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ABSTRACT

Understanding astrophysical phenomena involving compact objects requires an insight about the engine behind core-collapse
supernovae (SNe) and the fate of the stellar collapse of massive stars. In particular, this insight is crucial in developing an
understanding of the origin and formation channels of the growing populations of detected black hole-black hole, black hole-
neutron star and neutron star-neutron star mergers.

The timescale of convection growth may have a large effect on the strength of SN explosion and therefore also on the mass
distribution of stellar remnants. We adopt new formulas for the relation between the pre-SN star properties and their remnants
(Fryer et al. 2022) and check how they impact population of double compact object (DCO) mergers formed via isolated binary
evolution. The new formulas give one ability to test wide spectrum of assumptions on the convection growth time. In particular,
different variants allow for a smooth transition between having a deep mass gap and a remnant mass distribution filled by massive
neutron stars and low mass black holes.

We present distribution of masses, mass ratios and the local merger rate densities of DCO for different variants of new formulas
and test them together with different approaches to other highly uncertain processes. We find that mass distribution of DCO
mergers is sensitive to adopted assumption on SN convection growth timescale up to m| + my < 35M. Between two extreme
tested variants the probability of compact object formation within the mass gap may differ up to ~ 2 orders of magnitude.

Key words: compact object — black hole — supernova
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and its remnant mass (NS, BH or no stellar remnant). Conversely,
in order to have a reliable distribution of remnant masses, scien-
tists need to constrain existing SN models by comparing results of
population synthesis models with the detected and observed popu-
lation of compact objects. Several recent studies applied population
synthesis calculations to predict mass distributions of Galactic or
cosmological DCO population adopting different SN prescriptions
(Zevin et al. 2020; Shao & Li 2021; Dabrowny et al. 2021; Zevin &
Bavera 2022). Such comparisons will become much more reliable in
the near future as the predicted number of DCO mergers is going to
increase significantly after O4 run (e.g. Magee & Borhanian 2022)
and later, thanks to the development of next-generation ground-based
gravitational wave detectors (Borhanian & Sathyaprakash 2022).
There are several approaches trying to mimic the true SN engine in
order to predict the final fate of massive stars and estimate the rem-
nant masses. However, the final faith of progenitors with their initial
masses in the range 20 — 40 M o, so eventual lower mass gap fillers,
are especially challenging as the outcome may drastically differ de-
pending on the accumulated explosion energy (Fryer et al. 2012; Liu
et al. 2021).

Due to complexity of the problem and emergence of numerical vis-
cosity in 3-dimensional modeling, some finds more reliable using
1-dimensional codes with artificially altered energy deposition into
pre-SN star in order to get an explosion. One approach is to alter
the neutrino luminosity or absorption to increase the energy de-
posited (Frohlich et al. 2006; Fischer et al. 2010; Ugliano et al.
2012; Perego et al. 2015; Prsa et al. 2016; Ertl et al. 2016). Another
approach is to implement 1-dimensional mixing models to drive ex-
plosions (Fryer et al. 2018; Couch et al. 2020). In this study we
assume that convection dominates the matter motion above the proto
neutron star (Herant et al. 1994; Blondin et al. 2003; Fryer & Young
2007; Melson et al. 2015; Burrows et al. 2018; Fields & Couch 2021)
and therefor is crucial for SN engine modelling. We implement and
test new results for different 1-dimensional mixing prescriptions of
Fryer et al. (2022). The timescale of convection growth significantly
affect the course of eventual SN explosion and therefore also the final
distribution of compact object remnants (Fryer & Young 2007).
The new formulas give one ability to test a wide spectrum of assump-
tions on the convection growth time. In particular, different variants
of the formulas allow for a smooth transition between having a deep
lower mass gap and a remnant mass distribution filled by massive NSs
and low mass BHs. The dearth of compact objects with the masses
in the range ~ 3 -5 M g among observed population of X-ray binary
systems (Bailyn et al. 1998; Farr et al. 2011; Ozel et al. 2010) has
led to idea of potential mass gap between the maximum mass of
a NS and the minimum mass of a BH. Also the latest discoveries
and analyzes of The LIGO Scientific Collaboration et al. (2021a,b)
points to the possible existence of a NS/BH mass gap. On the other
hand, some recent estimates for isolated compact objects detected
via microlensing give provide candidates for NS/BH mass in a gap
range (Mroz et al. 2021; Sahu et al. 2022; Lam et al. 2022). Due
to a relatively small sample of known compact objects and usually
significant error bars on their mass estimates, it is not yet clear if
the mass gap is real phenomenon. The possible physical mechanism
responsible for formation of the gap, the rapid SN timescale of the
convection growth, was suggested by Fryer et al. (2012); Belczynski
et al. (2012). This work is an update and continuation of those stud-
ies. In this study we implement new formulas for SN remnant masses
into the StarTrack population synthesis code and test how differ-
ent variants of mixing (corresponding to different convection growth
timescales) change distribution of DCO mergers masses, mass ratios
and local merger rate density. Section §2 explains the used method,
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including a brief description of the StarTrack code. It contains our
main adopted physical assumptions, especially the description of new
adopted prescriptions for remnant masses. In Section §3 we present
relation between properties of pre-SN stars (NS or BH progenitor)
with its new remnant mass in single star evolution together with
comparison with previously used models. In Section §4 we present
results for isolated binary evolution for different types of DCO merg-
ers. Section §6 includes summary of the results and conclusions.
Furthermore, Appendix A demonstrates how different assumption
on the mass threshold for BH formation (instead of NS) influences
the lower mass gap. In Appendix B we attach redshift evolution of
BH-BH merger rate densities for two formation channels with and
without common envelope phase (CE). Appendix C includes the ef-
fect of eventual stochasticity in pre-SN stellar structure on the mass
distribution of DCO mergers. In Appendix D we briefly compare
our new SN prescriptions with other parameteraized prescription for
stellar remnant masses proposed by recent study Dabrowny et al.
(2021).

2 METHOD
2.1 StarTrack code

In this study we generate a population of cosmological DCO merg-
ers using StarTrack population synthesis code (Belczynski et al.
2002, 2008). The version of the code used in this paper is the same
as the one described in Sec. 2 of Olejak et al. (2021) with two im-
portant modifications: the first is the new remnant mass formulas
(see Sec. 2.2) and the second is different approach to pair-instability
supernovae (PPSN)/pair-instability supernovae (PSN). In this study
we test two different prescriptions for PSN. In the first approach we
adopt strong PPSN/PSN which limits mass of BHs to ~ 45 M  as
adopted in Belczynski et al. (2016). The second approach is revised
prescription from Belczynski (2020) in which star experience dis-
ruption in PSN if the final mass of its helium core is in the range
90 Mo < Mye < 175 M . The revised PSN model does not include
any mass loss in PPSN and allows for formation of BH with mass up
to 90 M . In the strong PPSN/PSN model we use initial mass func-
tion (IMF) with the maximum mass for a star limited to 150 M,
while we extend it to 200 M  in the revised PSN model, similarly as
done for Belczynski (2020).

We use a model of star formation history and metallicity distribu-
tion in the Universe (Madau & Fragos 2017) described in Belczynski
etal. (2020). Adopted procedures for accretion onto a compact object
during stable RLOF and from stellar winds are based on the ana-
Iytic approximations (King et al. 2001), implemented as in Mondal
et al. (2020). For non-compact accretors, we assume a 50% non-
conservative RLOF (Meurs & van den Heuvel 1989; Vinciguerra
et al. 2020) with a fraction of the donor mass (1 — f;) lost from
the system together with corresponding part of the donor and orbital
angular momentum (see §3.4 of Belczynski et al. 2008). In the cur-
rent version of StartTrack code we limit mass accretion rate onto
non-compact accretor to the Eddington limit. We use the formula:

4ncR
nkin
The adopted limit is derived under the assumptions that accretion
goes to a star radius R and there are no outflows/jets so n = 1.
Here c is the speed of light and k,j, is Thomson scattering opacity.

Eddington limit for non-compact accretor may be exceeded in our
simulations in case of thermal-timescale mass transfer from massive,
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rapidly expanding donor on its Hertzsprung gap. We adopt 5% Bondi-
Hoyle rate accretion onto the compact object during the CE phase
(Ricker & Taam 2008; MacLeod & Ramirez-Ruiz 2015; MacLeod
etal. 2017) and standard StarTrack physical value for the envelope
ejection efficiency acg = 1.0. For the stellar wind mass loss we use
formulas based on theoretical predictions of radiation driven mass
loss (Vink et al. 2001) with the inclusion of Luminous Blue Variable
(LBV) mass loss (Belczynski et al. 2010b). We adopt Maxwellian
distribution natal kicks with o = 265 km s~! (Hobbs et al. 2005)
lowered by fallback (Fryer et al. 2012) at NS and BH formation.

While presenting results for binary evolution we distinguish be-
tween two prescriptions for stability of RLOF: the standard CE de-
velopment criteria described in Sec. 5.2 of Belczynski et al. (2008)
and the revised mass transfer stability criteria based on results of
Pavlovskii et al. (2017), implemented and tested in Olejak et al.
(2021). The revised RLOF stability criteria applies only to sys-
tems with massive donors (mainly BH progenitors) with their ini-
tial masses over 20 M . It allows for CE development under much
more restricted conditions than the standard StarTrack criteria,
taking account the system mass ratio at RLOF onset, the radius of
the donor and metallicity. For details see Section 3.1 or the revised
stability diagrams plotted in Fig. 2 and 3 of Olejak et al. (2021).
Simplifying, the typical critical mass ratio (of donor to accretor) for
a system to develop CE instead of stable RLOF is around 4-5 for
the revised criteria while it is rather 2-3 for the standard StarTrack
criteria.

