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ABSTRACT

Context. The first direct detection of gravitational waves in 2015 marked the beginning of a new era for the study of compact objects.
Upcoming detectors, such as the Einstein Telescope, are expected to add thousands of binary coalescences to the list. However, from
a theoretical perspective, our understanding of compact objects is hindered by many uncertainties, and a comprehensive study of the
nature of stellar remnants from core-collapse supernovae is still lacking.

Aims. In this work, we investigate the properties of stellar remnants using a homogeneous grid of rotating and non-rotating massive
stars at various metallicities.

Methods. We simulated the supernova explosion of the evolved progenitors using the HYdrodynamic Ppm Explosion with Radiation
diffusION (HYPERION) code, assuming a thermal bomb model calibrated to match the main properties of SN1987A.

Results. We find that the heaviest black hole that can form depends on the initial stellar rotation, metallicity, and the assumed criterion
for the onset of pulsational pair-instability supernovae. Non-rotating progenitors at [Fe/H] = —3 can form black holes up to ~87, Mg,
thus falling within the theorized pair-instability mass gap. Conversely, enhanced wind mass loss prevents the formation of BHs more
massive than ~41.6 M, from rotating progenitors. We used our results to study the black hole mass distribution from a population
of 10% isolated massive stars following a Kroupa initial mass function. Finally, we provide fitting formulas to compute the mass
of compact remnants as a function of stellar progenitor properties. Our up-to-date prescriptions can be easily implemented in rapid

population synthesis codes.

Key words. methods: numerical — stars: black holes — stars: massive — stars: rotation — supernovae: general

1. Introduction

On September 14, 2015, the LIGO interferometers captured
a gravitational-wave (GW) signal from two merging black
holes (BHs) with masses ~36 My and ~29 M, respectively
(Abbott et al. 2016a,b,c). The event, named GW150914, was the
first direct detection of GWs, and provided proof that BH bina-
ries (BHBs) exist and can merge within a Hubble time. Fur-
thermore, prior to GW 150914, there was no unambiguous evi-
dence for stellar BHs more massive than ~25 Mg, which is the
upper limit for the masses of BHs in known X-ray binaries
(Orosz 2003; Ozel et al. 2010; Miller-Jones et al. 2021). Thus,
GW150914 has also provided robust evidence for the existence
of heavy stellar BHs. To date, more than 90 BH-BH mergers
have been reported by the LIGO-Virgo-KAGRA (LVK) collab-
oration (Abbott et al. 2019, 2024, 2023), and in about 70 of
the events, at least one of the two BHs has a mass =25 M.
Moreover, the number of detections is expected to significantly
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increase in the next years because of the recent O4 LVK observ-
ing run! and the upcoming next-generation detectors (e.g., Ein-
stein Telescope and Cosmic Explorer).

From the theoretical point of view, the formation and the
evolutionary pathways of BHs and BHBs are very uncer-
tain (e.g., Mapelli 2021; Speraetal. 2022). Two main
astrophysical formation channels have been proposed:
the isolated binary evolution scenario and the dynamical
formation pathway. In the former, the stellar progenitors
evolve in complete isolation as a gravitationally bound pair,
and they eventually turn into compact objects and merge
within a Hubble time (see van den Heuvel & De Loore 1973;
van den Heuvel et al. 2017; Heggie 1975; Tutukov & Yungelson
1993; Brown 1995; Bethe & Brown 1998; Sandquist et al.
1998; Dewietal. 2006; Justham et al. 2011; Dominik et al.
2012, 2015; Schneider et al. 2015; Belczynski etal. 2016,
2018; Marassi et al. 2019a; Belczynski et al. 2020; Pavlovskii
et al. 2017; Vigna-Gomez et al. 2018; Wysocki et al. 2018;

! See LIGO, Virgo AND KAGRA observing run plans.

A122, page 1 of 24

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202451483
https://www.aanda.org
http://orcid.org/0009-0005-9890-4722
http://orcid.org/0000-0003-0636-7834
http://orcid.org/0000-0001-9317-2888
http://orcid.org/0000-0002-3589-3203
http://orcid.org/0000-0003-2654-5239
http://orcid.org/0000-0003-0930-6930
mailto: cristiano.ugolini95@gmail.com
https://observing.docs.ligo.org/plan/
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Ugolini, C., et al.: A&A, 695, A122 (2025)

Mapelli & Giacobbo 2018; Neijssel et al. 2019; Graziani et al.
2020; Mandel & Fragos 2020; Mandel & Farmer 2022;
van Son et al. 2020; Broekgaarden et al. 2021; Gallegos-Garcia
et al. 2021; Marchant et al. 2021; Zevin et al. 2021). In the latter,
a compact-object binary forms and shrinks after a series of gravi-
tational few-body interactions in dense stellar environments (see
Sigurdsson & Hernquist 1993; Sigurdsson & Phinney 1995;
Moody & Sigurdsson 2009; Banerjee et al. 2010; Banerjee
2017, 2018, 2021; Downing et al. 2011; Mapelli et al. 2013;
Mapelli 2016; Ziosi et al. 2014; Rodriguez et al. 2015, 2016,
2019; Di Carlo et al. 2019, 2020b, 2021, 2020a; Rastello et al.
2019, 2020, 2021; Kremer et al. 2020; Wang 2020; Wang et al.
2022; Ye et al. 2022).

However, both the isolated and the dynamical scenar-
ios rely on many uncertain astrophysical processes, including
the core-collapse supernova (ccSN) mechanism. Our knowl-
edge of the SN engine is still limited; thus investigating the
explosion mechanism, the stellar explodability, and the mass
spectrum of stellar remnants is challenging. All stars with
zero-age main sequence (ZAMS) mass (Mzams) > 9Mg
(Roberti et al. 2024) are expected to end their life with a
ccSN and form a compact object that can be either a BH
or a neutron star (NS), depending on the mass of the stel-
lar progenitor and on the ongoing binary processes (see
e.g., Doherty et al. 2017; Poelarends et al. 2017; Zapartas et al.
2017). The current reference model for ccSNe is based on the
neutrino driven explosion (Bethe & Wilson 1985; Burrows et al.
1995; Janka & Mueller 1996; Janka et al. 2016; Janka 2017;
Kotake et al. 2006; Herant et al. 1994; Burrows et al. 1995;
Janka & Mueller 1996; Foglizzo et al. 2006; Kotake et al. 2006;
Burrows et al. 2019; Aguilera-Dena et al. 2023).

