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A B S T R A C T 

The mass, spin, and merger rate distribution of the binary black holes (BBHs) across cosmic redshifts provide a unique way to 

shed light on their formation channel. Along with the redshift dependence of the BBH merger rate, the mass distribution of BBHs 
can also exhibit redshift dependence due to different formation channels and dependence on the metallicity of the parent stars. We 
explore the redshift dependence of the BBH mass distribution jointly with the merger rate evolution from the third gravitational 
wave (GW) catalogue GWTC-3 of the LIGO–Virgo–KAGRA collaboration. We study possible connections between peak-like 
features in the mass spectrum of BBHs and processes related to supernovae physics and time delay distributions. We obtain a 
preference for short-time delays between star formation and BBH mergers. Using a power-law form for the time delay distribution 

(( t min 
d ) d ), we find d < −0.7 credible at 90 per cent interval. The mass distribution of the BBHs could be fitted with a power-law 

form with a redshift-dependent peak feature that can be linked to the pair instability supernovae (PISN) mass-scale M PISN 

( Z ∗) 
at a stellar metallicity Z ∗. For a fiducial value of the stellar metallicity Z ∗ = 10 

−4 , we find the M PISN 

(Z ∗) = 44 . 4 

+ 7 . 9 
−6 . 3 M �. This 

is in accordance with the theoretical prediction of the lower edge of the PISN mass-scale and differs from previous analyses. 
Although we find a strong dependence of the PISN value on metallicity, the model that we explored is not strongly fa v oured o v er 
those that do not account for metallicity as the Bayes factors are inconclusive. In the future with more data, evidence towards 
metallicity dependence of the PISN will have a significant impact on our understanding of stellar physics. 

Key w ords: gravitational w aves – black hole mergers – cosmology: miscellaneous. 
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 I N T RO D U C T I O N  

ra vitational wa ve (GW) observations bring a wealth of information 
o a broad range of topics ranging from astrophysics, cosmology, 
nd fundamental physics. The first GW detection (Abbott et al. 
016b ) opened a new way of observing the Universe. The latest
easurements from the LIGO-Virgo-KAGRA (LVK)(Gregory 2010 ; 
so et al. 2013 ; Acernese et al. 2014 ; Aasi et al. 2015 ; Abbott et al.
016a , 2018 ; Tse et al. 2019 ; Akutsu et al. 2021 ; Abbott et al. 2021a )
ave detected 90 compact objects that are constituents of binary 
eutron stars (BNSs), neutron star binary black holes (NSBHs), and 
inary black holes (BBHs) (Abbott et al. 2021b ). The observed GW
ources give a direct probe to infer the mass distribution of compact
bjects across a range of cosmic redshifts. The recent measurement 
y the LVK collaboration exhibit that the mass distribution of BBHs
ho ws a po wer -law + Gaussian (PLG) distrib ution (Abbott et al.
019b , 2021b , c , d , e ). Along with the mass distribution, a power-law
odel of the BBHs merger rate is inferred from LVK analysis (Abbott

t al. 2019a , 2021b , c , e , h ). The mass distribution of GW sources and
he merger rate provides a direct way to understand the formation 
hannel of BBHs if an underlying physical model can be inferred 
rom observations. 
 E-mail: suvomu@gmail.com 
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The currently used phenomenological PLG model of mass dis- 
ribution does not consider redshift e volution. Ho we ver, the mass
istribution of astrophysical BBHs is likely to exhibit a redshift 
ependence due to the dependence of the black hole masses on
tellar properties, such as the stellar metallicity (Bethe & Brown 
998 ; Portegies Zwart & Yungelson 1998 ; Belczynski, Kalogera &
ulik 2002 ; Heger & Woosley 2002 ; Dominik et al. 2012 ; Dominik
t al. 2015 ; Mapelli et al. 2017 ; Spera & Mapelli 2017 ; Giacobbo,
apelli & Spera 2018 ; Toffano et al. 2019 ; Farmer et al. 2019a ;
enzo et al. 2020 ; Baxter et al. 2021 ; Mehta et al. 2022 ). One
f the inevitable ways the BBHs distribution can get a complex
edshift dependence is through a time delay acting between the binary 
ormation and the merger. (Mukherjee 2022 ). This delay causes 
he population of BBHs at a given redshift to encode information
f astrophysical processes and channels that were present at a 
ifferent cosmic epoch. The time delay contribution will produce 
 BBH population at a merger redshift z (that is non-trivial to
escribe with simple models) which is composed by black holes 
ormed at different cosmic times with possibly different astrophysical 
ormation channels. The time delay distribution and the dependence 
f the astrophysical processes on cosmic time can lead to a non-trivial
BH merger mass spectrum. 
The mass distribution of BBHs can also play an important role

n inferring the cosmic expansion history (Taylor, Gair & Mandel 
012 ; Farr et al. 2019 ; You et al. 2021 ; Mastrogiovanni et al.
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021a ; Ezquiaga & Holz 2022 ; Leyde et al. 2022 ; Mancarella,
enoud-Prachex & Maggiore 2022 ; Mukherjee 2022 ). As the masses
f the GW sources are redshifted ( m 

det = (1 + z) m ), one can
xpect to infer the redshift from the mass distribution of the GW
ources, if the mass distribution of the BBHs can exhibit a universal
roperty or at least a standardized behaviour. We can break the
ass-redshift de generac y and infer the cosmic expansion history

rom dark standard sirens without applying the cross-correlation
echnique (Oguri 2016 ; Mukherjee & Wandelt 2018 ; Bera et al.
020 ; Mukherjee, Wandelt & Silk 2020 ; Scelfo et al. 2020 ; Ca ̃ nas-
errera, Contigiani & Vardanyan 2021 ; Mukherjee et al. 2021a ;
ukherjee, Wandelt & Silk 2021b ; Cigarr ́an D ́ıaz & Mukherjee

022 ; Mukherjee et al. 2022 ; Scelfo et al. 2022 ) or statistical host
dentification technique (Schutz 1986 ; MacLeod & Hogan 2008 ;
el Pozzo 2012 ; Arabsalmani, Sahni & Saini 2013 ; Fishbach et al.
019 ; Soares-Santos et al. 2019 ; Gray et al. 2020 ; Abbott et al. 2020b ;
021g ; Finke et al. 2021 ; Palmese et al. 2023 ; ). Ho we ver, if BBH
ass distribution exhibits redshift dependence due to its intrinsic

ependence on the delay time distribution, then cosmic redshifts
annot be accurately inferred (Ezquiaga & Holz 2022 ; Mukherjee
022 ), and it can bias the results if the redshift dependence of the mass
istribution is not considered. Exploring the merger rate distribution
o explore cosmology from dark sirens is also studied for the third-
eneration GW detectors (Ding et al. 2019 ; Ye & Fishbach 2021 ;
eandro, Marra & Sturani 2022 ). 
In this paper, we make a first joint estimation of the BBH
erger rate evolution, mass distribution, and metallicity dependance

arameters by allowing for the redshift dependence of the BBH mass
istribution and H 0 . This measurement makes it possible to also infer
he delay time distribution of the BBHs in a consistent framework
long with the cosmological parameters. The paper is organized as
ollows, In Section 2.1 , we discuss the redshift dependence of the
ass distribution of the BBHs and its merger rate. In Section 3 and
ection 4 , we discuss the basic Bayesian framework used in this
nalysis, the results from the joint estimation, and we compare these
esults with the results inferred by the LVK collaboration. Finally,
e conclude the analysis of this work and future prospects in Section
 . 