2.2 New formulas for remnant masses

The main modification in the StarTrack code tested in this paper is
implementation of new formulas for remnant masses (NSs and BHs)
given by Fryer et al. (2022). In their study, Fryer et al. (2022) ap-
ply sub-grid mixing algorithms to the profile of post-bounce pre-SN
cores in order to follow the convection growth above proto-neutron
stars, estimate explosion energies and the final remnant masses. In
particular, the new formulas represent analytical fits to different so-
lutions obtained for a set of one dimensional core-collapse mod-
els based on mixing-length theory and a Reynolds-averaged Navier
Stokes approach (Livescu et al. 2009). For more details see Sections
2 and 3 of Fryer et al. (2022).

Fryer et al. (2022) predict the final masses of formed NS and BH
by capturing how differences in convection growth timescales as-
sociated with variations in mixing affects the final stellar remnant
masses. Increasing the mixing length tends to accelerate the growth
of convection making explosion more likely. Such a trend is com-
monly observed in 1-dimensional simulations results. Based on those
results, (Fryer et al. 2012) obtained simple mathematical fits which
incorporate the pre-SN stellar structure, to estimate the remnant mass
for a given progenitor.

In contrast to the previously used rapid and delayed SN models
given by formulas 5 and 6 of Fryer et al. (2012) that may be treated as
two extremes, new formula gives one ability to test remnant masses
for wide spectrum of assumptions on convection growth timescales.
The formula 2 allows to calculate remnant masses assuming smooth
relation with pre-SN carbon-oxygen core mass Mco and varying
different mixing efficiency (finix) set by the convection growth time.

Myem =1.2 4 0.05 fonix + 0.01(Mco/ fnix) >+
e Jmix (Mco—Merit) 2)

Where Myem —aremnant mass (NS or BH); fi,ix — convection mixing

parameter which takes value in the range 0.5-4.0; Mo — mass of the
carbon-oxygen core of the pre-SN star in M g unit (in StarTrack
it is the value at the end of star core helium burning phase), M i =
5.75M ¢ — the assumed critical mass of carbon oxygen core for a BH
formation (the switch from NS to BH formation). Note that the mass
of remnant is calculated using the Equation 2 till some Mg value,
which depends on the steepness of the exponent (so the adopted fix
value). If Mrem, from Eq. 2 exceeds the value of the total mass of
pre-SN star (Mpre—sN), then we assume the direct collapse of the star
to a BH with only mass loss in form of neutrinos (1% of pre-SN
mass):

Mrem = min(Meq. 2, MprefsN)- 3)

Convection mixing parameter fp,ix (Eq.2) is inversely proportional
to convection growth time. Therefore, f,ix = 4.0 corresponds to
rapid growth of the convection <10ms that then develops an explosion
in the first 100ms (depending on mass) while f,ix =0.5 corresponds
to a growth time closer to 100ms where the explosion can take up to
1s. New formula with adopted value f;,ix = 0.5 resultin shallow or no
mass gap similarly to previous delayed SN model (Fryer et al. 2012)
while high value of f,jx = 4.0 result in deep mass gap, similarly
to previous rapid SN model. Applied formulas are for non-rapidly
rotating progenitors.

2.3 Detection weighted calculations

The distributions of the source properties observed by gravitational-
wave detectors are biased due to the selection effects. We account
for such detection biases when we compare mass-ratio distributions
of the synthetic population of DCO mergers (Sec. 4.2) with the pop-
ulation detected so far by The LIGO-Virgo-KAGRA Collaboration
(LVK). We assume that a given merger is detectable if it has the
signal-to-noise ratio (SNR)> 8. The SNR for each merger can be
expressed as p = pow > 8, where pg is the SNR assuming the bi-
nary is optimally oriented and located in the sky, and 0 < w < 1
is the projection factor that depends on the binary’s sky position
and orientation. We calculate the SNRs using the waveform approxi-
mant IMRPhenomD (Khan et al. (2016)), assuming LIGO mid-high
sensitivity (corresponding to O3 observing run).

For each binary within the detector’s horizon (i.e. pg > 8), we find
the probability that it will be detected,

Pdet = P(8/po) 4)

where P(w) is the cumulative probability distribution function of w
(Finn & Chernoft (1993)). Each merger in our population is weighted
by pdet to account for detector effects.

3 SINGLE STAR EVOLUTION

In this section we show results for new remnant mass formulas only
for a single star evolution. We present relations between progenitor
star mass at its Zero Age Main Sequence (ZAMS) versus: the final
remnant mass (NS or BH), the total mass of the pre-SN star, masses
of pre-SN carbon oxygen (CO) and helium core (He) for different
metallicities. For comparison, besides the two extreme examples of
new remnant mass formulas (Fryer et al. 2022), we provide similar
results for the previous StarTrack models: the rapid and delayed
SN model (Fryer et al. 2012). In Sec. 3.2 we present how different
assumption on convection growth timescale, corresponding to dif-
ferent f,ix variants (see Eq. 2), impacts the depth and width of the
lower mass gap.

MNRAS 000, 1-21 (2015)



4 A Olejak et al.

3.1 Remnant mass vs its stellar progenitor

In Figures 1 - 2, we present the final stellar remnant mass (NS or
BH) as a function of its progenitor’s ZAMS mass for four models of
SN: the two previous StarTrack models, so-called the delayed and
rapid SN models (Fig. 1) and two models chosen from the spectrum
provided by Fryer et al. (2022) (Fig. 2). The two examples of new
SN models correspond to extreme variants for the mixing parameter
value: fihix=0.5 and fihix=4.0 (see § 2). Every plot includes three
panels which correspond to different stellar metallicities: at the top
1% Zg, in the middle 10% Zg and at the bottom 100% Zg (Zg =
0.02). For every model we show two variants for PSN limit (see Sec.
§2). Note that the ZAMS mass range in the figures is extended up to
Mzams = 300 M o while in our cosmological simulations for binary
systems in next sections we limit possible initial mass of the star to
150 M o for strong PPSN/PSN model and to 200 M , for the revised
PSN model (see Sec. §2).

3.1.1 Differences between previous and new SN models

The adopted core collapse SN model plays a role up to some progen-
itor ZAMS mass threshold above which the fates of all collapsing
stars end in the direct collapse to a BH with minimal mass ejection.
After exceeding this threshold, which depends on metallicity, the re-
lation between Mzaps and remnant mass of most massive stars (the
right side of the plots) looks the same for all SN models (Fig. 1- 2).

The main difference between the previous and new adopted for-
mulas for remnant masses is that the new ones allow for probing
convection growth timescale on broad spectrum, which also means
probing the depth and width of lower mass gap, instead of testing
only two extreme cases: delayed and rapid SN models. The extreme
cases of the new formulas: f,ix = 0.5 and f,ix = 4.0, may be defined
as substitutes of the previous delayed and rapid SN engines respec-
tively. Those models are, however, not exact equivalents, especially
the previous rapid and new f,ijx = 4.0 differ by few important fea-
tures. In order to compare the major features of SN models, we will
divide them into two categories: the slow convection growth models:
previous delayed SN and new f,ix = 0.5 and the fast convection
growth models: previous rapid SN and new f,ix = 4.0.

The major difference between the slow and fast convection growth
SN models is the limit on initial mass Mzaps threshold for a di-
rect collapse into a BH (Fig. 1 - 2). For the fast SN models, the
threshold for Mzanms separating progenitors ending evolution in a
direct collapse instead of successful SN explosion is noticeably lower
than that of the slow SN models. This is because, when the convec-
tion growth timescale is fast (fast SN models) for progenitors with
masses Mzams == 20 M o, convection is strongest when the ma-
terial is still able to prevent an explosion. In contrast, for the same
progenitors but once convection growth in slow timescale (slow SN
models), the peak in the convection occurs when the infalling ram
pressure is weaker, allowing an explosion, see Fryer et al. (2012);
Belczynski et al. (2012). The threshold for direct collapse in fast SN
models is around Mzanms = 20 M o while for slow SN models it is
around Mzams = 35 M o for lower metallicities (1% and 10% Zg)
and around Mzams = 80 M for 100% Zg as for for such a high
metallicity the stellar winds removes significant part of star’s mass.

SN models with a slow convection growth timescale, so the previ-
ous delayed and new model with fi,ix = 0.5, give very similar results,
with a small difference that the new model produce slightly lower SN
remnant masses than the previous one. But between the two models
with fast convection growth, previous rapid and the new model with
fmix = 4.0, there are two important differences. The low threshold
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Table 1. Mass threshold for progenitors ZAMS mass to enter the regime of
additional mass loss in LBV/WR winds for three different metallicities.

Mzams,ze Mzams, 0.1z Mzams,0.01z4
LBV 50 Mo 33 Mo 2 Mg
WR 24 Mg 38 Mo 37 Mo

for a direct collapse to a BH (around Mzams = 20 M o) results in
a mass gap betwen NS and BH masses for both fast SN models. In
previous model, this mass gap was totally empty - zero compact ob-
jects produced in the mass range: ~ 2 — 5 M . Our new SN models,
even the most rapid convection growth, with f,ix = 4.0, allow for
formation of some compact objects within this range. However, the
depth and width of the mass gap between NS and BH masses (frac-
tion of compact objects with masses ~ 2 — 5 M o) changes with the
adopted value of fi,ix (see Sec. 3.2 and Fig. 3). The new SN model
with fiix = 4.0, which corresponds to the most rapid convection
growth, allows for a slight filling of the mass gap and is less extreme
than the previous rapid model (Fryer et al. 2012). It is a result of
implementation of a better understanding of the growth time and
narrowing the range of assumptions on mixing.