State-of-the-art 3D simulations of the explosion, which
include the most sophisticated treatment of neutrino trans-
port, cannot obtain naturally and in a routine way the explo-
sion of the star. In addition, such simulations cannot accu-
rately constrain the amount of matter that can fall back onto
the proto-compact object at later times and, consequently,
the final mass of the compact remnant (see Blondin et al.
2003; Janka & Mueller 1996; Burrows et al. 1995; Suwa et al.
2010, 2013; Miiller et al. 2012; Miller 2015; Summa et al.
2016; Bruenn et al. 2016; Lentz et al. 2012, 2015; Burrows et al.
2019, 2020, 2023a,b; Mezzacappa et al. 2020; Bollig et al.
2021; Wang 2020; Wang et al. 2022; Vartanyan et al. 2023;
Mezzacappa et al. 2023; Powell et al. 2023; Kinugawa et al.
2021, 2024; Nakamura et al. 2025; Shibagaki et al. 2024).

A simplified approach to study the explosion of massive
stars is to artificially stimulate the SN explosion by injecting
some amount of kinetic energy (i.e., a kinetic bomb; see e.g.,
Limongi & Chieffi 2003; Chieffi & Limongi 2004) or thermal
energy (i.e., a thermal bomb; see e.g., Thielemann et al. 1996)
at an arbitrary mass coordinate location of the progenitor model.
Alternatively, the inner edge of the exploding mantle moves out-
ward in a manner similar to a piston following the trajectory of
a projectile launched with a specific velocity in a given poten-
tial (see Woosley & Weaver 1995). Independently of the adopted
techniques, the evolution of the shock is followed by means
of 1D hydrodynamical simulations. The main advantage of this
approach is that the computing cost is relatively small. Thus,
it is possible to follow the evolution of the shock over longer
timescales and to estimate the amount of fallback and the final
remnant mass. The 1D approach has been extensively used to
study the SN explosion yields, especially in the context of explo-
sive nucleosynthesis (Shigeyama et al. 1988; Hashimoto et al.
1989; Thielemann et al. 1990, 1996; Nakamura et al. 2001;
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Nomoto et al. 2006; Umeda & Nomoto 2008; Moriya et al.
2010; Bersten et al. 2011; Chieffi & Limongi 2013; Limongi &
Chiefti 2018).

Through 1D simulations, several authors have attempted
to link the explodability of stellar progenitors to the struc-
tural properties of stars at the presupernova (pre-SN) stage
(O’Connor & Ott 2011; Fryer et al. 2012; Horiuchi et al. 2014;
Ertl et al. 2016; Sukhbold et al. 2016; Mandel & Miiller 2020;
Patton & Sukhbold 2020; Patton et al. 2022). Such prescriptions
for the explodability have been adopted in many population
synthesis codes (e.g., Eldridge et al. 2008; Spera et al. 2015;
Agrawal et al. 2020; Zapartas et al. 2021; Fragos et al. 2023), to
predict the final fate of massive stars and the formation and evo-
lution of compact-object binaries in different astrophysical envi-
ronments. Such analytical relations for the explodability are usu-
ally applied to stellar progenitors that are different from those
employed to compute the prescriptions, and therefore must be
adopted with caution. In addition, we are still far from mak-
ing any conclusive statement on the final fate of massive stars.
Specifically, the role played by stellar rotation, metallicity, and
different stellar evolutionary models of the progenitors is still
mostly unexplored.

In this work, we try to address some of these problems
by studying the explosion of progenitor stars and the forma-
tion of compact remnants through the latest version of our
hydrodynamic code HYdrodynamic Ppm Explosion with Radi-
ation diffuslON (HYPERION; see Limongi & Chieffi 2020),
which includes a treatment of the radiation transport in the
flux-limited diffusion approximation. We simulate the explosion
of an up-to-date homogeneous set of both rotating and non-
rotating progenitor stars provided by Limongi & Chieffi (2018,
hereinafter LC18). For the SN explosion, we adopt the thermal-
bomb approach, and we calibrate the parameters that describe
the energy-injection process by comparison with SN1987A. We
apply our methodology to investigate the distribution of remnant
masses as a function of Mzays, focusing on the role played by
different initial metallicities and different values of initial stellar
rotation.

In Sect. 2, we present our methodology. In Sect. 3 we present
the results of our simulations. In Sect. 4 we investigate the impli-
cations of our results, and Sect. 5 contains the conclusions.

2. Methods

We used the HYPERION code to simulate the explosion of a
set of pre-SN models of massive stars presented in LC18. The
details of the code are discussed in Sect. 2.1.

To induce the explosion, we removed the innermost 0.8 Mg
of the pre-SN model, and artificially deposit at this mass coor-
dinate a given amount of thermal energy (Eji,). We assumed
that Ej,; is diluted both in space, over a mass interval dmy;,
and in time, over a time interval df;,;. Therefore, our numeri-
cal approach relies on the three free parameters Ejyj, dmjyj, and
dtisj, which need to be calibrated. The details of the calibration
are presented in Sect. 2.2.

Once the energy is deposited into the pre-SN model, a shock
wave forms. The shock wave starts to propagate outwards and
eventually drives the explosion of the star. While the shock
advances, it induces explosive nucleosynthesis and accelerates
the shocked matter. After the initial energy injection, the inner-
most regions begin to fall back onto the proto-compact object,
which progressively increases its mass. After the end of the fall-
back phase, we define the “mass cut” as the mass coordinate
that divides the final remnant from the ejecta. Depending on the
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position of the mass cut, we can recognize two possible out-
comes of our simulations: successful explosion, if a substantial
fraction of the envelope is ejected during the explosion (the sim-
ulated physical time is of 1yr, ~3 x 107 s, which is sufficient to
follow also the homologous expansion of the ejected matter in
the circumstellar medium and the formation of the light-curve),
or failed explosion if essentially the whole star collapses to a
BH. The former case is presented in Sect. 3.1, while the latter is
discussed in Sect. 3.2.

2.1. The HYPERION code

In this section, we briefly describe HYPERION, which is the 1D
hydrodynamical code we adopt in this work and which was pre-
sented in detail in Limongi & Chieffi (2020). The code solves the
full system of hydrodynamic equations (written in a conservative
form) supplemented by the equation of the radiation transport
(in the flux-limited diffusion approximation) and the equations
describing the temporal variation of the chemical composition
due to the nuclear reactions. Such system of equations can be
divided into two parts. The first part includes the hydrodynami-
cal equations and the radiation transport:
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where p is the density, r is the radial coordinate, v is the velocity,
m is the mass coordinate, P is the pressure, E is the total energy
per unit of mass, L is the radiative luminosity, and € is any source
and/or sink of energy (e.g., nuclear reactions, neutrino losses).