 M O D E L L I N G  REDSHIFT  D E P E N D E N C E  O F  

H E  BBH  S O U R C E  POPULATION  

n this analysis, we use the following model to describe the distri-
ution of BBHs in terms of their source frame masses m 1 , m 2 , and
erger redshift z m : 

( m 1 , m 2 , z m 

| � ) = p( m 1 , m 2 | z m 

, � m 

, � d , � nuis ) p( z m 

| � d , � c ) , (1) 

here � = { � m 

, � c , � d , � nuis } are a set of population parameters
o v erning the mass model ( � m 

), cosmology ( � c ), time delay ( � d ),
nd a set of nuisance parameters ( � nius ). In the following section, we
xplain in detail each of those terms individually. 

.1 The redshift dependence of the mass distribution: mixing of
lack holes 

he distribution of BBHs observed by LVK spans a range of redshift
nd masses that is currently modelled using different phenomeno-
ogical models out of which the PLG model fits the data the best
Abbott et al. 2019b , 2021b , c , d , e ) but does not explore the redshift
ependence of the BBH mass distribution. In this paper, we explore
ow an astrophysically motivated mass distribution of the BBHs
riginating due to the effect of the time delay distribution agrees
NRAS 523, 4539–4555 (2023) 
ith the GWTC-3 data. The observed mass distribution of the BBHs
s driven by the underlying astrophysical properties of the parent stars
f the individual black hole and the mixing of black holes formed
n different redshifts, both of which lead to a redshift dependence of
he observed BBH mass distribution. 

The redshift dependence of the observed BBH mass distribution
n the mixing of BBH model, which we consider in this analysis, is
ue to three effects, (i) metallicity dependence of the pair-instability
upernovae (PISN) mass-scale, (ii) redshift evolution of the stellar
etallicity, (iii) distribution of delay times between the formation

f the stars that will later become BHs, and for them to merge with
nother black hole. We will briefly describe below all these aspects. 

(i) According to the PISN process, the mass distribution of BHs
s expected to feature a mass gap due to the mass loss of heavy stars
Spera & Mapelli 2017 ; Farmer et al. 2019a ; Renzo et al. 2020 ). The
ass loss during the PISN sets the lower limit of the mass gap at

round M PISN = 45 M �. Ho we ver, M PISN is also closely related to the
tellar metallicity. It was shown (Spera & Mapelli 2017 ; Farmer et al.
019a ; Renzo et al. 2020 ) that M PISN varies less than 10 per cent for
 variation of the stellar metallicity Z from 10 −5 to 3 × 10 −3 from
 1-D stellar evolution model Modules for Experiments in Stellar
strophysics (MESA) (Paxton et al. 2011 , 2019 ). The stars with
igher metallicity have a larger mass loss due to stellar winds, which
eads to a lo wer v alue of the PISN mass-scale, than stars formed with
ower metallicity. As a result, the position of the M PISN will vary.
iven the simplicity of current modeling of stellar winds in 1-D

odes such as MESA and the lack of independent observations to
etermine the PISN mass-scale, the dependence of M PISN on stellar
roperties is still subject to large uncertainties. 
(ii) The metallicity in the Universe varies with redshift and also

ith the individual galaxies. The global evolution of the stellar
etallicity (Belczynski et al. 2002 ; Dominik et al. 2012 ; Dominik

t al. 2015 ; Mapelli et al. 2017 ; Giacobbo et al. 2018 ; Safarzadeh &
arr 2019 ; Toffano et al. 2019 ) indicates that the Universe at high
edshift has poor stellar metallicity than at low redshift. As a result,
he BHs formed at high redshift may have a higher PISN mass-scale
han the BHs formed at low. 

(iii) Finally, the BHs that we observe using GWs are not the
ndividual BHs, but binaries. Though the formation of a black hole
akes only a few Myrs, a black hole requires much more time to
orm a binary and merge. As a result, there is a non-zero delay
ime between the formation of a star and the merging of BHs. This
elay time depends on the formation channels of the BBHs (Banerjee,
aumgardt & Kroupa 2010 ; O’Shaughnessy, Kalogera & Belczynski
010 ; Dominik et al. 2012 ; Dominik et al. 2015 ; Lamberts et al.
016 ; Mandel & de Mink 2016 ; Cao, Lu & Zhao 2018 ; Elbert,
ullock & Kaplinghat 2018 ; Eldridge, Stanway & Tang 2019 ; Vitale
t al. 2019 ; du Buisson et al. 2020 ; Santoliquido et al. 2021 ).
oreo v er, the delay time is not a fixed number for all the BHs,

ut rather it follows a distribution that is expected to be a power
aw from simulations. For a flat in the log-space distribution of
he separation of the BHs, the delay time distribution is going to
e t −1 

d with a minimum delay time from a few hundreds of Myrs
o a few Gyrs, depending on the formation channels. The current
onstraints from GWTC-2 (Fishbach & Kalogera 2021 ) and the
tochastic GW background (Mukherjee & Silk 2021 ) are weak.
n the future, data-driven measurement is possible by combining
W sources with emission line signal (Mukherjee & Dizgah 2022 ).
onsequently, by combining these three effects, we can expect that

he observed BHs detected in a binary system are going to have a
edshift-dependent mass distribution due to a phenomena of mixing 
f BHs. 
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Figure 1. The position of the M break as a function of redshift varying different 
parameters. The plot was created with fixed d = −1, H 0 = 70 km/s/Mpc, and 
�m = 0.3. Varying d does not affect the position of M break . 
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rigin of the redshift dependence of black hole masses: Following 
he analysis that was presented in Mukherjee ( 2022 ), the mass
istribution of BHs at a merging redshift z m is given by 

( m 1 | z m 

, � m 1 , � d , � nuis ) = p( m 1 | z m 

, � m 1 ) W t d ( m 1 ; z m 

| � nuis ) , (2) 

here m 1 is the most massive BH mass in the source frame,
( m 1 | z m 

, � m 1 ) is a BH mass distribution which can be associated
ith the initial mass function (IMF) and W t d ( m ; z m 

) is the window
unction that takes into account the delay time of the mergers 
Mukherjee et al. 2021c ). The BH mass model used in this analysis
s described in detail later in equation ( 10 ). The window function
iven in equation ( 2 ) is calculated using 

 t d ( m ; z m 

) = N 

∫ ∞ 

z m 

P t ( t d | t min 
d , t max 

d , d ) 
d t 

d z f 
W ( m ; z f ) d z f , (3) 

here N is a normalization factor, P t ( t d | t min 
d , t max 

d , d) is the delay
ime distribution, W ( m ; z f ) is a Heaviside step function W ( m ; z f ) =
 ( M PISN ( z f ) − m ), and z f is the redshift of the formation of a black

ole, which puts a cut-off up to a mass of M PISN . The delay time
istribution is taken to be a simple power-law function of the delay
ime t d : 

 t ( t d | t min 
d , t max 

d , d) ∝ 

{
( t d ) d , for t min 

d < t d < t max 
d 

0 , otherwise 
, (4) 

nd the delay time is given by t d = t m − t f , with the notation
 m = t ( z m ), t f = t ( z f ) to be the time of merger and time of
ormation, respectively. The W t d ( m ; z m 

) function brings a breaking
oint M break at the mass distribution, after which the mass distribution
s suppressed depending on the form of the delay time distribution,
he dependence of the PISN mass-scale on stellar metallicity, and 
he redshift evolution of the stellar metallicity. It is e v aluated from
he combination of dif ferent M PISN v alues that are go v erned by the

inimum delay time t min 
d , metallicity evolution γ Z , and dependence 

f PISN mass-scale on metallicity αZ . The evolution of the M break 

or different choices of these parameters can be seen in Fig. 1 . At
 given z m , the value of M break ( z m ) is the minimum of PISN o v er
he formation redshifts included in z( z m 