The second difference between the previous rapid and new model
with fix = 4.0 is the lack of an additional dip for remnant masses
after exceeding the direct collapse threshold (~ Mzams = 20 M o) in
the new SN model. The origin of the dip in the previous rapid model
was motivated by the feature observed in detailed evolutionary set
of models (Woosley et al. 2002) for high metallicity progenitors
Z = Zg (Fryer et al. 2012; Belczynski et al. 2012). In those models,
stars with their initial masses above the Mzavs > 20 M o due to
increased mass loss of the outer layers in stellar winds have their cores
structure modified. As a consequence the density of heavy oxygen
and silicon layers may be decreased so the energy required to eject
the outer part of the star is reduced. This, in turn leads to resuming
successful SN explosions until the initial mass of progenitors reach
other limits at which the final star is so massive that gravity leads to
direct collapse to a BH. The position of this additional dip as well
as its extent depends on the used detailed code and is sensitive to
choice of many input physical parameters such as mixing or mass-loss
prescriptions. For example in the versions of code used for studies by
Fryer et al. (2022) the dip is less pronounced than it was for Fryer et al.
(2012). Including dip modelling into new formulas would make them
more complex and would require considering results for different star
metallicity. This study does not include this effect.

3.1.2 Progenitor masses Mzams < 100 M o

There are few features in the relation between the ZAMS mass of
the progenitor and the final remnant mass of the NS/BH which do
not originate from the adopted SN model but from other physical
processes. For example, LBV and Wolf-Rayet star (WR) winds play
arole after exceeding a certain mass thresholds for progenitor initial
mass. Those thresholds, however, strongly depend on metallicity. In
Table 1 we provide values of Mzanms for which massive stars in our
simulations become subject of increased mass loss due in the LBV
or WR winds for three metallicities: 1% Zg, 10% Zg and 100% Zg.
We also marked the origin of features: LBV, WR, PPSN and PSN in
Figure 1

In all SN models (Fig. 1 - 2), we observe a clear dip in the
final remnant mass at lower metallicities (1% Zg and 10% Zg) for
progenitors with initial masses Mzams 2 32 M due to entering
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Figure 1. Left: Remnant mass (NS or BH) and pre-SN star properties as a function of progenitor ZAMS mass for the delayed SN model (Fryer et al. 2012).
Top panel — 1%Zg; middle panel — 10%Zq; bottom panel — 100%Zg (Zo = 0.02;). Black line — mass of the remnant (BH or NS) for strong PPSN/PSN model;
grey line - mass of the remnant (BH or NS) for revised PSN model; blue dashed line — mass of the helium core of pre-SN star; red dashed line - mass of the
carbon-oxygen core of pre-SN star; green dashed line — total mass of the pre-SN star. Right: Same results for the rapid SN model (Fryer et al. 2012).

the effects LBV winds. The luminosity of such massive stars exceed
Humphreys—Davidson limit ((Humphreys & Davidson 1994)) and
stars are subject of significant additional mass loss in LBV stellar
winds of order of 107 M oyr~! (Belczynski et al. 2010a). Massive
stars with high metallicities (like 100% Z) are also subject of LBV
winds in our simulations. However, for high metallicties stars lose
more mass in stellar winds during the the early evolutionary phases
(main sequence). It removes significant fraction of star’s outer layers
and shifts the threshold for LBV winds to larger progenitor masses
Mzams 2 S0 M.

Another important threshold for Mzapmg corresponds to WR-star
winds (Hamann & Koesterke 1998). The minimum mass of stars to
be a subject of WR winds, similar to LBV winds, depends on the
metallicity. Metallicity also significantly impacts the duration of the
WR phase (in our simulations the stripped helium core phase) and
how much mass is lost in WR winds. In the case of WR winds, in
contrast to LBV winds, the higher the metallicity, the lower the mass
Mzams threshold for WR winds. Rich in metals, massive stars are
subject of significant mass loss in stellar winds during their earlier
stage of evolution that may allow them to loose quickly hydrogen
envelopes. Poor in metals, massive stars may also lose significant

part of their outer layers in stellar winds. However, it usually happens
in the latter part of the evolution and therefore the duration of the WR
phase (and its mass loss) is also shorter. As an example, the same
progenitor star with Mzams = 40 M o at solar metallicity Z = Zg
will lose ~ 4 M ¢ during its WR phase, at Z = 0.1Zg around ~ 1 M
while at Z = 0.01Zg only ~ 0.1 M.

For stars with 100% Zg, the Mzapms threshold for WR winds
starts for progenitors with Mzams ~ 24 M ¢ and is clearly visible in
Figures 1 and 2. In the case of lower metallicities: 1% and 10% Zg,
the threshold at which WR winds activates is shifted to Mzams ~
37 M . However, note that for 1% Zg due to relatively short WR
phase the feature is negligible.

3.1.3 Progenitor masses Mzams = 100 M o

Most massive stars Mzams = 100 M o may experience significant
mass loss in PPSN or complete disruption in the violent PSN ex-
plosion initiated by the creation of the electron-positron pairs which
reduce the radial pressure in their cores (Woosley et al. 2007; Woosley
2017). However due to several uncertainties associated with physical
processes in massive stellar cores, such as the rates for 12C(a, y)100
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Figure 2. Left: Remnant mass (NS or BH) and pre-SN star properties as a function of its progenitor ZAMS mass for the new SN model with f,ix = 0.5 (Fryer
et al. 2022) Top panel — 1%Zy; middle panel — 10%Zg; bottom panel — 100%Zs (Zo = 0.02;). Black line — mass of the remnant (BH or NS) for strong
PPSN/PSN model; grey line - mass of the remnant (BH or NS) for revised PSN model; blue dashed line — mass of the helium core of pre-SN star; red dashed line
- mass of the carbon-oxygen core of pre-SN star; green dashed line — total mass of the pre-SN star. Right: Same results for the new SN model with fix = 4.0
(Fryer et al. 2022). Note that new SN models with low values of fnix = 0.5 (in Eq. 2) result in shallow or no mass gap (similarly to old delayed SN model) while
high values such as fix = 4.0 result in deep mass gap (similarly to previous rapid SN model).

reaction, and a lack of strong observational evidence (The LIGO
Scientific Collaboration et al. 2021b), it is currently not possible to
determine the exact mass range stars are subjects of potential PPSN or
PSN (Farmer et al. 2020; Costa et al. 2021; Woosley & Heger 2021).
In this study we test two different variants for the PSN limit. In our
strong model (Belczynski et al. 2016), the maximum mass of the BH
is limited to ~ 45 M . Stars with final helium cores My, > 45 Mg
are subject of PPSN while stars with My, > 65 M o are completely
disrupted in a PSN explosion. The second variant is a revised PSN
model by Belczynski (2020). In the revised PSN model, we do not
include PPSN mechanism while the limit for total star disruption
in a PSN explosion is shifted to stars with final helium core masses
Mpye > 90 M . The total disruption of the star in a PSN explosion for
both PSN models happens only for the lowest tested metallicity and
the effect is visible only on the top panels (for 1% Z) of Figures 1
and 2. In the strong PPSN/PSN model, stars with progenitor masses
Mzams 2 100 M o experience PPSN which decreases the final mass
of BH to 45 M . The non-linear, complex relation of stellar winds
with the stellar mass and luminosity influences the final mass of the
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He core and makes it a non-monotonic function of Mzams. As an
effect, the mass of He cores first exceeds 65 M ¢ (limit for complete
disruption) for the progenitors with masses of Mzams = 138 M.
Then, for progenitor stars with 138 < Mzams < 153 M, the fi-
nal He core mass decreases a bit below the PSN limit and the star
experience a PPSN instead. The limit for PSN is exceeded again
for progenitors with initial masses Mzams > 153 M . In the re-
vised PSN variant, the limit for PSN is exceeded for most massive
progenitors with Mzanms > 250 M . As in our binary evolution cos-
mological simulations (Section 4), we limit the initial stellar mass to
Mzams = 200 M . Therefore, a PSN in the revised treatment does
not play a role in those results. Stars with 10%Z¢ do not experience
PSN as the stellar winds reduce the He core mass below the PSN
limit. However, in the strong PPSN/PSN model most massive stars
may be a subject of PPSN. Due to the overlap of the stellar winds
with mass reduction in PPSN the remnant masses of 10%Z stars
is constantly ~ 45 M for all the progenitors with initial masses
Mzanms > 105 M . On the other hand, the results for revised PSN
model do not differ much, as mass loss with stellar winds allows
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for the formation of BH only to ~ 47 M in the wide range of
105 Mo < Mzams < 250 M . For 100%Z¢ stars do not experi-
ence PPSN nor PSN in both PSN variants as the strong stellar winds
allows for the formation of BH with maximum mass of ~ 20 M 5.

3.2 Lower mass gap

Figure 3 demonstrates how the lower mass gap changes with the as-
sumed value of fi,ix parameter corresponding to different convection
timescales growth (from rapid to delayed). These results are for high
metallicity 100%Z. In this paper we assume f,ix takes a value from
the range: 0.5 to 4.0 as suggested by Fryer et al. (2022) (see Sec. 2.
In the Figure we show results for eight f,ix values chosen from this
range. The presented histogram, with a bin size of 1 M, is made
from the study of 10° single stars (for each SN model) with their
initial masses S Mo < Mzams < 150 M generated from three
broken initial mass function Kroupa et al. (1993); Kroupa (2002)
with power-law exponent for massive stars (Mzams > 1 M) equal
a3 = —2.3. The distribution is shown in the range limited to remnant
masses 1 < Mrem < 9 M in order demonstrate clearly the lower
mass gap region.

