs in the cluster are
consumed in the same merger chain, or the BBH or its
remnant are ejected, owing either to Newtonian (ag; > dgy)
or relativistic kicks (vgy > Vegc)-

All equations above critically depend on the cluster
structural properties, which change over time due to cluster
relaxation and external processes. In B-POP, we model the
cluster evolution according to the set of equations described
in the previous Section, and adopt a recursive method to
update the cluster mass, radius, density, and velocity
dispersion at the end of every phase determining the
dynamical evolution of BBHs. This inevitably affects the
BBH delay time, possibly leading to the termination of a
merger chain according to the criteria described in the
previous paragraph. Additionally, the merger chain is
halted if the cluster mass falls below 10M,.

5. Star formation cosmic history for
different environments

To determine the cosmic evolution of BBHs, we need to
make assumptions on the SFR of the environments in
which BBHs form.

In the case of IBs, we adopt the broadly used SFR
derived by [102] (hereafter referred to as the MF17 model)

~0.01(142)*°
L4 [(1+2)/3.2]°2

wmr17(2) Mg yr'Mpc™.  (A22)

This relation is also adopted to model the cosmic evolution
of BBHs forming in YCs, following the observational
evidence that YCs are generally found in galactic discs and
have metallicities that are compatible with the local
metallicity gradient of the host galaxy (e.g., [208]).
Modeling the SFR of GCs and NCs is more complex,
owing to the uncertain evolutionary pathways of these
stellar systems. For GCs, we rely on the recent results
of [105] (hereafter referred to as the EB19 model),
according to which the formation of Galactic GCs can
be compatible with a redshift-dependent Gaussian distri-
bution (see also [16]), i.e.,
We19(2) = Boc expl—(z — z6¢)*/(206¢)?]- (A23)
The scaling values Bgc,Zge,0ge are rather uncer-
tain (see cfr. [16,105]), owing to the uncertainties in
GC formation physics. Here, we either assume

Bge = 1.2 x 107*Mg yr= ' Mpc™3, z5c = 4.5, ogc =2
[105], or Bge =2 x10™*Mg yr™! Mpc™3, zge = 3.2,
oGCc — 1.5 [16]

For NCs, instead, we assume either that they form in situ,
i.e., they grow in the center of the galaxy during its growth
(e.g., [209,210]), or through the collision and merger of
massive clusters, the so-called dry-merger scenario
[106,107,109,211]. In the case of in situ formation, we
assume the same SFR in Eq. (A22), rescaled by a factor
fnc = 0.0005. Note that this is a typical value for the
observed NC-galaxy mass fraction in Milky Way-sized
galaxies [104], but it could be considerably larger in dwarf
galaxies, up to fyc = 0.01. In the case of dry-merger
formation, we assume a Gaussian SFR as in Eq. (A23)
(see also [16]), assuming in this case a scaling factor
Bne =5x 107 Mg yr~'Mpc=3, and zyc = zZges One = OG-

To distribute BBHs across different channels and calculate
the corresponding merger rate density, we assume that the
CSFR is well described by Eq. (A22), i.e., Wi = WMmE17
[102], and that it is given by the sum of the SFR for single
stars and IBs, and the SFR of different star cluster types, i.e.,
Vit = ¥s T Wi + Wayn, With yay, = yye + yee + wne.

To ensure that the total CSFR is preserved, we weight the
SFR of different channels as follows. We first consider the
SFR for YCs, wvc, as

Yyc = max [O, min <fYCv 1- w> } Vi (A24)
tot

where fvc = 0.01 represents the fraction of star formation
that goes in bound YCs (e.g., [204]).
Similarly, the SFR of IBs is modeled as

Yip = max {07 min <f B 1 — Wdyn)] Yiot> (A25)
%

tot

where f1g roughly represents the fraction of field stars born
in binaries.

In the extreme case that all field stars form in bina-
ries, fig =1, the difference w— (Y +Wyc +Wge+
wne) =0. If, instead, fig <1, this difference returns
roughly the fraction of single stars in the field, owing to
the little impact of star cluster formation on the total CSFR.

Given the adopted relation between the CSFR and the
characteristic rate of different channels, the parameters fig
and fyc can be used to reweight the mutual contribution of
different channels to the CSFR, and consequently to the
BBH merger rate, without the need to run additional
simulations.

6. Metallicity distribution

In B-pOP, the metal enrichment in galaxies as a function
of the redshift is modeled via the functional form [14,102]

Log(Z/Zo) = a + p. (A26)
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with  coefficients based on previous works by
[14,102,181,182,212,213]. Note that the choice
a =0.153, f = —0.074, and y = 1.34 correspond to the
[102] model. The dispersion around the mean value is
modeled through a log-normal distribution (see [14,16]),

o { - L082/Z0) - LoeZ/Z0) ),

262
(A27)
where
Z Z
Log{=—) ) = Log( =— A(Z), A28
(1oa(zg)) =renl) e o
and either A(Z) = 0 following [214] or,
In(10)03
A(z) ="z, (A29)

following [16].

Additionally, in the case of GCs, B-pOP implements the
metallicity-redshift relation described in [105,110], accord-
ing to which the metallicity depends on the redshift and the
available stellar mass as

Log (z_ZO> _ {Log (Mﬁ() - 10] + pexp (—yz) — 6.

(A30)

The values of parameters (a, 3, y,5) depend on the con-
sidered galaxy components, being equal to (0.35, 0.93,
0.43, 1.05) for the metallicity of the galaxy gaseous
component, or (0.4, 0.67, 0.5, 1.04) for the stellar compo-
nent. Here we have adopted the parameters characterizing
the stellar component.

The selection of the BBH component masses relies on a
limited number of catalogs, each linked to a specific
metallicity value. In B-POP, the metallicity obtained from
the chosen distribution is matched to the nearest available
value in the catalogs for each BBH. If the selected
metallicity falls outside the range available in the catalogs,
B-POP assigns to the source the corresponding limiting
value. In current runs, our metallicity ranges from
Z =0.0001 to 0.03.

APPENDIX B: THE DEARTH OF MASSIVE
IMBH-BH MERGERS FROM GALACTIC NUCLEI

The apparent, and counterintuitive, lack of massive
IMBHs from NCs in Fig. 4 owes to the procedures
implemented in our code to model IMBH seeding, calculate
the MRD, and extract the catalogs. First of all, we find that
IMBHs from NCs with a terminal mass > 10°M form
only in environments with a metallicity Z < 103, primarily
because we assume no IMBH seeds can form from the
collapse of a VMS if Z exceeds this threshold. Second, the
fraction of mergers from NCs in the fiducial model is
expected to be fo nc ~ 0.038. Third, hierarchical mergers
in these particular environments proceed in a catastrophic
way for the entire lifetime of the cluster, such that in almost
all models the last merger occurs at z < 0.05. Fourth, as
shown in Fig. 24, the contribution to the local MRD from
metal-poor NCs is 10~ times smaller compared to that of
more metal-rich NCs. The combination of all the afore-
mentioned features makes it quite unlikely for BHs heavier
than 10°M, forming in NC to be included in our mock
catalogs.

NC
—_— Z=2x10"
— Z=T7x10"
Z=14x10"2 |

21
10 — Z=2x10"

— Z=4x10"!
100+ — Z=1x10"3

FIG. 24. Merger rate density profile for NCs in the fiducial
model for the overall population (black line), and divided by
metallicity (colored lines), as a function of the redshift. For the
sake of visibility, we only show six values of the metallicity out of
the total 15 adopted values.
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