, t min 
d ) < z f < z( z m 

, t max 
d ),

amely 

 break ( z m 

) = min t d ∈ [ t min 
d 

,t max 
d 

] M PISN ( z f ( t d , z m 

)) . (5) 

Assuming the dependence of the PISN mass-scale on metallicity 
 PISN ( Z ) studied by Spera & Mapelli ( 2017 ), Farmer et al. ( 2019a ),
nd Renzo et al. ( 2020 ) can be reliably scaled using a parameter αZ 

Mukherjee 2022 ), we can then model it with metalicity as follows: 

 PISN ( Z) = M PISN ( Z ∗) − αZ log 10 ( Z/Z ∗) , (6) 

nd for a power-law redshift evolution of the stellar metallicity 
as supported by the current observations (Mannucci et al. 2010 ;
rumholz & Dekel 2012 ; Sommari v a et al. 2012 ; Dayal, Ferrara &
unlop 2013 ; Madau & Dickinson 2014 )), we can write the redshift
ependence of metallicity as log Z ( z) = γ Z z + ζ . Consequently, the
revious equation can be written as follows: 

 PISN ( z) = M PISN ( Z ∗) − αZ [ γZ z + ζ − log 10 ( Z ∗)] , (7) 

here ζ = 10 −2 is taken to be a constant to match the low-redshift
easurement of the stellar metallicity Z ( z = 0) ≈ 10 −2 and Z ∗ =

0 −4 . We select this Z ∗ value as it is a mid-value inside the range
or which PISN dependence has been explored in 1-D stellar mass
odel (Farmer et al. 2019a ). In our analysis, we sample for the value

f M PISN ( Z ∗). 
The abo v e e xpression is written in terms of the global evolution of

tellar metallicity with redshift. Ho we v er, at an y particular redshift,
here is going to be additional variation in the stellar metallicity
epending on the property of the host galaxy. So, we would expect
ariation in the parameter γ Z on the property of the host galaxy.
o we ver, currently, due to the poor sky location error of the GW

ources, we cannot identify the host galaxy and hence cannot model
he parameter γ Z as a function of the galaxy. As a result, there can
e an additional variation in the γ Z that cannot be well-modelled 
urrently . Similarly , the parameter αZ controls the dependence of the
ISN mass-scale on the metallicity (Farmer et al. 2019a ). Hence we

reat both these parameters as nuisance parameters in this analysis. 
e choose wide priors on αZ , γ Z, which broadly include expected 

alues from works cited abo v e. 

he connection of the observed BBH mass distribution with the PISN
ass-scale: We model the distribution of BBHs in terms of their

ource frame masses m 1 , m 2 (with m 1 ≥ m 2 ), and merger redshift z m 
f the binary as follows: 

p( m 1 , m 2 | z m 

, � m 

, � d , � nuis ) 

= p( m 1 | z m 

, � m 1 , � d , � nuis ) p( m 2 | .m. 1 , � m 2 ) S 1 S 2 . (8) 

he masses in the detector frame (or redshifted masses) are given
y: 

 

det = (1 + z m 

) m, (9) 

here m are the masses in the source frame. To capture the mass
istribution of BBHs that originate from the BH mass distribution of
quation ( 2 ), we consider p( m 1 | z m 

, � m 1 ) to be given by a power-law
istribution superpositioned with the distribution of a Gaussian peak 
Talbot & Thrane 2018 ; Abbott et al. 2021b , d , h ): 

( m 1 | z m 

, � m 1 ) = (1 − λg ) P ( m 1 | .m. min , M max , −α) 

+ λg G ( m 1 | .m. break ( z m 

) , σg ) , (10) 

here � m 1 = { M min , M max , α, λg , M break ( z m 

) , σg } ,
 ( m 1 | . m . break ( z m ), σ g ) is a Gaussian distribution with μ =
 break ( z m ) and σ = σ g and P ( m 1 | . m . min , M max , −α) is a power-law

istribution with slope −α between M min and M max . In this model,
he power-law part of the mass distribution is moti v ated by the
ower-law form of the initial mass function (IMF) Kroupa ( 2002 )
nd the Gaussian part of the mass distribution is moti v ated by the
ISN mass-scale. The sources merging at redshift z m due to the
ontribution from all the higher redshift will lead to an excess near
MNRAS 523, 4539–4555 (2023) 
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M

Figure 2. The merger rate function R ( z)/ R 0 for various values of the parameters d, t min 
d , and fiducial flat Cold Dark Matter cosmology with a constant energy 

density for dark energy, H 0 = 70 km/s/Mpc and �m = 0.3. Left: Fixing t min 
d = 0 . 5 Gyrs and varying d . Right: Fixing d = −1 and varying t min 

d . On the plots, 
the star formation rate R SFR / R 0, SFR can also be seen. 
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he value of M break and then a decline in the mass distribution due
o the window function. The position of the Gaussian peak μ is
onsidered at the break of the window function at that redshift, which
epends on the metallicity dependence of the PISN mass-scale
nd delays time distribution. The value of the PISN mass-scale is
nferred for the metallicity value at Z ∗ = 10 −4 (for which the results
re obtained by Farmer et al. ( 2019b )). The Gaussian peak modelled
n this analysis gets a physical moti v ation expected from the PISN

ass-scale but is also expected to evolve as a function of the redshift
f BBHs mergers. 
The distribution of m 2 in the source frame is considered to be given

y a power law with maximum value m 1 : 

( m 2 | � m 2 ) = P ( m 2 | .m. min , m 1 , β) . (11) 

ince m 2 is conditional to m 1 , the window function W t d is being
pplied also to m 2 indirectly. 

Finally, the functions S (1, 2) = S ( m (1, 2) | δm , M min ) are sigmoid-
ike window functions to smooth the lower end of the distributions
see appendix A of Abbott et al. ( 2021d )). We choose to consider
nly the position of the Gaussian peak to vary with redshift since
his is the most prominent feature in the mass spectrum of BHs
nd is the best-constrained parameter. Other mass parameters of
he mass model ( M max , α, M min ,...) can also be given a redshift or

etallicity dependence (van Son et al. 2022 ). However, currently,
ith the limited number of GW sources, measurement of the redshift
ependence of the additional parameters will be difficult or unlikely
o be strongly constraining. 

.2 The redshift dependence of the BBH merger rate 
istribution 

he distribution p ( z m | � d , � c ) takes into account the BBH merger
ate as a function of redshift and it is built as follows: 

( z m 

| � d , � c ) = C 

R( z m 

) 

1 + z 

dV c 

dz m 

| � c 
, (12) 

here C is a normalization constant, dV c 
dz m 

the differential of the
omoving volume, and R ( z m ) the BBH merger rate as function of
edshift. The BBH merger rate is built as follows: 

( z m 

) = R 0 

∫ ∞ 

z m 
P t ( t d | t min 

d , t max 
d , d ) R SFR ( z f ) dt 

dz f 
d z f ∫ ∞ 

0 P t ( t d | t min 
d , t max 

d , d ) R SFR ( z f ) dt 
dz f 

d z f 
, (13) 
NRAS 523, 4539–4555 (2023) 
here z f is the redshift of formation, R 0 the BBH merger rate today,
 t ( t d | t min 

d , t max 
d , d) is a time delay distribution between formation and

erger of the binary and R SFR ( z f ) is a parametrization for the Madau–
ickinson star formation rate (SFR) (Madau & Dickinson 2014 ). 
We show the BBH merger rate for a few values of the variables