In the same Figure 3, we plot (black dashed line) the distribu-
tion NSs and low mass BHs (< 9 M o) observed in electromagnetic
spectrum using database collected by LVK LIGO-Virgo Mass Plot
with provided references on system parameters: Deller et al. (2012);
Heida et al. (2017); Alsing et al. (2018); Thompson et al. (2019);
Giesers et al. (2019); Ferdman et al. (2020); Fonseca et al. (2021);
Jayasinghe et al. (2021); Haniewicz et al. (2021).

For all tested models, we observe a peak of NSs with masses in
the range Mem € 1 — 2 M . The distribution for each fi,ix varies
significantly. In the model with the lowest f,ix = 0.5 (the most
delayed convection growth), we get a high fraction (~ 10* M 61) of
compact object remnants, massive NSs and low mass BHs, within the
range of 2 M o < Mrem < 7 M . The corresponding number of more
massive compact objects decreases by around an order of magnitude.
The distribution of remnant masses for the most rapid model, fi,ix =
4.0 behaves in the opposite way. After the NSs peak, there is a deep
drop by ~ 2 orders of magnitude for compact objects in the mass bin
2Mg < Miem < 7 M. The number of BHs increases by 1-2 orders
of magnitude for Mem € 7—9 M o compared to mass range Mrem €
6 — 7 M . The increase in the fraction of objects within two most
massive plotted bins, as already mentioned in Sec. 3.1, is due to peak
in the convection of the rapid convection timescale for fi,ix = 4.0
occuring earlier when the ram pressure of the infalling star is higher.
The pre-SN star goes through direct collapse to a BH, with only mass
loss in neutrino flux, leaving more massive remnants than in case of
successful SN explosion (e.g. fmix = 0.5). The results for other fi,ix
alter the width and depth of the gap region. The models with fix
values in the middle of possible range, e.g. fimax=2.5, are promising
as they reconstruct the reduced number of observed compact objects
withing the range 2 — 5 M ¢ but also do not completely prevent their
formation. In this respect, such models are most compatible with
small database of NSs and low mass BHs observed in electromagnetic
spectrum (black dashed line). Note that here we compare results from
simulations with the observed population of compact objects without
taking into account many possible biases.

For comparison, apart from the results for M = 5.75M o adopted
for this study (see Eq. 2), in Figure A1 we provide same results but
for different critical mass of carbon oxygen core for a BH formation,
M i = 4.75Mo. Different choice of M, parameter value may
affect the range of produced mass gap.

4 BINARY EVOLUTION

In this section we present the impact of the new remnant mass pre-
scriptions for cosmological population of DCO mergers formed via
isolated binary evolution. Besides testing new formulas for remnant
masses we also show results for two different RLOF stability criteria
and two PSN treatment, see method description in Sec. 2.1 for more
details. In Sections 4.1 and 4.2, we present mass and mass ratio dis-
tributions of DCO mergers respectively. In Section 4.3, we provide
estimates of local merger rate densities for different types of DCO
mergers.

4.1 Mass distribution of DCO mergers

In Figures 4 and 5, we present combined intrinsic distributions of
remnant masses for all types of DCO which merge at redshift z < 1.0.
The plots in Figure 4 are results for the standard CE StarTrack
development criteria, in which a vast majority of BH-BH binaries
form via CE evolution. The plots in Figure 5 show results for the
revised CE development criteria, in which a majority of BH-BH
binaries form via stable RLOF channel without any CE phase. For
both figures, we provide plots with the entire spectrum of masses
and with a mass range limited to low masses, m< 15 M o for a better
visibility of the lower mass gap region. We show distributions of
the more massive merger component (the primary, m1), less massive
merger component (secondary, m) and a sum of the two masses
(my + my). In every plot we provide results for three cases of new
SN models: two extreme cases for convection growth timescales, the
most delayed with f,ix = 0.5, the most rapid with fix = 4.0 and
intermediate case for fiix = 1.0. We also plot results for the two
adopted limits for PSN.

In all distributions (for all remnant mass models and both CE
development criteria), there is a large peak in the primary mass m
distribution in the mass range corresponding to typical masses of
NSs. In the primary mass distribution for the model with f;;;x =
0.5, there is significant fraction of more massive NSs (m; € 1.5 —
2.0 M 5), which we do not observe for two other tested SN models
(corresponding to more rapid convection timescale growth). For the
model with f;,;x = 0.5, the fraction of DCO mergers with their total
masses in range: m| + mo € 3 —4 M (massive NS-NS mergers)
is about one order of magnitude higher than in other models. This
may be important feature for studying the origin of systems such
as GW190425 (Abbott et al. 2020) classified as a massive NS-NS
merger with its component masses: m| € 1.60 — 1.87 M g and m) €
1.46 — 1.69 M ¢ for low-spin prior (or m; € 1.61 —2.52 and m; €
1.12 — 1.68 M o with high-spin prior assumption).

The fraction of DCO mergers with components within the lower
mass gap and slightly beyond it is systematically about one order of
magnitude lower for the most rapid tested model with f,ix = 4.0
than for most delayed one f,ix = 0.5. The results corresponding to
intermediate case of convection growth timescale (fi,ix = 1.0) are
usually somewhere between the two extreme cases. After exceeding
the masses of m,my > 8 Mg there is a reversal of trends in the
behavior of extreme SN models distributions. The fraction of DCO
withmy,my € 9—15 M for fihix = 4.0 is a few times larger than in
fmix = 0.5. In the case of frix = 1.0, the fraction of DCO mergers
remains low for a wide range of masses m,my € 2 — 10 M and
increases by about an order of magnitude for my,m, 2 11 M. For
the reasons already mentioned in Section 3, more rapid SN models
(e.g. fmix = 4.0) with successful explosions are unlikely to produce
remnants with masses in the lower mass gap. Instead stars either
explode rapidly to form a NS below the gap or collapse directly to
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Figure 3. Histogram (binsize 1 M o) of the remnant masses of the probe of 107 single stars for adopted initial mass function for eight new SN model prescriptions
with fix in a range 0.5-4.0 and Z = 1.0Zg. Results for Mj; = 5.75M adopted for this study (see Eq. 2).
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Figure 4. Intrinsic mass distribution of all types (NS-NS, BH-NS, BH-BH) mergers at low redshifts (z < 1.0) for standard common envelope development
criteria (BH-BH mergers forms via common envelope evolution). Results for three new remnant mass formulas with fi,;x = 0.5;1.0 and 4.0 (m; > my). On
the left the whole spectrum of masses for two PSN models: revised PSN (solid lines) and strong PPSN/PSN (dashed, semitransparent lines). On the right mass
range limited to 15 M o (only revised PSN model). Note that our models allow for various depths of the lower mass gap, from deep (red line, the most rapid
SN) to shallow (green line, the most delayed SN) gap depending on the development timescale of neutrino supported convection SN engine. Full description in
Section 4.
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Figure 5. Intrinsic mass distribution of all types (NS-NS, BH-NS, BH-BH) mergers at low redshifts (z < 1.0) for the revised criteria for mass transfer stability
(BH-BH mergers forms via stable RLOF). Results for three new remnant mass formulas with fi,ix = 0.5; 1.0 and 4.0 (m; > my). On the left the whole spectrum
of masses for two PSN models: revised PSN (solid lines) and strong PPSN/PSN (dashed, semitransparent lines). On the right mass range limited to 15 M ¢ (only
revised PSN model). Note that our models allow for various depths of the lower mass gap, from deep (red line, the most rapid SN) to shallow (green line, the
most delayed SN) gap depending on the development timescale of neutrino supported convection SN engine. Full description in Section 4.

a BH with a mass above the gap. The influence of the adopted SN
model is visible in the region of mi,my < 17 Mg (m; + my <
35 M ). After that threshold, massive stars in all tested models end
their lives in a direct collapse to a BH, without a successful SN
explosion. Different adopted approaches for the PSN limit doesn’t
affect much the general picture of DCO mass distribution. The main
difference is a tail of BHs with masses larger than 45 M in the
model with revised PSN limit while for strong PPSN/PSN model
there is a narrow peak around 45 M ¢ due to mass reduction by PPSN.
The difference in the distribution of DCO mergers between two CE
development criteria (Fig. 4 and 5) is especially visible for massive
systems (m1,my 2 20 M ). BH-BH mergers formed in stable RLOF
scenario (Fig. 5) are characterised by significantly larger average total
mass of DCO mergers, what was already noticed and explained by
other recent studies, for example van Son et al. (2021) and Belczynski
et al. (2022a). Massive BH-BH mergers are more likely to form via
stable RLOF evolution as their progenitors avoid stellar merger while
entering CE with Hertzsprung gap star donor (Olejak et al. 2021).
Different approaches to the mass and orbital angular momentum
loss mechanisms during stable and unstable RLOF also strongly
affect mass ratio of BH-BH mergers (See Sec. 4.2). Additionally, in
Figures 6 and 7, we show mass distribution only for BH-BH mergers
for two RLOF stability criteria. BH-BH mergers strongly dominate
the detected GW signals thusfar and therefore they are sometimes
analyzed separately from other types of DCO mergers.