The second part describes the variation of chemical compo-
sition caused by nuclear reactions:
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where N is the number of nuclear species included in the calcula-
tions, Y; is the abundance by number of the i-th nuclear species,
A refers to the weak interactions or the photodissociation rate,
depending on which process is in place for the j nuclear species,
and (o 0) represents the two or three-body nuclear cross section
(see Limongi & Chieffi 2018 and Limongi & Chieffi 2020 for a
detailed discussion).

The terms on the right side of Eq. (4) describe the contribu-
tion to the abundance due to various physical processes, such as:
(1) the B-decay, electron-captures, and photodisintegrations; (2)
two-body reactions; (3) three-body reactions. The coefficients in
Eq. (4) are defined as
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where N; refers to the number of i particles involved in the
reaction, and the factorial terms prevent from double counting
the reactions with identical particles. The sign (+)/(-) depends
on whether the i particles are created or destroyed. Finally, the
radiative luminosity in the flux-limited diffusion approximation
is defined as

Aac oT*

L = —(412)? ’
(4rr7) 3k Om

®)
where a is the radiation constant, ¢ is the speed of light, « is
the Rosseland mean opacity, and A is the flux limiter, computed
according to Levermore & Pomraning (1981) as:
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The Rosseland mean opacities are calculated for a scaled solar
distribution of all elements, corresponding to Z = Z; = 1.345 x
1072 ([Fe/H] = 0) (Asplund et al. 2009). At lower metallicities,
we consider an enhancement of C, O, Mg, Si, S, Ar, Ca, and
Ti with respect to Fe, accordingly to observations (Cayrel et al.
2004; Spite et al. 2005). As a result of the enhancement, we find
that metallicity indexes [Fe/H] = —1, =2 and -3, correspond
to metallicity values of Z = 3.236 x 1073 (2.406 x 107 Zy),
Z = 3.236 x 10™* (2.406 x 1072Z), and Z = 3.236 x 1073
(2.406 x 1073 Zy), respectively.

We adopt opacity tables from three different sources,
depending on the temperature regime. In the low-temperature
regime (2.75 < logT/K < 4.5), we refer to Ferguson et al.
(2005), in the intermediate-temperature regime (4.5 <
logT/K < 8.7) to Iglesias & Rogers (1996), and for higher
temperatures we adopt the Los Alamos Opacity Library
(Huebner et al. 1977).

Lastly, the equation of state (EOS) is the one described in
Morozova et al. (2015), based on the analytic EOS of Paczynski
(1983), which takes into account radiation, ions, and electrons
in an arbitrary degree of degeneracy. The H and He ioniza-
tion fractions are obtained by solving the Saha equations, as in
Zaghloul et al. (2000), while we assume that all other elements
are fully ionized.

The energy generated through nuclear reactions is neglected,
because we assume that its contribution is negligible compared
to other energy sources, but we consider the energy deposition
from y-rays that comes from the radioactive decays *°Ni —
Co + et + v, +y and °Co —® Fe + e* + v, + v, following
the scheme described in Swartz et al. (1995) and Morozova et al.
(2015).

To solve the hydrodynamic equations, we use a fully
Lagrangian scheme of piece-wise parabolic method (PPM) pre-
sented in Colella & Woodward (1984). To implement that, we
first interpolate the profiles of the variables p, v, and P as a func-
tion of the mass coordinate, using the interpolation algorithm of
Colella & Woodward (1984). Then, we solve the Riemann prob-
lems at every cell interfaces. Thus, we obtain the time-averaged
values of pressure and velocity at the zone edges. Finally, we
update the conserved quantities by applying the forces result-
ing from the time-averaged pressures and velocities at the zone
edges, following the scheme presented in Limongi & Chieffi
(2020).
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2.2. Calibration of the explosion

During the explosion, the innermost zones of the stellar man-
tle are heated up by the expanding shock wave to temperatures
high enough to induce explosive nucleosynthesis. One of the
main products of the nucleosynthesis is *°Ni, which is synthe-
sized by the explosive Si burning in the innermost regions of
the mantle (Thielemann et al. 1996; Woosley & Weaver 1995;
Arnett & Chevalier 1996; Limongi et al. 2000). Therefore, the
location of the mass cut is crucial to constrain the amount of
ejected *°Ni: in absence of mixing, the more external the mass
cut, the lower the abundance of nickel in the ejecta. Another
important outcome of our simulations is the final kinetic energy
of the ejecta, which comes from the conversion of a fraction of
the thermal energy initially injected into the progenitor star. The
amount of ejected >°Ni and the final kinetic energy of the ejecta
depend on the explosion parameters, i.e. Einj, dmiyj, and dt,;. We
calibrated these parameters considering SN1987A, which is the
most extensively studied ccSN to-date (e.g., Arnett et al. 1989;
Woosley 1988). Specifically, our goal was to find the combina-
tion of the explosion parameters that match both the ejected *°Ni
and the kinetic energy of the ejecta with the values estimated
for the SN 1987A, that is, mssy; ~ 0.07Mg and ~10! erg =
1 foe (see, e.g., Arnett et al. 1989; Shigeyama & Nomoto 1990;
Utrobin 1993, 2006; Blinnikov et al. 2000). To reach our goal,
we simulated the explosions of the stellar progenitor of our
grid that best match the helium core of the progenitor of SN
1987A (i.e., Sk — 69°202 e.g., Woosley 1988; Arnett et al. 1989;
Arnett & Chevalier 1996, with My, ~ 6Mg, e.g., Woosley
1988). We made this choice because Egjecra and mssy; do not
depend on the structure of the hydrogen envelope of the star.

Therefore, we adopted a 15 Mg-progenitor model with ini-
tial solar composition ([Fe/H] = 0, i.e. the model 15a000 in
the set of LC18) and, in each simulation, we adopted a differ-
ent set of explosion parameters. Figure 1 shows the final kinetic
energy of the ejecta and the corresponding amount of ejected
%Ni obtained from our simulations using different explosion
parameters, with Ey,; € [1.9;2.1] foe, dmiy; € [0.05;0.4] Mo,
and dt;y; € [10‘9; l] s.

The combination of explosion parameters that best matches
the values of SN1987A is: dt;y; = 0.01 s, dmip; = 0.1 Mg, and
Eiyj = 2.0 foe. We adopted this combination of explosion param-
eters in all the simulations presented in this work. Using the cali-
brated values of Eiyj, dmiyj, and dt;,;, we computed the explosion
of a subset of the pre-SN models presented in LC18.