, t min 
d , and a fiducial flat Lambda Cold Dark Matter (LCDM)

osmology model with H 0 = 70 km/s/Mpc and �m = 0.3 in Fig. 2
ith R 0 = 20 Gpc −3 yr −1 . The plot indicates that with the decrease

n the value of power-law index d and minimum delay time t min 
d , the

eak in the BBH merger shifts towards a higher redshift with a steeper
lope at low redshift. Current observations from LVK can measure
BHs at redshifts ( z < 1) (for a fiducial model of cosmology). 
The abo v e discussion shows that the delay time distribution
 t ( t d | t min 

d , t max 
d , d) plays a role in both the mass distribution of the

Hs and also in their merger rates. As a result, to infer the BBH
ormation channel and the delay time distribution, it will be necessary
o use both merger rate and mass distribution to infer the delay time
istribution of BBHs. Moreo v er, to estimate the redshift of the BHs
rom their mass distribution, one needs to account for the redshift
ependence of the BBH mass distribution. As a result, we need to
onjointly infer the cosmological parameters along with the delay
ime distribution of BHs, and the black hole mass distribution, to
orrectly marginalize the degenerate parameters. 

 BAY ESIA N  F R A M E WO R K  TO  I NFER  

O S M O L O G Y  F RO M  G W  P O P U L AT I O N  

e construct a Bayesian model following the method described in
astrogiovanni et al. ( 2021b ) and Abbott et al. ( 2021d ) to conjointly

nfer the redshift dependence of the mass distribution and merger
ate along with the cosmological parameters. In Fig. 3 , we show
 schematic diagram explaining the formalism. As a cosmological
odel, we consider a flat LCDM (Planck Collaboration VI 2018 ).
iven a set of N GW detections associated with the data { x } = ( x 1 ,...,
 N ), the posterior on � can be expressed as (Mandel, Farr & Gair
019 ; Thrane & Talbot 2019 ; Vitale et al. 2021 ; Mastrogiovanni et al.
021b ; Abbott et al. 2021d ) 

( �, { x} , N ) =  ( � ) e −N exp ( � ) N exp ( � ) N obs 

×
N ∏ 

i= 1 

∫ 
p( x i | �, θ ) p pop ( θ | � ) dθ∫ 
p det ( �, θ ) p pop ( θ | � ) dθ

, (14) 
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Figure 3. Flow chart of the inference method. 
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here  ( � ) is prior on the parameters, θ is the set of intrinsic
arameters, which are unique for each event, p ( x i | � , θ ) is the
ikelihood, p det ( θ , � ) is the probability of detection and p pop ( θ | � )
s the population modelled prior. Finally, N exp ( � ) is the expected
umber of detections in a given observing time and N obs is the number
f events considered in the analysis. The term p pop ( θ | � ) is given by
quation ( 1 ). This term captures the effects of delay time between
ormation and merger. 

The denominator of equation ( 14 ) normalizes the numerator and 
akes into account the selection effects (Mastrogiovanni et al. 2021b ; 
bbott et al. 2021d ). It is written as an integral over all detectors’ data

hat pass certain detection criteria for given known noise properties 
f the detectors. The term p det ( θ , � ) is the probability of detecting
he source with parameters θ and assuming hyper-parameters � . 

The summary of the priors used for the parameters that we consider
n our model can be found in Table 1 . 

 RESULTS  F RO M  GWTC-3  

e analysed all the BBH events from GWTC-3 (Abbott et al. 2021c )
ith the matched-filtering signal-to-noise ratio (SNR) in at least 
ne of the detection pipelines higher than 12. We select a high SNR
hreshold to a v oid any possible contamination from noise. Moreover, 
he choice of a high SNR threshold is moti v ated by the fact that our
election biases are e v aluated with injections in simulated and not real
ata. Detection properties between simulated data and real data might 
e different, especially when lowering the threshold for detection. 
or all the events, we also require a false alarm rate < 0 . 25 yr −1 . 
The injection campaign is done in simulated data with duration 

nd sensitivity typical of O1, O2, and O3. For all the observing
uns, we assume independent duty cycles among the LIGO Hanford 
H1), LIGO Livingston (L1), and Virgo (V1) detectors taken from 

bbott et al. ( 2021f ) for O1, O2, and O3 (Buikema et al. 2020 ;
he LIGO Scientific Collaboration et al. 2023 ). For O1, we assume
uty cycles of 64.6 per cent for H1 and 57.4 per cent for L1,
hile in O2 it was 65.3 per cent and 61.8 per cent. For the entire
3, we assumed 74.6 per cent for H1, 77.0 per cent for L1, and
6.0 per cent for V1. We used the power spectral density of the
ublicly available detectors for O1 1 and O2 2 , while for O3 we used
n estimation provided with the first 3 months of O3. 3 Moreo v er, we
ave assumed the noise of the detector to be Gaussian and stationary.
he injections are performed using the IMRPHENOMPV2 waveform 
odel and are drawn from a distribution in detector frame masses 

 https:// www.gw-openscience.org/O1/ 
 https:// www.gw-openscience.org/O2/ 
 https://dcc.ligo.org/LIGO-T2000012/public 

t  

4

nd luminosity distance large enough to co v er all the detectable
ources assuming a Gaussian stationary detector noise. The mass 
nd luminosity distance distributions of the GWTC-3 catalogue for 
ources with SNR ≥ 12 can be seen in Fig. 4 . For the results in this
ection, we do not consider GW190521, as it is expected to belong to
econd-generation BHs (results with the inclusion of this event can 
e found in B ). A previous study has also found stronger evidence
n fa v our of GW190521 being a second-generation BBH source and
ther BBH sources did not show up very strong support in fa v our of
he second-generation sources (Kimball et al. 2021 ). Ho we ver, we
ave shown in this analysis that the constraints on the GW source
opulation parameters including GW190521 are very similar to the 
ase without GW190521 (See B ). 

We consider three sets of population priors in this analysis, Case
 : We fix the cosmological parameters besides the Hubble constant
nd consider only priors on the population parameters describing the 
BH distribution (other cosmological parameters are kept fixed at 
lanck-2018 cosmology (Planck Collaboration VI 2018 )), Case 2 : 
e keep fixed the values of the cosmological parameters to Planck-
018 (Planck Collaboration VI 2018 ) and estimate the parameters 
hat are related to the GW source population. We consider this
ase to infer the value of the GW source parameters assuming a
xed cosmology. Though the choice of cosmological parameters can 

nfluence the inferred values of the GW source parameters, given the
urrent precision of the cosmological parameters from Planck-2018, 
he expected statistical error in the inferred GW source parameters 
s much larger than the systematic error due to different choices in
he value of H 0 = 66.9 km/s/Mpc (Planck Collaboration VI 2018 ) or
 0 = 73 km/s/Mpc (Riess et al. 2022 ). Case 3 : as Case 2 but keeping

he value of the delay time power-law index fixed and equal to d =
1, which is usually assumed as a fiducial scenario for flat in the

og-space distribution of the separation between the binaries. 
The analysis for Case 3 (with a fixed value of d = −1) is motivated

o find the constraints on the parameter space for the fiducial scenario
f the delay time distribution, which resembles closely previous 
nalysis (Abbott et al. 2021b ). The priors of the runs for each of
he parameters can be found in Table 1 . We have summarized the
stimated values of the parameters for different cases in Table 2 .
ll the quoted values of the error bars are 68 per cent confidence

ntervals unless mentioned otherwise. 
Case 1 (GW source population + H 0 ): For this scenario, the

oint constraints on the 13 GW source population parameters and 1
osmological parameter, H 0 , is shown in Fig. 5 . The joint estimation
an be broadly classified into the parameters related to the delay time
 merger rate, mass distribution, and cosmology. Among the delay 

ime + merger rate parameters, we find that data support a scenario of 
 steep increase in the redshift evolution of the merger rate ( d < −1),
ith BBHs merger rate density at z = 0, R 0 = 22 . 3 + 7 . 5 