4.2 Mass ratio distribution of BH-BH and BH-NS mergers

In the Figures 8 and 9, we present the mass ratio distributions
of BH-BH and BH-NS mergers (combined) obtained for three
examples of new SN models: fiix = 0.5, finix = 1.0 and fi,ix = 4.0
similarly as in 4.1. The mass ratio g is defined here as the mass of

the secondary (less massive) to mass of the primary (more massive)
component of merger (¢ = %). In Figure 8, we plot the results for
the standard CE development criteria, and in Figure 9, the results
for the revised criteria under which BH-BH mergers form mostly
through stable RLOF. For both, the standard and revised criteria,
we show two separate figures corresponding to two different PSN
variants (see Sec. 2.1). On the left we show results for the revised
PSN model and, on the right, results for the strong PPSN/PSN
model. On the top panel of the figures, we present the intrinsic (not
redshifted nor detection-weighted) mass ratio distribution of BH-BH
and BH-NS mergers population (combined) at redshift z < 1.0. On
the bottom panel we also plot combined mass ratio distribution of
BH-BH and BH-NS but weighted by detection biases according
to a method described in Section 2.3 (only signals with estimated
SNR> 8). The detection-weighted results are plotted together
with a distribution built of publicly announced during O1+02+03
runs parameters of BH-BH and BH-NS mergers with a black
dashed line (Abbott et al. 2016, 2019c; Abbott et al. 2019a; Abbott
etal. 2019b, 2021c; The LIGO Scientific Collaboration et al. 2021b).

In Table 2, for all tested physical variants (see Sec. 2), we provide
total fractions of unequal mass mergers with their mass ratios: g <
0.3 and ¢ < 0.5. The first column is a row number, in the second
column we specify the adopted criteria for CE development: standard
or revised. In the third column we define used PSN model: strong
(which limits BH mass to ~ 45 M ) or revised (which allows for
more massive BHs formation). In the fourth column (SN model) we
specify adopted mixing parameter value for the new remnant mass
formula: f,ix = 0.5;1.0 or 4.0. In last four columns we give total
fractions of unequal mass ratio mergers, first for intrinsic distributions
Gintr (column fifth and sixth) and next for the detection weighted
results gge¢ (column seventh and eighth).
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Figure 6. Intrinsic mass distribution of BH-BH mergers at low redshifts (z < 1.0) for standard common envelope development criteria (BH-BH mergers forms
via common envelope evolution) divided into bins with 0.5 M ¢ size. Results for three new remnant mass formulas with fi,;x = 0.5;1.0 and 4.0 (m; > my)
for two PSN models: revised PSN (solid lines) and strong PPSN/PSN (dashed, semitransparent lines). Note that our models allow for various depths of the
lower mass gap, from deep (red line, the most rapid SN) to shallow (green line, the most delayed SN) gap depending on the development timescale of neutrino
supported convection SN engine. Full description in Section 4.

No. CEcriteria PSNlimit SN model ginr < 0.5  Ginge < 0.3 @det < 0.5  Gger < 0.3

1. Standard  90Mg  fuix =0.5 0.68 0.44 0.24 0.13
2. Standard  90Mo  fax = 1.0 0.61 0.47 0.15 0.08
3. Standard 90 Mo  fix = 4.0 0.43 0.32 0.10 0.04
4. Standard  45Mo  fuix =0.5 0.68 0.43 0.26 0.13
5. Standard  45Mo  fax = 1.0 0.62 0.48 0.17 0.10
6. Standard  45Mo  fax =4.0 0.43 0.32 0.11 0.04
7. Revised 90OMo  fuix =0.5 0.45 0.08 0.28 0.003
8. Revised OMo  fuix=1.0 0.66 0.10 0.26 0.003
9. Revised 0OMo  fuix =4.0 0.57 0.11 0.24 0.003
10. Revised  45Mo  fuix =0.5 0.44 0.07 0.26 0.003
11. Revised  45Mg  fuix=1.0 0.63 0.10 0.23 0.003
12. Revised  45Mg  fuix =4.0 0.54 0.11 0.21 0.003

Table 2. Fractions of unequal mass BH-BH and BH-NS mergers (combined) in different tested models. The columns: CE criteria stands for adopted standard
or revised CE development treatment; PSN limit stands for adopted strong (~ 45 M o) or revised (~ 90 M ) PSN limit; SN model stands for different adopted
Jfmix parameters (convection growth time); gip; < X is the intrinsic fraction of mergers with mass ratio less than X while gge; < Y is the fraction of mergers
weighted by detection with mass ratio less than Y.
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Figure 7. Intrinsic mass distribution of BH-BH mergers at low redshifts (z < 1.0) for revised mass transfer stability criteria (BH-BH mergers forms via stable
RLOF) divided into bins with 0.5 M ¢ size. Results for three new remnant mass formulas with f,;x = 0.5;1.0 and 4.0 (m; > mj) for two PSN models: revised
PSN (solid lines) and strong PPSN/PSN (dashed, semitransparent lines). Note that our models allow for various depths of the lower mass gap, from deep (red
line, the most rapid SN) to shallow (green line, the most delayed SN) gap depending on the development timescale of neutrino supported convection SN engine.

On the right mass range limited to 15 M . Full description in Section 4.

4.2.1 CE evolution

The intrinsic mass ratio distribution of BH-BH and BH-NS mergers
(combined) in the case of CE evolution channel (top panel of Fig. 8)
is significantly affected by the adopted model for the SN explosion.
In the distribution for our model with f,ix = 4.0, which produces
deep and wide lower mass gap, there are three peaks: a very high,
thin peak at ¢ ~ 0.15 composed of BH-NS mergers, a wide peak at
q € 0.5 —-0.7 and a slight peak at ¢ = 1.0 both primarily composed
of BH-BH mergers. The distribution for the model with fiix = 1.0
is similar to that for the model with f,,;x = 4.0 with a high peak for
unequal mass BH-NS mergers.

In the mass ratio distribution for a model with f,;x = 0.5, there
is a broad peak for unequal mass systems made of both BH-NS and
BH-BH mergers with mass ratios g € 0.1 — 0.3. This SN model
produces higher a fraction of massive NSs and low mass BHs within
the lower mass gap via a successful SN explosion comparing to
fmix = 4.0 and fihix = 1.0. Progenitors of BH-NS systems where
both components are within the lower mass gap are expected to get
high natal kicks at the time of a NS and BH formation. That makes
such systems very easy to be disrupted or have orbits far too wide
to merge in Hubble time. Therefore, despite producing massive NSs
and low mass BHs, we still get mainly unequal mass BH-NS, even for

amodel with f,;x = 0.5. The models with f,;x = 1.0 and f,ix = 4.0
produce more BH-NS mergers due to a bigger fraction of massive
BHs formed via direct collapse without getting significant kicks. In
such systems a BH is usually few times more massive than a NS, what
explains the origin of the high peak of very unequal mass mergers
for the models with f,ix = 1.0 or fi,ix = 4.0. Assumption on PSN
limit has negligible effect on mass ratio distribution.

Significant differences in intrinsic mass ratio distributions between
SN models diminishes while weighting the result by detection biases.
From the total BH-BH and BH-NS mergers population we choose
only mergers with SNR> 8. The observational distribution of de-
tectable sources is governed by their SNR, which depends on the
masses of compact objects in addition to other extrinsic parameters
(like redshift, sky position, etc.). The measured distribution of mass
ratios from a population of detected binaries is significantly differ-
ent from the intrinsic astrophysical distribution due to this selection
bias. For stellar-mass compact objects, the SNR increases with the
total mass of the binary for a fixed mass ratio. Also, for a given
total mass, systems with equal mass components produce a higher
SNR in the detectors and are easier to observe compared to bina-
ries with asymmetric masses. Consequently, the relative fraction of
observed sources becomes heavily biased in favor of higher mass
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Figure 8. Mass ratio distribution for BH-BH and BH-NS mergers at low redshifts (z < 1.0) for the standard common envelope development criteria (BH-BH
mergers formed via common envelope). On the upper panel intrinsic results (not redshifted nor detection-weighted). On the bottom panel detection-weighted
results together with the parameters of detected population of BH-BH and BH-NS mergers (O1+02+03 runs). On the left: distribution for revised PSN model;
on the right: distribution for strong PPSN/PSN.
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Figure 9. Mass ratio distribution for BH-BH and BH-NS mergers at low redshifts (z < 1.0) for the revised mass transfer stability criteria (BH-BH mergers
formed via stable RLOF). On the upper panel intrinsic results (not redshifted nor detection-weighted). On the bottom panel detection-weighted results together
with parameters of detected population of BH-BHs and BH-NS mergers (O1+02+03 runs). On the left: distribution for revised PSN; on the right: distribution
for strong PPSN/PSN.

ratios. The detection-weighted mass ratio distribution for CE evolu- for intrinsic distribution this peak was barely visible. Figures 10 for
tion channel (bottom panel of Fig. 8) looks very different than the BH-BH mergers and 11 for BH-NS mergers help to understand the
intrinsic one (top panel). The high peak of BH-NS mergers (and un- origin of this peak and the shape of detection weighted distributions.
equal mass BH-BH mergers for f,ix = 0.5) has been reduced with On the top panel of Figure 10 we present relation between mass
respect to more equal mergers. Detection-weighted distribution has ratio g and the average total mass m| + my of BH-BH mergers at
a clear, high peak for equal mass systems with gger = 0.9 — 1.0 while z < 2.0 for standard CE development criteria. Plotted results indi-

MNRAS 000, 1-21 (2015)



The role of SN convection for the lower mass gap in the isolated binary formation of GW sources 13

cates that in case of CE formation channel the more equal BH-BH
merger, the more massive it is in average. Average mass of unequal
mass ratio BH-BH mergers ¢ = 0.3 is around 20 M . Equal mass
BH-BH mergers (¢ € 0.9 —1.0) are significantly more massive, with
average mass around 35 M . Therefore equal mass mergers more
easily detected. Average mass of BH-NS mergers (up to 17 M ) for
a given mass ratio bin is systematically lower than average mass of
BH-BH mergers. Despite that bias, the total fraction of detectable
unequal mass mergers with mass ratio gge < 0.5 is significant for
all SN models within standard CE criteria, constituting ~ 24% for
fmix = 0.5; ~ 15% for fihix = 1.0; and ~ 10% for finix = 4.0 (Tab.
2).