Finally, it is important to mention a significant caveat
that may influence these results. Podsiadlowski (1992) and
Menon & Heger (2017) suggest that Sk — 69°202, the progenitor
of SN1987A, might have originated from a stellar merger. This
scenario introduces uncertainties in the final He core mass of
the progenitor and, consequently, in the dynamics of the explo-
sion. However, SN1987A is widely used in the literature (e.g.,
Ugliano et al. 2012; Ertl et al. 2016; Sukhbold et al. 2016, 2018)
as a benchmark to tune the parameter describing the supernova
explosion mechanism. Adopting this approach remains essential
for facilitating comparisons with other studies.

2.3. Progenitors unstable against pair production

Figure 2 shows the mass at the pre-SN stage M.sn and the
carbon-oxygen (CO) core mass Mco of the stars of our simu-
lations grid as a function of Mzawms. The properties of the mod-
els for which we perform the explosions are also summarized in
Table C.2 and Table C.3.
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Fig. 1. Final kinetic energy of the ejecta as a function of the ejected mass
of *°Ni obtained running various explosion tests (blue crosses) with dif-
ferent values of the initial explosion parameters, Ej,, dmiyj, and dtiy;.
The red dot refers to the simulation of the explosion that best matches
the properties of SN1987A (orange star).

In our grid of non-rotating stellar models, we find that at
subsolar metallicities the non-rotating stellar progenitors with
Mzams = 80Mg end their life as ccSNe with CO core
masses of ~30 Mg, while the 120 My-progenitors become unsta-
ble (i.e., the adiabatic index I'; approaches the critical value
of 4/3 in a substantial fraction of the core) and start entering
the pair-instability phase (Fowler & Hoyle 1964; Barkat et al.
1967; Rakavy & Shaviv 1967). Thus, the progenitors unstable
against pair production start to evolve on the hydrodynamical
timescale and the Frascati Raphson Newton Evolutionary Code
(FRANEC) code cannot follow the evolution of the stellar struc-
ture anymore. Furthermore, pulsational pair-instability super-
novae (PPISNe) are very different from the ccSNe HYPERION
is designed to deal with, thereby we cannot simulate the final
stages of massive stars that develop pair instabilities.

Finally, the mass resolution of the pre-SN simulated grid
does not allow us to determine the mass threshold for the onset
of the PPISNe; from our data, the only thing we know is that
120 M, progenitors at sub-solar metallicity are unstable against
pair production, while the 80 Mg, progenitors are not. In order
to determine which is the minimum mass of the CO core that

enters the PPISNe regime (Mgg°N) and the minimum one that

enters the pair-instability supernova (PISN) regime (Mgg™), we

can refer to the values provided by Heger & Woosley (2002)
(hereinafter HW02) and Woosley (2017) (hereinafter W17), i.e.
MEg wor = 33 Mo and MZQSY; = 28 Mo, respectively. These
two values are in a good agreement with the LC18 models
(Mglgilélg > 33 My,), within the theoretical uncertainties. Addi-
tionally, it should be noted that, in W17, the pulses associated
with a CO core mass of Mco = 28—31 Mg, are quite weak, and
the first significant pulse occurs at a CO core mass of approxi-
mately 33 Mo. Hence, we adopt M3, = 33 Mo as the min-
imum CO core mass that enters the PPISN. Furthermore, since
the liming masses obtained in both cases (i.e., HW02 and W17)
are compatible with the results of LC18. In the following, we
refer to and use the results provided by W17. Finally, following

W17, stars with CO core mass >54 Mg, are completely disrupted
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Fig. 2. Mass at the pre-SN stage (top-row panels) and CO core mass (bottom-row panels) as a function of Mzays for the non-rotating progenitors
(left panels) and progenitors rotating with an initial velocity of 300 km/s (right panels). Different colors represent different initial metallicities:
[Fe/H] = 0 (dashed light blue line), [Fe/H] = —1 (dash-dotted violet line), [Fe/H] = -2 (orange solid line), and [Fe/H| = —3 (dotted yellow line).

by PISNe. This value corresponds to an initial mass which is
larger than the maximum mass considered in our SN grid.

Independently of the rotation rate and metallicity, Figure 2
shows that Mp.sn and Mco scale linearly with Mzams. There-
fore, to find the values of Mzams and Mpsn of the first progen-
itor unstable against pair instabilities we assumed:

My = (Meo™ = q1)/ky (11
PPISN PPISN
Mesn = kaMzpns + g2

= ';—T(ME‘SSN —q1) + g, (12)
where k| and g; (k; and g;) are the slope and intercept of the line
Mco ‘v$’ Mzams (Mpresn “VS™ Mzams).

Therefore, according to both W17, we find MZP/P;II\S,[I\SI for the
various metallicities and rotation velocities that are reported in
Table C.1. Specifically, in Table C.1 we report, for all the ini-
tial values of metallicity and angular rotation, the values of

PPISN PPISN : :
M, s and MIDreSN that we obtained for the last progenitors sta-

ble against pair-instabilities. When the heaviest stars of our pre-
SN grid are stable against pair-production, we cannot predict for

which values of Mzaums they will become unstable against pair-
instability (i.e., which stellar progenitors will explode as PPISNe

or PISNe). Thus, M}P'SK and Mﬁilssﬁ are labeled as “Not Avail-

able” (N.A.) in Table C.1.

3. Results

In this section, we present the results of the simulations per-
formed in the pre-SN models described in Figure 2 and Tables 2
and 3 (see also LC18). We simulated the explosions for all the
models with pre-SN CO core masses <33 M, because these
models are considered stable against pair production, as in LC18
(see Sect. 2.3). The results of the simulations are also summa-
rized in Tables C.2 and C.3.

3.1. Successful explosions

To illustrate the properties of a typical successful explosion in
our simulations, we consider a non-rotating 25 M, star with
metallicity [Fe/H] = —2. Figure 3 shows the chemical struc-
ture of the model which is characterized by an extended H-rich
envelope, with a He core mass of 9.87 Mg and a CO core mass of
5.95 Mg, The oxygen-neon (ONe) shell extends from mass coor-
dinate 1.73 Mg, to 5.17 M, while the Si shell, which is enriched
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Fig. 3. Chemical composition as a function of the interior mass coordi-
nate of a non-rotating model with Mzays = 25M; and [Fe/H] = -2
at the pre-SN stage. We show the chemical composition up to the mass
coordinate of 15 M,. We report the abundances of H (black line), He
(red line), '>C (green line), '°O (blue line), °Ne (magenta line), 23Si
(orange line), >Cr (dark red line) and 3°Fe (gray line).
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Fig. 4. Temperature profile (solid red line) and mass density profile
(dash-dotted black line) of the stellar progenitor at the pre-SN stage as
a function of the mass coordinate. A zoom-in on the innermost region
of the core, up to 5 Mg, is highlighted in the lower-left box.

by the products of the O-shell burning, is in the range 1.43 Mo—
1.73 M. The mass of the iron core is therefore 1.43 M.