−5 . 7 Gpc −3 yr −1 .
ur constraint on the GW merger rate at high redshifts is dominated
y our assumptions on the SFR and the constraints we obtain on the
ime delay parameters at low redshifts. However, there is a different
opulation of BBHs that do not contribute to low redshifts according
o the Madau–Dickinson SFR, but contributes to the high redshift 
uch as the Pop-III star, which cannot be constrained from this
nalysis. The expected number of events after including the detector 
oise and duty cycle agrees well with the total number of events with
NR ≥ 12 considered in this analysis. 
Using this model, we impose constraints on the minimum delay 

ime distribution t min < 10 Gyrs. 4 We find the power-law index
MNRAS 523, 4539–4555 (2023) 

d 

 Upper or lower limits are based on the 90 per cent CL 
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Table 1. Summary of the hyperparameters and the priors used. The distribution U ( min , max ) is just a uniform distribution between min and max for 
each parameter. Note that the breaking mass M break ( z m ) is implied by the choice of the other population parameters. 

Delay time + merger rate parameters 

Parameter Description Prior 
d Spectral index for the power law of the delay time distribution. U ( −4,0) 
t min 
d Minimum time for the power law of the delay time distribution in Gyrs. U (0.01,13) 

R 0 Value of the merger rate at z = 0 in Gpc −3 yr −1 . U (0,1000) 
Mass distribution parameters 

Parameter Description Prior 
α Spectral index for the power law of the primary mass distribution. U ( −4,12) 
β Spectral index for the power law of the mass ratio distribution. U ( −4,12) 
M min Minimum mass of the power-law component of the primary mass distribution in M �. U (2,10) 
M max Maximum mass of the power-law component of the primary mass distribution in M �. U (50,200) 
λg Fraction of the model in the Gaussian component. U (0,1) 
M PISN ( Z ∗) The value of M PISN for the metallicity value Z ∗ in M �. U (20,60) 
σ g Width of the Gaussian component in the primary mass distribution in M �. U (0.4,10) 
δm Range of mass tapering at the lower end of the mass distribution in M �. U (0,10) 

Cosmological parameters (Flat LCDM model) 
Parameter Description Prior 
H 0 The Hubble constant parameter in km/s/Mpc. 67 . 4 (fixed) , U (20,150) 
�m Present-day matter density of the Universe. 0.315 (fixed) 

Nuisance parameters 
Parameter Description Prior 
αZ The parameter that captures a weak logarithmic dependence of M PISN on the metallicity. U ( −15,15) 
γ Z The parameter that captures the redshift dependence of the metallicity. U ( −5,0) 
ζ The parameter that captures the metallicity at redshift z = 0. 0.01 (fixed) 

Figure 4. Two-dimensional plots of the detector frame masses and distance posterior samples for all GW events with SNR ≥ 12. In the colour bar, the probability 
in the logarithmic scale can be seen. Top plot: samples of the heavy component m 

det 
1 . Bottom plot: samples of the light component m 

det 
2 . 
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f the delay time distribution to be constrained d < −0.7 and
here is a mild preference towards values lower than d = −1 as
xpected from a simple scenario of flat in the log-space distribution
f object separation of the binaries. This measurement shows a steep
istribution of the delay time and hints towards scenario formation
hannels having less probability of a large delay time. The constraints
n the t min 

d and d obtained here are driven by the joint estimation of
he merger rate and mass distribution of the BBHs. Larger (smaller)
alues of t min 

d or larger (smaller) values of d support higher (lower)
elay time values in P ( t d ). Mergers of BBH from higher redshifts are
upported from the scenarios with large values of t min 

d or large values
f d . The BBHs with heavier component masses in the data are fitted
ith BHs appearing from a higher redshift with higher PISN masses

nd a non-zero value of the delay time. 
In our analysis, we also constrain models with a metallicity

volution in the Universe through the parameter γ Z . The value of
NRAS 523, 4539–4555 (2023) 
he parameter −γZ = 3 . 2 + 1 . 1 
−1 . 2 

5 shows that there is likely an evolution
f the metallicity of the parent stars. In comparison to the current
bservations, (Mannucci et al. 2010 ; Krumholz & Dekel 2012 ;
ommari v a et al. 2012 ; Dayal et al. 2013 ; Madau & Dickinson 2014 )
nd also proposed from simulations (Genel 2016 ; Torrey et al. 2019 ),
he posterior on γ Z is consistent, supporting a decrease in the stellar

etallicity with redshift. Ho we ver, depending on the metallicity of
he host galaxy, the parameter γ Z can have additional dependence
n the astrophysical property of the host galaxy (Artale et al. 2019 ,
020 ), and hence can exhibit additional variation from the mean
etallicity value of the Universe. Such effects can show up when
ore events are available and hence better modeling of the BBHs

opulation will be needed. 
Measurements around the median are based on the 68 per cent CL 
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Table 2. The median estimations of all parameters along with the 68 per cent credible levels can be seen here. Note that the table reports values also for 
parameters that were not constrained in the prior range. For a description of what are the constrained parameters, see the rele v ant result Section 4 . The 
N exp and N events rows indicate the expected number of events in each case using the median value and are derived from the estimated parameters and 
the number of events detected abo v e an SNR threshold from GWTC-3, respectively. The model that we find to be the most preferred one is highlighted 
in bold. 

Parameters Pop + H 0 Pop(d = −1) Pop Pop inc. GW190521 Pop with SNR ≥11 High mass 

R 0 [Gpc −3 yr −1 ] 22 . 3 + 7 . 5 −5 . 7 27 . 3 + 7 . 4 −6 . 9 23 . 5 + 7 . 3 −5 . 8 23 . 2 + 7 . 2 −5 . 6 23 . 0 + 6 . 5 −5 . 0 24 . 5 + 7 . 2 −6 . 0 

α 3 . 2 + 1 . 0 −0 . 8 3 . 4 + 1 . 1 −0 . 9 3 . 4 + 1 . 1 −0 . 9 3 . 0 + 0 . 9 −0 . 7 3 . 5 + 1 . 0 −0 . 8 3 . 7 + 0 . 8 −0 . 8 

β 1 . 0 + 1 . 2 −0 . 9 1 . 2 + 1 . 1 −1 . 0 1 . 0 + 1 . 2 −1 . 0 0 . 9 + 1 . 2 −0 . 9 1 . 0 + 1 . 2 −1 . 0 1 . 0 + 1 . 1 −1 . 0 

M max [M �] 129 + 44 
−43 131 + 48 

−50 127 + 46 
−45 144 + 37 

−42 128 + 45 
−46 85 + 58 

−23 

M min [M �] 4 . 9 + 1 . 0 −0 . 9 4 . 8 + 0 . 8 −1 . 0 4 . 9 + 0 . 8 −1 . 0 4 . 8 + 1 . 8 −1 . 0 4 . 9 + 0 . 7 −0 . 9 4 . 7 + 0 . 7 −0 . 9 

M PISN (Z ∗) [M �] 46 . 8 + 6 . 8 −7 . 3 43 . 8 + 7 . 5 −6 . 5 44 . 4 + 7 . 9 −6 . 3 42 . 7 + 8 . 2 −6 . 5 44 . 0 + 7 . 7 −6 . 0 42 . 8 + 8 . 4 −8 . 0 