4.2.2 Stable RLOF evolution

In the case of the revised CE development criteria (stable RLOF
BH-BH formation channel, see Fig. 9) mass ratio distribution of
BH-BH mergers is very similar for all tested variants of SN models
and both PSN models. In the intrinsic distribution (top panels), the
main difference between remnant mass models is a peak of BH-NS
mergers, which for models with fi,ix = 1.0 and fi,ix = 4.0 is 2-3
times higher and shifted towards more unequal mass ratios (g =~ 0.1)
comparing to model with fix = 0.5 (¢ = 0.2). In all tested SN
models there is a second broad and high peak for mass ratios in
the range ¢ € 0.4 — 0.6 which dominates the distribution of BH-
BH mergers. This peak and its origin has already been noticed and
explained in Olejak et al. (2021). In short, the peak is a consequence
of overlap of restrict CE development criteria applied for massive
donors with masses above Mzams > 18 M o (BH progenitors) and
the adopted assumptions of rather low orbital angular momentum
mass loss during non-conservative RLOF (Belczynski et al. 2008).
In such physical conditions, it is possible to form tight BH-BH system
which would merge in Hubble time only if the progenitor system had
significantly unequal mass ratio at the onset of the second RLOF.

The detection-weighted distribution for revised CE development
criteria is, as with the the intrinsic distribution, strongly dominated
by the peak made of BH-BH mergers with mass ratios g € 0.4 —0.6.
However, the peak for unequal mass mergers with ¢ € 0.1 — 0.2,
which was present in the intrinsic distribution, nearly disappears in
the detection-weighted results with respect to the dominant BH-BH
peak. The total fraction of unequal mass mergers with g4e; < 0.5 is
significant: around 25% for all remnant mass models. However, for
more extreme mass ratio mergers with gqe; < 0.3 it quickly becomes
negligible, constituting less than 1%.

4.2.3 Mass ratio vs average mass of mergers

Figures 10 and 11 shows trends in relation between mass ratios
and masses of BH-BH and BH-NS mergers respectively for both
RLOF stability criteria. On the bottom panel of Figure 10 we plot the
relation between mass ratio ¢ and the average total mass m| + m, of
BH-BH mergers at z < 2.0 for the revised CE development criteria
(stable RLOF formation channel). The trend is much different in
the case of BH-BH binaries formed via the CE channel (top panel).
The average mass of BH-BH mergers formed via stable RLOF is
largest (~ 50 — 60 M o) for unequal mass ratios corresponding to a
peak g € 0.4 — 0.6 and decreases moving toward equal mass ratio
mergers.

4.2.4 Comparison with GW detections

Detection-weighted results for both standard and revised CE develop-
ment criteria do not fit all of the properties from the current database
of LVK detection. In the case of the standard CE development cri-
teria, the model with fi,ix = 0.5 is able to reconstruct a significant
fraction of unequal mass mergers (gger < 0.3). All three tested mod-
els of fiix also produce a good fit to LVK detections for the middle
range of mass ratio values: 0.3 < gqet < 0.7. For our simulations, we
obtain a peak for equal mass ratio systems (gqe; > 0.9) while LVK
detections show a peak at more unequal mergers: gge; € 0.7 — 0.8.

In the case of the revised CE development criteria under which
most BH-BH mergers formed via stable RLOF, the distribution is
dominated by a high, broad peak similar to the LVK detections.
However, in our simulations, the peak is shifted towards more unequal
mergers, with its center gge; = 0.5 instead of 0.7 (as for LVK). For
those models we also do not produce a significant fraction of mergers
with ¢ < 0.3 which is visible in distribution of LVK detections.

Our results indicate that the distribution of the DCO mass ratio in
isolated binary evolution modeling is very sensitive to input phys-
ical assumptions. A more extensive parameter study is needed in
the future considering several assumptions on e.g. mass and orbital
angular momentum loss during RLOF. Such studies could help to
verify the model if we are able find an evolution model which fits
the LVK observations well with isolated binary evolution. If not, the
LVK observations may require including other formation channels in
order to produce all the features in mass ratio distribution of detected
DCO mergers.

4.3 Local merger rate density

In Table 4.3, we provide the local merger rate densities (z = 0) for our
three new SN models and all tested physical models (see Sec. 2). The
first column is the row number, in the second column we specify used
criteria for CE development: standard or revised. The third column
stands for the PSN limit used: strong (~ 45 M ) and revised allowing
for formation of more massive BHs. In the fourth column we specify
the adopted value of mixing parameter (fi,ix = 0.5;1.0 or 4.0) for
new remnant mass formula. In columns fifth, sixth and seventh we
provide estimated values of the local merger rate densities (z ~ 0) for
BH-BH, BH-NS and NS-NS systems respectively. We also provide
a row with the current ranges for DCO merger rates given by recent
LVK taking the union of 90% credible intervals as provided by The
LIGO Scientific Collaboration et al. (2021b). For BH-BH mergers
we give two variants of ranges, one with broader range under the
assumption of constant rate density versus comoving volume (the
upper value) and the second value given for z = 0.2 under assumption
that BH-BH merger rate evolves with redshift (the lower value).

For all the tested models, the local merger rate densities (at z =
0) for NS-NS systems, which vary from 116 to 155 Gpc_3 yr‘l,
are within the wide range constrained by detections of LVK: 10 —
1700 Gpc_3 yr~! (the union of 90% credible intervals). The local
merger rate densities for BH-NS systems in our models are rather
low and vary from 4 to 27 Gpc=3 yr~!. Our values are within or
close to the lower edge of the LVK range estimates for BH-NS
merger rate densities: 8 — 140 Gpc‘3 yr‘1 (the union of 90% credible
intervals). BH-BH merger rates for tested models vary from 43 to
102 Gpc_3 yr~! It falls into the broader variant of ranges for BH-BH
merger rate densities given by LVK: 16 — 130 Gpc™3 yr~! estimated
(as for NS-NS and BH-NS) assuming a constant rate density versus
comoving volume and taking the union of 90% credible intervals
(The LIGO Scientific Collaboration et al. 2021b). However, our rates
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No. CEcriteria PSNlimit SN model Rpy.BH [Gpe3yr1] RBH-NS [Gpe3yr1] RNS-NS [Gpe3yr 1]
GWTC-3 16 — 130 8 — 140 10 — 1700
z2~0.2 18—44

1. Standard Revised  fiix =0.5 50 10 129

2. Standard Revised  fnix = 1.0 43 21 119

3. Standard Revised  fiix =4.0 46 23 117

4, Standard Strong fmix = 0.5 61 11 155

5. Standard Strong fmix = 1.0 52 26 134

6. Standard Strong Jfmix =4.0 58 27 143

7. Revised Revised  fiix =0.5 68 4 124

8. Revised Revised  fnix = 1.0 75 5 116

9. Revised Revised  fix =4.0 87 6 122
10. Revised Strong Jmix = 0.5 80 5 154
11. Revised Strong fmix = 1.0 86 6 138
12. Revised Strong Jfmix =4.0 102 7 144

Table 3. Local merger rate densities (z ~ 0) for double compact objects (BH-BH, BH-NS and NS-NS) for different tested physical models. In the first row(0.)
we give recent (GWTC-3) estimates of LVK (Abbott et al. 2021d,e). The columns: CE criteria stands for adopted standard or revised CE development treatment;
PSN limit stands for adopted strong (~ 45 M o) or revised (~ 90 M o) PSN limit; SN model stands for different adopted f,ix parameters (convection growth

time); Rpco [Gpc3yr~!] stands for merger rate densities for different types of double compact object.

for BH-BH mergers vary from being close to the upper edge to even
2 times the upper edge of the narrow LVK range 18 —44 Gpc‘3 yr‘l,
which is the variant accounting for the BH-BH merger rate redshift
evolution, estimated at a fiducial redshift (z = 0.2).

4.3.1 Impact of SN model

The choice of the adopted SN model most significantly affects merger
rates of BH-NS systems in standard CE development criteria. The rate
estimated for model with fiix = 0.5, ~ 10 Gpe™3 yr~!, is more than
two times lower than the rates estimated for models with fi,ix = 1.0
and fihix = 4.0. Similar effect has been already noticed for previously
used StarTrack SN models: delay and rapid, and explained by
Drozda et al. (2020). Increased efficiency in the formation of BH-NS
mergers for models with more rapid convection growth timescale, as
described in more detail in Section 4.2, is due to the overlap of the
produced mass distribution (particularly the lower mass gap) with
the adopted assumption on NS and BH natal kicks. BHs formed via
direct collapse in models fi,ix = 1.0 and f,ix = 4.0 are more massive
and get lower natal kicks than low mass BHs produced in successful
SN explosions in model f,ix = 0.5.

Different assumptions on the SN model do not significantly affect
BH-BH and NS-NS merger rates neither in the standard nor in the
revised CE development criteria. In the case of NS-NS, the difference
between results for tested remnant models is up to ~ 10% while for
BH-BH mergers up to ~ 25%.