Figure 4 shows the temperature and density profiles of the
star at the pre-SN stage. During the pre-SN evolution, the pro-
genitor loses a negligible amount of mass because of its ini-
tial low metallicity and has a low effective temperature of
~4.7 x 10° K. Thus, it ends its life as a Red Super Giant (RSG,
Limongi & Chieffi 2018).

The density profile (see Figure 4) shows gradients at mass
coordinates which correspond to boundaries between shells of
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Fig. 5. Velocity of the shock wave as a function of the mass coordinate at
different times after the onset of the explosion. The end of the explosive
nucleosynthesis (dotted blue line), the shock wave enters the CO core
(dash-dotted orange line), the shock wave reaches the He/H interface
(solid green line), 1000 s after the onset of the explosion (dashed red
line), the formation of the compact remnant (long dashed purple line),
and the shock breakout (short dot-dashed light green line). The shaded
purple area represents the extension of the final compact remnant.

different chemical composition. The most prominent density
gradient is at the mass coordinate of ~10 Mg, and it corresponds
to the interface between the He core and the H envelope. The
injection of thermal energy into the iron core results in the for-
mation of a shock wave that moves outward in mass and com-
presses, heats up, and accelerates the overlying layers. Once the
shock emerges from the iron core, it propagates through the outer
layers, where it triggers the explosive nucleosynthesis. Figure 5
shows the evolution of the velocity profile of the shock wave at
different times after the onset of the explosion. After ~0.7 s, the
shock wave reaches the mass coordinate of ~2.7 My, where the
peak temperature of the shock becomes too low to trigger any
other additional burning. Therefore, from this mass coordinate
outward, the chemical structure sculpted by the hydrostatic evo-
lution will be unaffected by the passage of the shock wave.

After 15.5s from the beginning of the explosion, while the
shock is still moving through the CO core, some of the innermost
layers (i.e. the inner ~2 My) revert their motion because their
velocity is lower than the local escape speed (see the negative
values of the orange line in Figure 5).

At ~100s, the shock reaches the He/H interface at a
mass coordinate of ~10Mg, where a strong density gradient
(see Figure 4) causes the formation of a reverse shock (see
Woosley & Weaver 1995). From this time onward, the explosion
is characterized by a shock wave moving outward in mass and
by a reverse shock, which propagates inward in mass, slowing
down the previously accelerated material. This effect is apparent
from the behavior of the velocity of the shock 1000s after the
onset of the explosion (red dashed line in Figure 5), for which we
find that the velocity of the outer regions of the shock is smaller
than that of the innermost regions of the shock wave. This hap-
pens because the latter have not yet been affected by the reverse
shock at this stage of the explosion.

Furthermore, Figure 5 shows also that when the shock
reaches the He/H interface, the compact remnant increases its
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Fig. 6. Interior profiles of the kinetic energy (yellow line), the internal energy plus the gravitational energy (purple line), and the total energy
(dashed light blue line) at various times during the explosion for a non-rotating stellar progenitor with Mzams = 25 Mg with metallicity [Fe/H] =
—2. The shaded purple area in the panels represents the region of the star forming the compact remnant at each time. It is completely formed at

t=3x10%s.

mass up to ~2 Mg, since the layers which had negative velocity
when the shock has reached the CO core have now reached zero
velocity.

The fallback process eventually ends ~3 x 10*s after the
onset of the explosion, leaving a compact remnant with a final
mass of 5.77 Mg (the purple shaded area in Figure 5). It is worth
noting that such a heavy compact remnant includes also the lay-
ers where the explosive nucleosynthesis happened (<2.7 Mg, i.e.
the Si and ONe shells, see Figure 3), preventing their ejection
into the interstellar medium unless some mixing of material from
the innermost zones to the outer layers is occurring during the
explosion. Finally, ~1.5 x 103 s (i.e. ~1.7 days) after the begin-
ning of the explosion, the forward shock reaches the surface of
the star (shock breakout).

Figure 6 shows the kinetic energy, the sum of internal and
gravitational energy, and the total energy of the star as a function
of the mass coordinate, at times >15 seconds after the onset of
the explosion. From this figure it is apparent that, at each time,
some regions are falling back onto the proto-compact object (i.e.

those with negative total energy) and some are being expelled by
the shock wave (i.e. those with positive total energy). The last
region with negative total energy corresponds to the boundary of
the final remnant, that is represented in Figure 6 with a purple
shaded area.

We present the whole process in Figure 7, which shows the
evolution of the radius of various mass shells (gray, in step of
1 Mg, and dotted red lines, in step of 3 M) inside the stellar
progenitor as a function of time. From this figure we can distin-
guish the layers of the star that fall back onto the compact object,
i.e., those that form the final remnant (represented by the dashed
yellow line), and those that are successfully ejected at the shock
breakout. Roughly at ~10s we find that the radius of the mass
shells corresponding to the most internal 2 M, of the star (the
first two gray lines) revert their trajectory, start to fall back onto
the proto-compact object, and they reach the latter ~100 s after
the onset of the explosion.

Figure 7 also shows when the fallback ends. The last shell
that falls back onto the compact object reverts its trajectory
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Fig. 7. Evolution of the radius of various shells (gray and dotted pur-
ple lines) inside the stellar progenitor as a function of time. Each gray
(dotted purple) line on top encloses 1 My (3 M) more than the gray
(dotted purple) line immediately below. We also show the evolution of
the radius of the final compact remnant (yellow dashed line).

roughly ~10*s after the onset of the explosion and it reaches
the compact remnant at t = 3 x 10* s (consistent with our results
reported in Figure 5 and in the bottom left panel of Figure 6).
For t > 3 x 10*s, such mass shell has zero velocity forming the
final remnant with mass 5.77 M. In Figure 7 all the layers that
eventually form the final remnant are shown to instantaneously
drop onto the compact remnant, but this is only a numerical
effect, since once they revert their trajectory, falling back onto
the BH, we no longer followed their evolution. That is, we did
not observe the free fall trajectories. In contrast, the outer region
is eventually ejected by the shock wave at the shock breakout,
and it keeps moving outward in the interstellar medium with a
radial velocity that grows linearly with time.

3.2. Direct collapse

The progenitor model we adopt to describe a typical failed explo-
sion which undergoes a direct collapse (DC) to BH in our simu-
lations is a non-rotating 80 Mg-star with metallicity [Fe/H] =
—2. Figure 8 shows the chemical structure of the star at the
pre-SN stage. The structure is characterized by an extended H-
rich envelope, a He core mass of 38.3 M and a CO core mass
of 28.9M,. The ONe shell extends between mass coordinate
4.33 M, and 14.9 My while the Si shell extends from 1.76 Mg
to 4.33 Mg,. The mass of the iron core is 1.76 M.