σg [M �] 7 . 7 + 1 . 6 −3 . 1 7 . 0 + 2 . 2 −3 . 6 7 . 7 + 1 . 6 −2 . 6 7 . 4 + 1 . 9 −3 . 4 7 . 2 + 2 . 0 −3 . 0 7 . 6 + 1 . 6 −2 . 1 

λg 0 . 1 + 0 . 04 
−0 . 03 0 . 1 + 0 . 1 −0 . 03 0 . 1 + 0 . 1 −0 . 03 0 . 1 + 0 . 1 −0 . 03 0 . 05 + 0 . 04 

−0 . 03 0 . 04 + 0 . 1 −0 . 02 

δm 

[M �] 4 . 9 + 2 . 4 −2 . 6 4 . 9 + 2 . 2 −2 . 5 4 . 7 + 2 . 2 −2 . 5 4 . 5 + 2 . 4 −2 . 6 5 . 2 + 2 . 0 −2 . 1 5 . 3 + 2 . 1 −2 . 4 

H 0 [km s −1 Mpc −1 ] 42 + 19 
−12 − − − − −

t min 
d [Gyrs] 2 . 8 + 3 . 7 −1 . 7 0 . 9 + 1 . 2 −0 . 7 1 . 6 + 1 . 1 −0 . 9 1 . 6 + 1 . 1 −0 . 9 1 . 9 + 1 . 4 −1 . 1 1 . 3 + 1 . 2 −0 . 8 

−d 2 . 4 + 1 . 0 −1 . 1 − 2 . 5 + 0 . 9 −1 . 0 2 . 6 + 0 . 9 −1 . 2 2 . 1 + 1 . 1 −1 . 1 2 . 8 + 0 . 8 −1 . 0 

−γ Z 3 . 2 + 1 . 1 −1 . 2 2 . 5 + 1 . 3 −0 . 9 2 . 3 + 1 . 4 −1 . 0 3 . 0 + 1 . 2 −1 . 1 2 . 2 + 1 . 3 −0 . 9 2 . 1 + 1 . 3 −1 . 0 

αZ 9 . 9 + 3 . 1 −3 . 4 7 . 9 + 3 . 7 −3 . 1 7 . 0 + 4 . 0 −2 . 9 8 . 2 + 3 . 7 −2 . 8 6 . 8 + 3 . 7 −2 . 9 7 . 1 + 4 . 5 −3 . 6 

N exp 34 + 5 −5 34 + 5 −5 33 + 5 −4 35 + 6 −4 41 + 6 −5 35 + 5 −5 

N events 34 34 34 35 41 34 
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The parameters related to the mass distribution are also constrained 
ell using a model. We have obtained a value of the power-law index
f the mass distribution α = 3 . 2 + 1 . 0 

−0 . 8 and β = 1 . 0 + 1 . 2 
−0 . 9 . We also find

upport for a feature o v er a simple power law in the mass spectrum of
BH mergers with a relative height of the feature with respect to the
ower-law component of λg < 0.13 and the position of the feature is
nherited at a fiducial metallicity from M PISN ( Z ∗) = 46 . 8 + 6 . 8 

−7 . 3 M � at
 ∗ = 10 −4 . Differently from Abbott et al. ( 2021b ), we are not able to
xclude with confidence the value λg = 0 (absence of a peak feature).
his is due to the use of selection criteria based on a higher SNR cut

nstead of an IFAR cut. We verified that with a vanilla PLP model
nd an IFAR cut of 1 yr as in Abbott et al. ( 2021b ), we can exclude
he absence of the peak. 

The position of the peak agrees with the theoretically predicted 
osition of the PISN mass-scale between 45 and 60 M � (Farmer et al.
019a ; Renzo et al. 2020 ; Baxter et al. 2021 ). As we can see from the
gure, the PISN mass-scale between 45 and 60 M � is translated to a
BH merger excess at around 35 M � for z < 0.2. This is compatible
ith the o v erdensity of BBHs observ ed by the LVK in Abbott et al.

 2021b ). Ho we ver, as redshift increases this moves to higher masses
nd appears to become more prominent. 

For high-mass BBH, we see a significant increase in merger rate 
ith redshift, clearly indicating that there is support for a higher 
erger rate from high masses at higher redshift in comparison to 

he low redshift. The posterior distribution of the M PISN parameter is
hown separately in Fig. 11 (bottom, blue curve). The PISN mass-
cale depends on the value of metallicity and this value of M PISN 

s defined in our analysis at the value of Z ∗ = 10 −4 , which is in
greement with the parameters chosen in the simulation by Farmer 
t al. ( 2019a ). The dependence of the PISN mass-scale on metallicity
s stronger, i.e. the probable values of αZ are larger, in this model
han is expected from the 1-D stellar evolution models of Paxton 
t al. ( 2011 , 2019 ). 
Also, as it is evident from Fig. 5 , the data have strongly suppressed
n y ne gativ e values of αZ . So, scenarios of a decrease in the PISN
ass-scale with a decrease in the metallicity are strongly ruled 

ut. 
It is important to note that the current theoretical estimation on

he dependence of the PISN mass-scale is subject to the assumption
f the stellar wind models and 1-D stellar evolution code MESA
Paxton et al. 2011 , 2019 ). To explain the current LVK observation
f the GWTC-3 by a first-generation BBH formation scenario, one 
eeds a stronger dependence of the PISN mass-scale on the stellar
etallicity and higher merger rate of the high mass BHs at high

edshift. Ho we ver, in the future with a higher number of sources, a
etter understanding of the formation channel of the BBHs will be
ossible. 
Previously redshift dependence of different phenomenological 
odels of BBH mass distribution was explored from GWTC- 
 (Fishbach et al. 2021 ). They found strong evidence for the
edshift evolution of the mass model when considering a truncated 
ower law with a sharp cut-off at high masses. Ho we ver, the data
ere consistent with both an evolving and a non-evolving mass 
istribution when they considered a broken power-law model as 
 mass model. Those findings are broadly in agreement with our
esults. 

We find that most of the parameters do not show up significant
e viation from pre vious results (Abbott et al. 2021b , d ). Ho we ver,
ifferently from Abbott et al. ( 2021b , d ), σ g is not well constrained.
he high σ g estimation is an indication that there may not be a
aussian feature in the mass distribution and the mass distribution 

an be smeared with an extended distribution in the masses at the
igher end. 
Finally, a weak measurement of the Hubble constant H 0 = 42 + 19 

−12 

m/s/Mpc is made, which is in the agreement with the values from
lanck-2018 (Planck Collaboration VI 2018 ) and SH0ES (Riess 
MNRAS 523, 4539–4555 (2023) 
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Figure 5. Posterior distributions for all the hyperparameters. Here we have fixed all cosmological parameters besides H 0 in Planck-2018 cosmology. We have 
used all GW events with SNR ≥ 12. This plot corresponds to case 1 mentioned in the results section. 
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t al. 2022 ) due to large uncertainty in the current measurements.
o we ver, note the correlation between the Hubble constant and the

 

min 
d parameter in Fig. 5 . This indicates that not being able to correctly
nfer the PISN mass-scale and the value of t min 

d can lead to an incorrect
nference of the cosmological parameters (Mukherjee 2022 ). 