4.3.2 Impact of assumption on PSN

The rates for all types of DCO mergers are slightly affected by the
adopted PSN model (strong or revised) which changes them by
around ~ 20% due to different normalisation caused by different
IMF range (see Sec. 2). For the revised PSN model, we extend the
range for the initial mass of the stars to 200 M . This change makes
it possible to create heavy BH-BH mergers with component masses
m1+my > 100 M . Such heavy BH-BH mergers are, however, rare
(see Figures 6 and 7, Sec. 4.1) and do not constitute quantitatively

significant fraction of all BH-BH mergers. Production of massive
stars with initial masses 150 — 200 M  takes some part of the total
stellar mass (constant for all models) and slightly reduces the rates
of DCO mergers in the revised PSN model.

4.3.3 Impact of RLOF stability criteria

Among all the tested models in this study factors, the merger rates of
BH-BH and BH-NS are mostly affected by the used CE development
criteria. As shown in Olejak et al. (2021), different assumption on
RLOF stability may lead to different dominant formation scenario for
DCO mergers. In the revised CE development criteria BH-BH and
BH-NS progenitor systems are less likely to initiate a CE phase; for
example, massive donors with Mzams > 18 Mo (BH progenitors)
RLOF is assumed to be stable for much wider parameter space than
in the standard criteria. The rates of BH-BH mergers between the
revised and the standard CE development criteria vary up to a factor
of ~ 2 while BH-NS even by a factor of ~ 5. However, due to a
coincidence of the peak in star formation at z ~ 2.0 with the length
of the BH-BH time delays!, which for stable RLOF phases are on
average much longer than for CE formation channel, we obtain a
non-intiutive result for BH-BH merger rates in the local Universe
(z = 0). As shown in Figure B1 (Appendix B), for most of the
redshifts (z > 0.5) the BH-BH merger rate density is systematically
a few times lower for the revised criteria dominated by stable RLOF
formation channel than for the standard criteria dominated by CE
formation channel. However, due to longer BH-BH time delays for the
stable RLOF channel, the peak in the merger rates related to increased
star formation (at z =~ 2.0) is shifted towards lower redshifts. As a
result for the lowest redshifts (z < 0.5) BH-BH merger rate density
is ~ 2 times higher for the revised CE development criteria than for
the standard one.

As discussed in Section 5, the physical parameter space tested
within this study (12 models) is very limited and there are several

! Time delay is the time since formation of double compact object system
(NS-NS, BH-NS, BH-BH) till its merger due to gravitational waves emission.
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other uncertain parameters and unconstrained processes which may
significantly influence local merger rate densities. In this work, we
focus on the impact of the adopted new remnant mass formulas. A
few examples of works which provide estimates of DCO merger rates
studying influence of other physical factors are Dominik et al. (2013);
Neijssel et al. (2019)or(Broekgaarden et al. 2021b).

5 DISCUSSION OF CAVEATS AND UNCERTAINTIES

At this point we would like to mention some of the uncertainties
in the calculations made in this work. In this study we made a lot
of assumptions related to the physical modeling of single and bi-
nary stellar evolution. Besides the stellar collapse and SN engine
mechanism which is the main subject of this work, there are many
other uncertain processes that dictate the formation of DCO merg-
ers. Some examples of such processes or parameters which may
significantly influence physical properties of DCO mergers are: the
metallicity-specific star formation rate density and initial mass func-
tion (Chruslifiska et al. 2020; Santoliquido et al. 2021; Broekgaarden
et al. 2021a; Briel et al. 2021; Kroupa & Jerabkova 2021), stellar
winds (Vink et al. 2001; Sander et al. 2022), convection and over-
shooting (Klencki et al. 2021; Belczynski et al. 2022b), NS and BH
natal kicks (Mandel et al. 2021; Igoshev et al. 2021), type and rate of
mass transfer and the outcome of stable/unstable RLOF (Vinciguerra
et al. 2020; Howitt et al. 2020; Bavera et al. 2020; Olejak et al. 2021;
Vigna-Gémez et al. 2022). The assumptions adopted for this work are
described in Section 2. Here we give examples of few uncertainties
closely related to the new adopted formulas for SN remnant masses.
The StarTrack population synthesis code uses analytic fits to the
results of detailed evolution models given by Hurley et al. (2000)
and Hurley et al. (2002). It has various possible consequences like a
limited tested parameter space for detailed stellar physics or possible
numerical artifacts. A specific example of possible over- or under-
estimation of the stellar structure parameters may be due to stopping
the simulations before the star reaches collapse. The fits provided
by Hurley et al. (2000) are based on results which tracked nuclear
evolution of individual star and its structure parameters such as the
core mass only till the end its core helium burning phase. However,
the mass of the helium or carbon-oxygen core, the parameters which
are used in this study e.g. in the new remnant mass formulas or in
PSN modeling, still grow in the later part of the stellar evolution.
Using the carbon-oxygen core Mcq as a main tracer to estimate
the fate of stellar collapse and the final remnant mass is not a perfect
solution also for other reason. The value of Mcqg does not capture
the full structure of the pre-SN star nor the important features like
the density gradient in the silicon and oxygen shells surrounding
the iron core. Known in the literature as the compactness parameter,
being a function of the density gradient, could be useful in making
more precise predictions for remnant masses. Studies, e.g. Sukhbold
& Woosley (2014), indicate that compactness parameter may be a
highly non-monotonic function of the ZAMS mass of the pre-SN
star. Unfortunately, most of the population synthesis codes including
StarTrack do not have an access to the detailed properties of stellar
cores needed to estimate compactness parameter. In addition, it is
known that, although the compactness parameter is a reasonable
guide to the fate of the star, it also has its limitations (Alcock et al.
2001; Ertl et al. 2016; Burrows et al. 2020; Fryer et al. 2022). On
the other hand, using fits to available results for the relation between
ZAMS mass of pre-SN star and the final compactness parameter
derived using detailed codes for single stellar evolution would not
be a good approach as it would neglect the impact of mass transfer
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episodes (CE or stable RLOF), which are common and crucial for
DCO mergers progenitors. Therefore, in this study we decided to use
Mco as a main parameter which seems to be the best compromise
despite the caveats.

Another uncertainty is the M parameter in formula 2 which
in this work is set to 5.75 M ¢ and stands for the critical mass for
the switch from NS to BH formation (threshold on mass of carbon-
oxygen core). This is a parameter which is not yet constrained by
observations. Different assumptions on Mj; impacts final remnant
mass distribution, e.g. the width of the lower mass gap. See Figure
Al, where for comparison, we provide same results as in Figure 3
but for M = 4.75M¢.

Finally, we point out that the distribution of remnant masses could
look very different for rapidly rotating progenitors. If the angular
momentum of the collapsing star is large enough, the SN explosion
would be driven by a magnetar engine or NS accretion disk jet instead
(See Sec. 4 of Fryer et al. (2022)). Rapidly-rotating BH progenitors
are believed to form accretion disks at the collapse and possibly drive
an energetic jet. The jet could eject significant fraction of the stellar
envelope and be responsible for long gamma ray bursts phenomenon
(Woosley 1993; MacFadyen et al. 2001). Such an additional ejection
of mass would lead to formation of less massive compact objects
(NSs and BHs) compared to remnant masses estimated by the new
formulas applied for this study. However, as shown by Fryer et al.
(2022) (see Fig. 11), such rapid rotators are not expected to constitute
significant fraction of BH progenitors as the typical total angular
momentum of pre-SN stars is usually expected to be way below the
required limit. Also under-resolved simulations of magnetic field as
well as the eventual jet production is not yet predictive.

6 CONCLUSIONS

In this study we employ StarTrack population synthesis code to test
how new formulas for SN models by Fryer et al. (2022) affect DCO
mergers formed via isolated binary evolution. New formulas for rem-
nant masses allow to probe the convection growth timescales in wide
spectrum in contrast to previously used extreme cases of delayed and
rapid SN models (Fryer et al. 2012). The different assumption for
the convection growth timescale impacts the depth and width of the
lower mass gap which may exist between maximum possible mass
of NS and minimum mass of BH. In addition to new models of SN,
we test two variants of PSN: strong PPSN/PSN model which limits
BH mass to ~ 45 M ¢ and revised which shifts the limit to higher BH
masses (PSN for helium cores: 90 M o < Mye < 175 M o). We also
present results for two CE development criteria: the standard model
with BH-BH mergers formation mainly via CE and the revised with
BH-BH mergers formation mainly via stable RLOF.