Figure 9 shows the temperature and the density profile of the
progenitor as function of the mass coordinate. From this figure
it is apparent that the density profile presents various steep den-
sity gradients, each one corresponding to the boundaries between
shells of different chemical composition. As in the previous case
of a successful explosion, this star loses a negligible amount of
mass during its life because of its initial low metallicity and it
reaches the pre-SN phase as a RSG, having an effective temper-
ature of 6.3 x 10° K.

In Figure 10, we show the velocity profile of the explosion
as a function of the mass coordinate at different times after the
onset of the explosion. Figure 10 shows that the velocity of the
shock progressively decreases with time. The regions behind the
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Fig. 9. Temperature profile (red line) and density profile (dash-dotted
black line) at the pre-SN stage as a function of the mass coordinate of a
non-rotating stellar progenitor with Mzays = 80 Mg and [Fe/H] = -2.
A zoom-in on the innermost region of the core, up to 5 Mg, is high-
lighted in the lower right box .

shock wave begin reverting their trajectory ~1.5 s after the onset
of the explosion, since they have exhausted their initial kinetic
energy. Thus, they start falling back onto the proto-compact
object with negative radial velocity. As the shock moves at larger
mass coordinates, more and more internal layers exhaust their
kinetic energy, and fall back onto the core, until the velocity of
the shock becomes almost zero at ~365s after the onset of the
explosion. Therefore, in this case, the shock wave does not have
enough energy to eject the mantle of the star.

Figure 11 shows the dynamics of the innermost layers of
the stellar progenitor. Such layers undergo a brief acceleration
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Fig. 10. Same as Figure 5 but for a directly collapsing progenitor. The
velocity profile is reported at different crucial times during the explo-
sion: when the explosive nucleosynthesis stops (dotted blue line), when
the layers behind the shock start to fallback onto the compact remnant
(dash-dotted orange line), when the shock enters the CO core (dashed
green line) and when the velocity of the shock becomes negligible (solid
red line).
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Fig. 11. Same as Figure 7 but for the most central region of the pro-
genitor with Mzays = 80 M, and [Fe/H] = —2, where we can better
appreciate the fallback of the layers right after being accelerated by the
shock wave. We show the behavior of the shell enclosing different val-
ues of mass, of 1 M, (each solid light gray lines) and 5 M, (each dotted
purple line), respectively.

phase when the shock wave reaches them. However, such accel-
eration is not sufficient to unbound these regions from the star.
In Figure 11 we notice the same behavior we presented in
Figure 10: already ~1.5 s after the onset of the explosion, the
innermost layers of the star revert their trajectory, falling back
onto the proto-compact object, reaching the latter only a few sec-
onds later, and becoming part of the final remnant at ~5 s. Fur-
thermore, the acceleration decreases in the outer layers, which
start to collapse again immediately after the passage of the shock
wave. Therefore, the latter cannot reach the surface of the star
and the entire progenitor directly collapses into a heavy BH.

801 --e-- [Fe/H]=0 v=0 km/s
—4-- [Fe/H]=-1
70 —&— [Fe/H]=-2
~ [Fe/H]=-3
© 60
=
] 50+
©
= 40+ _.—
+J
5
. o /S .
2 20 : el
" ‘/-::____,
10- o
0- on-rotating progenitors
el N tat t
20 40 60 80 100 120

Mzams (M)

Fig. 12. Remnant masses as a function of Mzays for the progenitors
with initial metallicity [Fe/H] = 0 (dashed light blue line), [Fe/H] = —1
(dash-dotted violet line), [Fe/H] = —2 (orange solid line), and [Fe/H] =
—3 (dotted yellow line). We do not simulate the explosion of the stellar
progenitors with Mzavs = 120 Mg at subsolar metallicities, since they
are unstable against pair production.

3.3. Remnants black holes from non-rotating progenitors

Figure 12 shows the remnant masses as a function of Mzawms,
for non-rotating progenitors and for various initial metallicities.
From Figure 12 it is apparent that the remnant mass increases
as a function of Myza\s for all the considered metallicities. Fur-
thermore, the remnant mass is larger for progenitors at lower
metallicities, and does not depend significantly on metallicity for
progenitors with Mzams < 25 Me.

The remnant mass curves follow closely the behavior of the
CO core mass (see the bottom-left panel of Figure 2).

This happens because the remnant mass depends on the bind-
ing energy of the star at the pre-SN stage, and that comes mainly
from the CO core. Moreover, larger CO core masses imply lower
12C mass fractions at core-He depletion, i.e. a less efficient C-
shell burning, which, in turn, causes a higher contraction of the
CO core resulting in a more bound structure.

Figure 13 shows the mass of the progenitor star at the pre-
SN stage and the mass of the compact remnant as a function
of the initial mass of the star, for various metallicities. In our
simulations, we assume that DC occurs if the fraction of the pro-
genitor’s envelope ejected by the shock wave is less than 10% of
the pre-SN mass. For example, the progenitor at solar metallicity
with Mzams = 60 Mg has a pre-SN mass of 16.9 Mg and forms a
remnant of 16.2 My, ejecting only 0.7 M, of H envelope; thus we
consider it a DC. Following this approach, we find that stars with
Mzams 2 60 M do not explode and collapse directly to a BH for
the initial metallicities [Fe/H] = 0, [Fe/H] = -2, [Fe/H] = -3.
For [Fe/H] = —1, the threshold for DC is Mzams = 80 Mg, This
happens because the progenitor with Mzams = 60 Mg ends its
life as a RSG. Thus, the shock wave ejects part of the H envelope
since this is very loosely bound to the star (see Ferndndez et al.
(2018)). This happens only for this value of metallicity, because
at [Fe/H] = 0 the star with Mzams = 60 M, has already lost all
its H envelope at the pre-SN stage, while at [Fe/H] = -2 and
[Fe/H] = -3 stellar winds are quenched, i.e. all the H envelope
is retained and the star is much more compact.
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Fig. 13. Pre-SN mass (dash-dotted light blue line), pre-SN mass extrapolated for Mzams > 120M,, (dotted gray line), remnant mass (solid violet
line), and the remnant mass for the stars that develop pair instabilities (dashed yellow line), as a function of Mzays. The red points represent the
stellar progenitors of the FRANEC grid, while the larger red squares correspond to the last progenitor stable against pair production, which has
been obtained through interpolation (see Sect. 2.3 and Table C.1). The shaded gray area represents the region of DC, the shaded yellow area shows
where stars undergo PPISNe. The vertical dashed lines represent the threshold values above which stars enter the PI regions.