Case 2 (main model): In this case, we only focus on the GW
ource population keeping the value of cosmological parameters
xed at the Planck-2018 (Planck Collaboration VI 2018 ). The
orresponding joint estimations of the parameters are shown in Fig. 6 .
rom the posteriors, we can obtain the merger rate model for various
amples, along with the median. This can be seen in Fig. 7 . We find
hat the value of the M PISN ( Z ∗) = 44 . 4 + 7 . 9 

−6 . 3 M � has mo v ed to lower
alues with respect to the v alue allo wing H 0 to vary. The value of t min 

d 
NRAS 523, 4539–4555 (2023) 
hows a maximum a posteriori around 1.5 Gyrs and a significantly
arrower posterior with respect to Case 1 . The posteriors for t min 

d and
 are consistent with the case of varying H 0 . We also find d < −0.87
or this case. We retrie ve weak e vidence of M PISN (z) evolving with
edshift as the αZ parameter supports positive values. The value of
 PISN ( z) spans from around 30 M � for z = 0 up to around 40 M �

or z = 1. As shown in Fig. 8 , the redshift evolution of the PISN
ass-scale shows a weak variation o v er the redshift range z ∈ [0, 1].
o we ver, more observ ation will be required to confidently make any
etection of the redshift evolution of PISN mass distribution. A few
amples in Fig. 8 show M PISN (z) values around 80 M � at redshift
 = 0 and exhibit a decrease in the M PISN (z) with redshift evolution.
hose arise from the tail of the posterior distribution due to statistical

art/stad1373_f5.eps
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Figure 6. Posterior distributions for all the hyperparameters. Here we hav e fix ed all cosmological parameters at Planck-2018 cosmology. We have used all GW 

events with SNR ≥ 12. This plot corresponds to case 2 mentioned in the results section. 
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uctuations. In Fig. 9 , we show the PISN position is translated to the
BH merger primary mass spectrum when taking into account the 

ull-time delay model. 
In comparison of the simple PLG peak model with our 
odel, we retrieve a Bayes factor (BF PLG / main model ) equal to 

og 10 (BF PLG / main model ) = 0 . 32 in fa v our of the simple PLG peak
odel. So, we conclude that there is a slight but insignificant 

reference for the PLG model. A higher number of detections 
s required to obtain decisive evidence for or against the redshift
volution of the BBH mass distribution. 

We also compare the results with the events from GWTC-3 with 
NR ≥ 11 in Fig. A1 (shown in the appendix). The results are
onsistent with the measurement of the parameters made with events 
aving an SNR ≥ 12. In this analysis, we have not considered the GW
vent GW190521 (Abbott et al. 2020a ), which has a much higher
alue of the component masses. Results including GW190521 can be 
een in the appendix (see in Fig. B1 ). Constraints on the GW source
arameters are very similar for both with or without GW190521. 
To explore whether the model struggles to fit high masses seen in

he data, we also consider a variation of our main model. We refer to
his modification as the ‘High mass’ model and in this we impose the
indow function W t d only in the Gaussian peak of the distribution,

eaving the power law intact. For a given redshift, we can fit higher
ass events with respect to our main model. However, this model

s not physically moti v ated within the framework of mixing BBHs
cenarios. The posteriors we obtained for the high mass model can
e seen in the appendix (see in Fig. C2 ) and are broadly consistent
MNRAS 523, 4539–4555 (2023) 
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Figur e 7. The mer ger rate evolution as a function of redshift for different 
posterior samples(c yan curv es) of the various parameters. In the same plot, the 
median (red solid curve) and the 68 per cent credible levels (purple dashed 
curves) can also be seen. The cases with a fixed value are shown with the 
fixed mean value and zero uncertainty. 

Figure 8. The M PISN position as a function of redshift for different posterior 
samples (c yan curv es). In the same plot, the median (red solid curve) and the 
68 per cent credible levels (purple dashed curves) can also be seen. 

Figure 9. Differential merger rate of BBHs o v er primary mass as a function 
of redshift. The different colours indicate the merger rates at different 
redshifts. Solid lines show the median of the distribution, whereas the shades 
indicate the 68 per cent CL. 
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ith the results obtained for our default model. Moreo v er, the value
f the Bayes Factor in fa v our of our baseline model with respect
o this ‘high mass’ model is log 10 (BF main model / High mass ) = 0 . 17. This
mplies that both models fit the data equally with a slight preference
n fa v our of the baseline model. In Appendix C , we provide more
etails about this comparison. 
Case 3 (GW source population (with fixed d = −1) parame-

ers): In Case 1 and Case 2 , we have seen a value of the power-
a w inde x significantly a way from d = −1 (usually considered
s a fiducial value (Fishbach & Kalogera 2021 ; Mukherjee &
ilk 2021 )), which is possible for scenarios with flat in log-space
istribution of the separation between the BHs. Here we perform
 joint estimation with the value of the power-law index fixed at
 = −1. The corresponding joint estimations of the parameters are
hown in Fig. 10 . For this case, the merger rate normalization is
 0 = 27 . 3 + 7 . 4 

−6 . 5 Gpc −3 yr −1 , and the constraints on the minimum delay
ime t min 

d have been reduced (though completely in agreement with
he value obtained with d varying from the two previous cases). This
appens because, for a scenario with a fixed value of the parameter
 = −1, the peak of the merger rate distribution is shifted towards
 lower redshift; as a result by allowing a smaller value of the delay
ime t min 

d , the peak of the merger rate position shifts towards a higher
edshift. The position of the Gaussian peak has a very similar value
 PISN ( Z ∗) = 43 . 8 + 7 . 5 

−6 . 5 M � with respect to the previous results of Case
 . 
Among all our time delay models, we find that the preferred model

s Case 2 , namely the case in which cosmology is fixed but the index
f the time delay distribution d varies. More interestingly, the Case-3
odel ( d = −1) is disfa v oured with respect to that of Case 2 by
 Bayes factor of log 10 (BF vary d / fixed d ) = 0 . 38. Ho we ver, this is not
nough to claim any statistical evidence and we cannot conclude any
reference towards against or in fa v our of d = −1. The posteriors
f t min 

d and M PISN ( Z ∗) can be seen in the top and bottom panels of
ig. 11 for the three main cases that we considered. 
The results obtained using our model including the delay time

istribution and redshift evolution in the merger rate indicate a value
f M PISN = 44 . 4 + 7 . 9 

−6 . 3 . In this model, the heavy mass BHs are formed
rom the low metallicity parent stars at a high redshift that has merged
t a low redshift due to a delay time distribution function, which
llo ws large v alues of time delay. The Bayes factor in fa v our of
his model in comparison to the phenomenological model of PLG is
omparable and cannot be well distinguished at this stage. Ho we ver,
n the future with more data, we will likely be able to distinguish
etween different scenarios. 

One of the major drawbacks of the baseline model considered
ere is that it only considers first-generation BBHs and not the
cenarios where the second-generation BBHs are present. As a result,
he presence of heavier masses observed in GWTC-3 is expected
o arise from stars with lo w metallicity. Ho we ver, in reality, there
an be second-generation BBHs that can contribute to the observed
opulation. A successful physics-driven model needs to consider this
spect as well. We will explore this in a future work. 