A summary of the results in this study is:

i). Different assumptions of the convection growth timescale have a
strong impact on the width and depth of the lower mass gap in rem-
nant mass distribution for both single and binary evolution. The most-
rapid SN model tested, the variant with f,ix = 4.0 (rapid growth of
the convection <10ms that then develops an explosion in the first
100ms) produces wide and deep mass gap between ~ 2 — 7 M.
In contrast, for the most-delayed SN model tested with fi,ix = 0.5
(growth time closer to 100ms where the explosion can take up to 1s)
the fraction of compact objects within the lower mass gap range is
1-2 orders of magnitude larger than in the model with f,ix = 4.0.
Models with mixing parameter fi,ix =~ 2.5 produce a gap between
~ 2 —35 M which is in good agreement with observations.

ii). The mass distribution of DCO mergers: mass of the primary my,
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secondary my and their sum, is sensitive to adopted SN model up to
total merger mass of my +my <35 Me.

iii). The SN model with f,ix = 0.5 produces significant fraction of
massive NSs with mass € 1.5 — 2.5 M o which may be important in
studying the origin of massive NS systems like GW 190425 (Abbott
et al. 2020).

iv). The choice of SN model affects significantly the intrinsic mass
ratio distributions of BH-BH mergers but only in the CE formation
scenario. In the intrinsic mass ratio distribution of BH-BH merg-
ers (CE formation) with adopted fi,ix = 0.5 there is a broad peak
for unequal mass mergers ¢ € 0.1 — 0.3, while BH-BH mass ratio
distribution for f,ijx = 4.0 has two peaks at ¢ € 0.5 — 0.7 and for
equal mass ratio systems g ~ 1.0 instead. Mass ratio distributions of
BH-BH mergers formed mainly through stable RLOF is dominated
by a broad, high peak for ¢ € 0.4 — 0.6 independently on SN model
choice.

v). The choice of SN model has the most significant effect on local
merger rates densities for BH-NS mergers. Rates of BH-NS merg-
ers may even vary by a factor of ~ 3 between two extreme cases
Jmix = 4.0 and f,ix = 0.5. Such a difference is due to an overlap
of the remnant mass distribution and fraction of low mass compact
objects with our assumption of natal kicks (inversely proportional to
the mass of compact object). The level of discrepancy between rates
for different SN models is sensitive to other tested physical assump-
tions. Due to wide mass gap which means the dearth of massive NSs
or low mass BHs in model with f;x = 4.0 there is a high peak for
very unequal mass ratio BH-NS mergers with g ~ 0.1.

vi). Different assumptions on PSN limit do not significantly influence
the mass ratio distribution of BH-NS and BH-BH mergers. Extending
the PSN limit to higher masses in revised PSN model allows to have a
low tail of more massive mergers with total mass m| +my > 90 M.
For strong PPSN/PSN model the total mass of DCO mergers reaches
up tom +my = 90 M ¢, at which the value of the total merger mass
has a slight peak due to partial mass ejection in PPSN.

vi). The adopted CE development criteria differ only for BH progen-
itors and therefore, the properties of NS-NS binaries are not affected
by used RLOF stability criteria. The choice of these criteria influ-
ence mainly properties of BH-BH mergers while BH-NS mergers are
partly affected.

vii). Our simulations for binary systems, similar to results for single
evolution presented in Fryer et al. (2022), show that eventual stochas-
ticity in stellar structure should not affect statistical picture for large
probe of compact object population.

The SN models which partially fill the lower mass gap seem promis-
ing as such predictions could match current EM observational re-
sults on the suppressed number of compact objects in the lower mass
gap. In this work, we refrain from making any strong conclusions
about the convection growth timescale due to many uncertainties
(see some caveats Sec. 5). We also still do not know what frac-
tion of LVK mergers may come from different evolutionary channels
(not necessarily isolated binary evolution). However, further studies
constraining detailed theoretical models by observations could bring
progress toward understanding the evolution of massive stars (single
and binary) and also the formation channels of detected DCO merg-
ers. In addition, the number of future DCO detections is predicted to
increase dramatically with next generation detectors (e.g. Borhanian
& Sathyaprakash 2022). A much larger data base of parameters of
DCO mergers will help to put more constrains on SN mechanism
and the origin of detected signals.
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APPENDIX A: CRITICAL MASS FOR A BH FORMATION
VS. LOWER MASS GAP

APPENDIX B: REDSHIFT EVOLUTION OF MERGER
RATE DENSITY OF BH-BH MERGERS

APPENDIX C: STOCHASTICITY

Here we check how assumption on some stochasticity in the in pre-
SN stellar structure, reported by several studies (Patton & Sukhbold
2020; Laplace, E. et al. 2021; Schneider, F. R. N. et al. 2021) may
influence the mass distribution of cosmological DCO mergers in a
similar way as Fryer et al. (2022) did for single star evolution. We
mimic the stochasticity effect by including in our synthetic population
a fraction of stars fiocp, Which may have much different mass of their
carbon-oxygen core Mco at pre-SN evolution stage comparing to
the value predicted by standard StarTrack calculations. For this
fraction of stars we generate value of Mg from the flat distribution
in range between 10% of original value Mco and the total pre-SN
mass of the star, so:

M§8Ch =rand(0.1Mco, Mfy) v

The results are shown in Figures C1 and C2 where we plot mass
distribution of DCO mergers for two examples of new SN models:
finix = 0.5 and f,jx = 4.0 respectively. Figures show results for three
variants of included fractions of stochastic-structure progenitors (Eq.
C1). Those fractions are 0% (red line), 30% (blue line) and 50%
(green line). On the top panel we show distribution of primary mass
m1, on the middle panel secondary mass m; and on the bottom panel
the sum m| + my. The plotted results are for a physical model with
a standard CE development criteria and revised PSN limit (see Sec.
2).

APPENDIX D: STARTRACK VS MOBSE NEW REMNANT
MASS PRESCRIPTIONS

In this section we make a brief comparison of outcomes for our
new SN prescriptions parameterizing convection growth timescale
with other recent prescription for stellar remnants parameterizing the
fraction of the hydrogen envelope that is accreted by the BH during
collapse (Dabrowny et al. 2021). The formula by Dabrowny et al.
(2021) tested with MOBSE population synthesis code (Giacobbo
et al. 2018) use compactness parameter {, 5 approximated with the
formula

b5 ~055-1.1(Mco/1 Mo)™!

as a threshold between NS and BH formation. The value used in
their simulations ¢, 5 = 0.365 was calibrated to match results for
previous rapid SN model by (Fryer et al. 2012). The mass of the BH
is calculated with the formula:

MpH = Mye + fu(M — Mye)

Where My, is the mass of the helium core, M - pre-SN mass of the
star while fyj is the parameter which determines assumed fraction of
mass of the hydrogen envelope accreted on the BH during collapse.
For the main tested model in their studies this fraction was fig = 0.9.

In Figure D1 we show relation between the initial mass of the
progenitor star and its final remnant mass for three cases of our new
SN models and two variants of Dabrowny et al. (2021) formulas.

As the threshold for BH formation was calibrated to rapid SN
model in (Fryer et al. 2012) and Dabrowny et al. (2021) prescription
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Figure Al. Histogram (binsize 1 M o) of the remnant masses of the probe of 107 single stars for adopted initial mass function for eight new SN model
prescriptions with fix in a range 0.5-4.0 and Z = 1.0Zg. Results for different critical mass of carbon oxygen core for a BH formation, M = 4.75M (see
Eq. 2) than adopted for this study M = 5.75M¢ (see Fig. 3).
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Figure B1. BH-BH merger rate density evolution with redshift z. Comparison between standard and revised CE development criteria. With the green line we
plot result for a model with the standard criteria for which BH-BH forms mainly through CE phase. The results for the revised criteria for which BH-BH forms
mainly through stable RLOF is plotted with a red line. Note that, for most of the redshifts, the merger rate density for the revised criteria (BH-BH stable RLOF)
is systematically a few times lower (up to one order of magnitude) than for the standard one. However, due to long time delayes of BH-BH mergers in stable
RLOF channel, the peak in merger rates related to a peak in star formation (at z = 2.0) is shifted to the left (towards lower redshifts). This leads to non-intuitive
result that for the local Universe z ~ 0 BH-BH merger rate density is higher for stable RLOF than for CE formation channel.
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Figure C1. Mass distribution of DCO merger masses (z < 1.0) with different
fractions of compact object progenitors with stochastic stellar structure (Eq.
C1): 0% (red line), 30% (blue line) and 50% (green line). Results for new
remnant mass formula with f,;x = 0.5, a standard CE development criteria
and revised PSN limit (see Sec. 2). The top panel - distribution of primary
mass my, the middle panel - secondary mass m,, the bottom panel - m +m.

with fg = 0.9 assumes almost direct collapse to BH, as expected,
the outcome for the model is almost the same as our new rapid SN
model with f,ix = 4.0. We also test other extreme assumption with
very low fraction of accreted hydrogen envelope fg = 0.1. If the
final pre-SN star still has hydrogen envelope, this model produces
systematically lower BH masses comparing to our model with fi,ix =
4.0 and Dabrowny et al. (2021) with fiy = 0.9. However, as the
minimum mass of a BH in Dabrowny et al. (2021) formulas is equal
to its pre-SN helium core, this model produce a mass gap even for
low fraction of accreted envelope fiy = 0.1 (there is steep increase
between the masses of NSs and lowest masses of BHs, see Fig.
D1). Therefore Dabrowny et al. (2021) parameterization would not
allow for a smooth transition between having a deep mass gap and a
remnant mass distribution filled with significant number of 2—-5 M ¢
compact objects as in case of our Fryer et al. (2022) models with wide
spectrum of convection growth timescales.
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Figure C2. Mass distribution of DCO merger masses (z < 1.0) with different
fractions of compact object progenitors with stochastic stellar structure (Eq.
C1): 0% (red line), 30% (blue line) and 50% (green line). Results for new
remnant mass formula with f,;x = 4.0, a standard CE development criteria
and revised PSN limit (see Sec. 2). The top panel - distribution of primary
mass my, the middle panel - secondary mass m;, the bottom panel - m +m.
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Figure D1. Relation between initial mass Mzanms of progenitor star and the
final remnant mass for three new SN models (Fryer et al. 2022) parameterizing
convection growth timescale: fizix = 0.5, finix = 1.0 and finix = 4.0
and two remnant mass variants parameterizing the fraction of the hydrogen
envelope (Dabrowny et al. 2021): i = 0.9 and fi7 = 0.1.
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