We do not account for additional mass loss effects associ-
ated with DC (e.g., from neutrino emissions, as proposed by
Nadezhin 1980; Piro 2013). In our simulations, all massive
stars that end their lives through DC are compact BSG stars.
Therefore, such effects are negligible (see Lovegrove & Woosley
2013; Fernandez et al. 2018), as they primarily affect more
extended stars like RSGs. However, in our simulations such stars
naturally lose their H envelope as a consequence of the shock-
wave.

The BH masses at the threshold for DC depend on the final
mass of the progenitor stars at the pre-SN stage that, in turn,
depends on the mass-loss history during the pre-SN evolution. The
mass-loss rate decreases significantly at low metallicity, where
stellar winds are quenched. Therefore, the models with initial
metallicity lower than [Fe/H] = —1 evolve approximately at con-
stant mass. As a consequence, the BH masses correspond to the
threshold in Mzaus for DC (see Table C.1). Above MIPSK we
compute the remnant masses taking into account the results of
W17 (see, e.g., its Table 1) by interpolating on the CO core mass.

The results are shown in Figure 13 as yellow diamond points
and are connected through the dashed yellow lines. From this
figure it is apparent that at [Fe/H] = —1 the onset of PPISNe
does not affect significantly the maximum BH mass that forms.
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This happens because — at the pre-SN stage — stars have already
lost a significant part of their H envelope. Thus, the mass loss
caused by PPISNe does not affect significantly the final BH
mass. In contrast, for [Fe/H] = -2, —3, stars evolve at almost
constant mass and end their life with heavy H envelopes. There-
fore, the expulsion of the latter at the onset of PPISN signifi-
cantly affects the final BH mass. This effect is apparent in the
bottom-row panels of Figure 13, where we see a steep variation
of the final remnant mass at the onset of PPISNe.

3.4. Remnants black holes from rotating progenitors

Figure 14 shows the remnant masses as a function of Mzawms, for
rotating progenitors and for various initial metallicities. From
Figure 14 it is apparent that, at solar metallicity, the remnant
mass does not increase significantly with the initial progenitor
mass. In contrast, for [Fe/H] = —1, =2, =3, the remnant mass
curve has a local minimum at 25 Mg, which occurs when the stel-
lar winds are strong enough to completely remove the H enve-
lope. Furthermore, as in the case of the non-rotating progeni-
tors, for Mzams = 25 M the remnant masses are larger at lower
metallicities, and follow the behavior of the CO core mass at the
pre-SN stage (see also Sect. 3.3).
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Fig. 14. Same of Figure 12 but for rotating progenitors. We do not sim-
ulate the explosion of the stellar progenitors with Mzamys = 80 My, and
120 Mg, at [Fe/H] = -2, -3, since they are unstable against pair pro-
duction.

Figure 15 shows how the remnant mass and the mass of the
star in the pre-SN phase depend on Mzaws, for rotating models
with different initial metallicities. We find that most of the rotat-
ing progenitors directly collapse to BHs. This happens because
rotating stars end their life as He-stars, that is, they end their life
with more bound structures at the pre-SN stage with respect to
non-rotating progenitors, and thus they are more prone to failed
SN explosions and to form more massive BHs. Specifically, stars
with Mzams = 30 Mg collapse directly to a BH, whereas the fate
of stars with Mzams < 30 Mg depends on the initial metallicity.

At solar metallicity, the threshold value of Mzams for the
DC decreases down to ~20 Mg, since only the progenitor with
Mzams = 15Mg evolves through a successful SN explosion.
At [Fe/H] = —1, the only exploding progenitor is the one with
Mzams = 25Mg, and it ejects all its H envelope, while the
less massive progenitors directly collapse to BHs. Although this
occurs only for one progenitor in the simulation set, the non-
monotonic behavior for the explodability is not apparent for non-
rotating progenitors (see Figure 13). At [Fe/H] = -2, all the
progenitors evolve through DC. The progenitor with Mzams =
20 M, ejects some material but it is still consistent with our def-
inition of DC, and thus the threshold value of Mzanms for the DC
is ~15 M. The stars at [Fe/H] = —3 behave similarly to solar
metallicity models, and the only exploding progenitor is the one
with Mzams = 15 Mg; thus the threshold of Mzaums for the DC
is at ~20 M.

For rotating progenitors, mass loss is enhanced because rota-
tion forces the models to become red giants and therefore to
approach their Eddington luminosity during their redward excur-
sion in the HR diagram (see LC18). When this happens, a sub-
stantial amount of mass is lost and most of the stellar models
loose all their H rich envelope and become Wolf-Rayet stars.
Therefore, progenitors with the same Mzams and metallicity
retain less mass at the pre-SN stage than non-rotating stars. This
is apparent especially at lower metallicities, where stellar winds
for non-rotating progenitors are quenched. This effect is not sig-
nificant for progenitors with Mzams < 30 M, since such stars
have weak stellar winds. As a consequence, we obtain less mas-
sive BHs from rotating stellar progenitors than from non-rotating
ones.

The BH masses corresponding to the threshold in Mzays for
the DC are ~8§ My, ~16 Mg, ~14 M and ~20 Mg, for metallic-
ities [Fe/H] = 0, [Fe/H] = —1, [Fe/H] = -2, [Fe/H] = -3,
respectively. The threshold CO core mass for PPISNe, MgoSN ~
33 Mg, are reported in Table C.1.

To estimate the remnant masses of the models with Mzams >
MEPSR we apply the results of W17, as described in Sect. 3.3.
The results of such interpolations are the diamond yellow points,
which are connected through the dashed yellow lines. From
Figure 15, it is apparent that, for rotating stellar progenitors,
there is no major change in the BH mass due to the onset of
PPISNe. This happens because the rotating stars end their life as
naked He stars; thus they have lost their H envelope. Therefore,
the rotating stars only lose a small fraction of their He core at the
onset of the PPISNe, because of the pulsational phase, and then
collapse to BHs.

4. Discussion
4.1. The maximum black hole mass

Figure 16 shows the maximum BH mass resulting from our sim-
ulations as a function of the initial stellar metallicity, and assum-
ing rotating and non-rotating single star models. It illustrates the
impact of the initial metallicity and angular rotation of the stel-
lar progenitor on the final remnant mass we obtain from single
stellar evolution.