 C O N C L U S I O N  

he mass, spin, and merger rate of BBHs are a direct probe to infer
heir formation channels. Though the information available from
bservations of BBH component spins is limited (see e.g. Abbott
t al. ( 2021b )), we can infer the masses and luminosity distance
f several BBHs using the network of LIGO/Virgo detectors. The
ass distribution and merger rate of the BBHs are likely to exhibit a

edshift dependence due to the dependence on the stellar metallicity
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Figure 10. Posterior distributions for all the hyperparameters. Here we hav e fix ed all cosmological parameters at Planck-2018 cosmology. We have fixed the 
power-la w inde x of the delay time to d = −1. We hav e used all GW ev ents with SNR ≥ 12. This plot corresponds to case 3 mentioned in the results section. 
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nd formation channel of BBHs. In this work, we consider a model
hat considers the redshift dependence of BBH mass distribution due 
o the mixing of BBHs and the redshift dependence of merger rate.

e used a Bayesian analysis and estimated the values of the model’s
arameters using the latest GW catalogue of LVK GWTC-3. 
By fitting this model with the data with both GW source parameters 

nd cosmological parameters, we show that using a time delay 
istribution for BBHs and a PISN mass model in redshift, it is
ossible to obtain a value of M PISN ( Z ∗) compatible with astrophysical
xpectations. This shows that the BBH excess in the mass profile 
f BHs could likely be reconciled with the PISN mass-scale value 
f around 40 −50 M � when time delay information is considered. 
o we v er, if there e xist BHs of second generation that are going to
ave masses heavier than predicted by the PISN mass-scale, then 
uch systems cannot be captured by this model. Though we have
ound that current data equally fa v our a model allowing only for first-
eneration BBH mergers with redshift-dependent mass distribution 
 v er the phenomenological redshift-independent PLG mass model. 
here is also an indication of the redshift dependence of the BBH
ass distrib ution, b ut this trend is not statistically significant. More

bservations will be required to better understand the redshift 
ependence. Our analysis also indicates a value of αZ = 7 . 0 + 4 . 0 

−2 . 9 for
he Case 2 (fixed H 0 case). This variation is 3 −4 times larger than
he typical value people expect from 1-D stellar simulations and a
implistic prescription of stellar wind models (Farmer et al. 2019b ).
MNRAS 523, 4539–4555 (2023) 
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M

Figure 11. Posteriors on t min 
d (top) and M PISN ( Z ∗)(bottom) for the three cases 

that we considered. Case 1: Keeping all the cosmological parameters besides 
H 0 fixed to Planck 2018 values and estimating H 0 + population parameters 
(labelled as Pop + H 0 ). Case 2: Fix all cosmological parameters to Planck 
2018 values and estimate all of the population parameters (labelled as Pop). 
Case 3: Keep all the cosmological parameters fixed to Planck 2018 values 
but also consider a fiducial fixed delay time power-law index d = −1 and 
estimate the rest of the population parameters (labelled as Pop( d = -1)). 
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n the future with more data, if these results hold, then one needs to
etter understand the dependence of metallicity on M PISN ( Z ∗). 
In the hypothesis that the BBHs we consider are formed in a stellar

inary scenario, we provide an upper limit for the minimum of the
ime delay distribution. The delay time distribution agrees with the
ormation channels explored in the literature. We find support for
alues of the power-law index of the delay time distribution d <
1. The value d = −1 is usually considered as the fiducial value

or flat in log-space distribution of the spacing between the binaries.
e retrieve values d < −1 for the power index of the time delay

istribution. Though we cannot exclude with certainty the fiducial
cenario d = −1, we do find a mild preference for smaller values. 

In our analysis, we also jointly infer the value of the Hubble
onstant, which currently exhibits a large uncertainty and hence
s consistent with the value of the Hubble constant inferred from
lanck-2018 and SH0ES. Ho we ver, one of the important parts is

hat the Hubble constant shows strong de generac y with the GW
ource parameters. In particular, in this paper, we have shown that
he estimation of the Hubble constant could also be impacted by the
BH time delay distribution. As a result, if the inferred value of the
NRAS 523, 4539–4555 (2023) 
W source population is incorrect, then it can bias the value of the
ubble constant and other cosmological parameter estimation. 
In the future with the availability of more sources from the next

bservation run, a better measurement of the GW source population
long with the cosmological parameters will be possible. This will
hed light on the formation channels of the binary systems and the
edshift dependence of the BH mass distribution. Also, impro v ement
n the theoretical modeling will be required to capture the underlying
istribution of the BBHs from both the first generation and second
enerations. 
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PPENDIX  A :  PARAMETER  ESTIMATION  

ITH  A  DIFFERENT  SNR  T H R E S H O L D  

ere we explore the variation of our results in the case of a lower
NR threshold. In addition to the GW events that we used with SNR
12 (see Section 4 ), we are now using additionally all events with

NR ≥ 11. Lowering the SNR causes to run the analysis with 41
vents in total. The different posteriors can be seen in Fig. A1 . It is
NRAS 523, 4539–4555 (2023) 

igure A1. Posterior distributions for all the hyperparameters. Here we have fixed
or different SNR thresholds can be seen. 
pparent that all of the posteriors are in agreement with the SNR ≥
2 results. The only noticeable difference can be seen in the posterior
f the time delay’s distribution power-law index d . We see that the
eak of the posterior has mo v ed to slightly higher values, though the
osterior is fully in agreement with the SNR ≥ 12 one. The calculated
xpected value of the events is N exp = 41 + 6 

−5 and agrees with the 41
vents that were used. 
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PPENDIX  B:  PARAMETER  ESTIMATION  

N C L U D I N G  G W 1 9 0 5 2 1  

he posteriors of all parameters when including the event GW190521 
an be seen in Fig. B1 . Again all of the posteriors are in agreement
ith the ones obtained excluding GW190521. We find a slightly 

ess steep power law for the m 1 distribution with respect to the
un excluding GW190521 with a power-law index for the mass 
istribution of α = 3 . 0 + 0 . 9 

−0 . 7 . We also retrieve a flatter σ g posterior
igure B1. Posterior distributions for all the hyperparameters. Here we have fixed 
ncluding or excluding GW190521 can be seen. 
nd a posterior for M max that disfa v ours smaller values of masses,
hough fully in agreement with the previous results. These differences 
re because GW190521 components are v ery massiv e. F or the model
o fit the extra support at high masses, it needs a less steep power-law
ndex for the mass distribution. At the same time, this leads to a less
ide Gaussian peak and to the fact that small values of M max are now
isfa v oured. We also reco v er some minor changes in the posteriors
or d , αZ , and γ Z . We estimate that the expected number of events is
 exp = 35 + 6 

−5 , which matches the 35 events used. 
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PPENDIX  C :  H I G H  MASS  M O D E L  

ere we employ a new model to be able to fit higher masses and
e refer to it as the high mass model. Instead of imposing the
indow function W t d to the PLG peak, we instead leave the power

aw intact and only impose the windowing to the Gaussian peak of
he distribution (see Fig. C1 ). The posteriors obtained by this model
an be seen in Fig. C2 . It is apparent that most of the posteriors
re in agreement with those obtained by the usual model. Ho we ver,
he posterior for M max seems to give more stringent constraints in
his case, with high values of masses being disfa v oured. This is
xpected since in this model the power law is left intact allowing for
ignificant support for higher values in the mass distribution after the
 PISN . Therefore, because we do not have posterior samples in these

anges of masses, the Bayesian inference can exclude the very high
ass values. This does not affect our estimations for the time delay

arameters, since the posteriors are in agreement with those from
ur main model. 
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igure C1. Comparison of the m 1 distribution for different mass models. For
he values of parameters, we selected the median values of our estimations
rom Case 2 at z m = 0.1. 
ic.oup.com
/m

nras/article/523/3/4539/7204644 by guest on 06 Septem
ber 2024

art/stad1373_fC1.eps


BBHs population and cosmology 4555 

MNRAS 523, 4539–4555 (2023) 

Figure C2. Posterior distributions for all the hyperparameters. Here we hav e fix ed all cosmological parameters at Planck-2018 cosmology. The posteriors for 
the high mass model can be seen, as well as the posteriors obtained for the usual model. 
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