For [Fe/H]| = 0 and [Fe/H] = —1, stellar winds play a crucial
role as they remove a significant fraction of mass of the progen-
itor stars before they DC to BHs. From our simulations, we find
that the maximum BH mass we form is ~27.9 My and ~41.9 M,
for [Fe/H] = 0 and [Fe/H] = —1 in the non-rotating case, and
~18.6 My and ~40.5M,, for [Fe/H] = 0 and [Fe/H] = -1
in the rotating case. All these BHs come from the collapse of
stellar progenitors with Mzams = 120 Mg. Therefore, we find
that angular rotation slightly enhances the effects of the stellar
winds at solar metallicity, while at [Fe/H] = —1 the effect of
rotation on the final remnant masses is negligible. For the cases
[Fe/H] = —2, -3 the heaviest BHs from non-rotating stellar pro-
genitors have mass ~83.3 My and ~87.0 My, respectively, and
they both correspond to stellar progenitors with Mzams = 87 Mg
(as reported in Table C.1). In the rotating case, the maximum
BH mass is ~39.9M, and ~41.6M, for [Fe/H] = -2 and
[Fe/H] = -3, respectively, and they correspond to stellar pro-
genitors with Mzams =~ 65 Mg (see Table C.1). Therefore, in
the rotating scenario, the initial angular rotation enhances mass
loss and induces the formation of larger convective regions and
therefore larger CO cores (see LC18, Marassi et al. 2019b, and
Mapelli et al. 2020). As a consequence, stars are less massive at
the pre-SN stage and enter the PPISNe regime at lower initial
masses compared to non-rotating progenitors. Such a combina-
tion of effects limits significantly the value of the maximum BH
mass.

4.2. Implications for the Pl mass gap

Figure 16 shows that we can form heavy BHs that lie in the
upper mass gap predicted by PISN models, i.e. a dearth of
BHs with masses in the range 60—120M;, (e.g., Woosley 2017;
Spera & Mapelli 2017). This is because we can form BHs in
the upper mass gap because the FRANEC progenitors enter the
pair-instability at different initial progenitor masses than those
of other authors (e.g., Woosley 2017; Spera & Mapelli 2017,
Farmer et al. 2019; Costa et al. 2021).
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100
"5 80
=
)
% 60
=
I
oM
E 401
-]
£
e
s 20
—— Remnant from non-rotating progenitors
—e— Remnant from rotating progenitors
0

-2 -1 0
Initial Metallicity ([Fe/H])

-3

Fig. 16. Maximum BH mass as a function of the initial metallicity for
the non-rotating stellar progenitors (red line) and the rotating stellar pro-
genitors (blue line) for the non-rotating progenitors.

Given our choice of the minimum CO core pass for the onset
of PPISN of 33 M, (see Sect. 2.3), we find that, for the non-
rotating models at [Fe/H] = -3, the Mzams = 80 Mg, progeni-
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tor which ends its life with a CO core mass of 30 Mg, is stable
against pair production. Conversely, the Mzams = 120 Mg has
a CO core of ~50M; and develops dynamical instabilities. To
pin down the uncertainty on the maximum BH mass formed we
would need to increase the resolution of our grid of progenitors
between Mzams = 80 Mg and Mzams = 120 M.

To compare our results with other studies, we show in
Figure 17 the BH mass as a function of the pre-SN CO core
mass of the progenitor star as obtained in this work (LCI18
non-rotating progenitors at [Fe/H] = —3), W17 (set D of its
Table 2, a set of tracks evolved from the ZAMS with metallicity
of Z = 0.1Z taking into account also the hydrogen envelope
and for which they assume zero mass loss), Spera & Mapelli
(2017) (hereinafter S17) for metallicity of Z = 1.3 x 1072 Z.

To compare the BH mass spectra, we choose the stellar tracks
with zero initial angular velocities, to exclude the effects of
chemical mixing and mass loss enhancement, and with the low-
est initial metallicities, to exclude degeneracies caused by differ-
ent stellar-wind models.

Figure 17 shows that the first progenitors that evolve through
the pulsational pair-instability phase (marked with crosses) are
those of S17, with a CO core mass of ~24 Mg. This happens
because, to enter the PPISNe regime, S17 adopted the He core
mass criterion proposed in W17 (He core mass of ~32My),
which corresponds to CO core masses of ~24 Mg when used in
combination with the S17 stellar evolution tracks from the PAR-
SEC code (Bressan et al. 2012).
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Fig. 17. Black hole mass spectrum as a function of the CO core mass
from various authors. Solid blue line: this work, non-rotating progen-
itors at [Fe/H] = -3; long dashed orange line: set D of W17 (we
note that these models are obtained from stellar tracks computed at
Z = 0.1Z; for which the mass loss has been inhibited, making these
models distinct from those we used to compute the final remnant
masses.); dashed pink line: models from Spera & Mapelli (2017) with
Z = 1.3 x 1072Z, (S17). Circles (crosses) represent the models that
are stable (unstable) against pair production, and squares are the stars
disrupted by PISNe.

The tracks of W17 enter the PPISNe regime when the CO
core mass is ~28 M. It is important to note that these stellar
tracks were evolved suppressing the mass loss phenomena of a
set of stars with initial metallicity of Z = 0.1Zg, and that they
were evolved from the ZAMS to the end of the PPISN regime.
Thus, they represent a distinct set from the naked helium cores
we used in Sects. 3.3 and 3.4 to infer the final remnant masses
of the stars undergoing PPISNe.

Finally, our stellar progenitors become unstable against pair-
instability when the CO core mass is 233 My. From Figure 17
it is apparent that the BH maximum mass ranges from ~87 M
(this work) to the minimum value of ~53 Mg (S17), resulting
in a discrepancy of ~38 Mg in the maximum mass of the BHs
obtained by different authors from the evolution of an isolated
massive star. The discrepancy exists because different authors
have different thresholds in the CO core mass for entering the
PPISNe regime (see also Farmer et al. 2019, hereinafter F19).

For instance, if we had used the value of MZoSN from F19 (e.g.,

Mgy = 41 Mo) we would have ended up with BHs more mas-

sive than ~100 M, i.e. in the regime of intermediate-mass BHs.

Figure 18 shows the BH mass spectrum of this work and the
results we would obtain by applying the W17 and F19 criteria
for the onset of PPISNe to the S17 stellar evolution tracks. It
shows that even the progenitors from S17, which have the low-
est PPISNe entry point (Mg~ = 24M,), can form BHs as
massive as ~70 Mg adopting the W17 threshold for the CO core
mass (MFEPSN = 28 M) instead of the He core mass criterion.
Furthermore, S17 can form BH as massive as ~90 M adopting
the F19 threshold (MgfgSN = 41 M), without changing the C/O
ratio at the He core depletion, which is one of the key parameters
to determine the onset of PPISNe (as shown in F19).

Therefore, adopting a self-consistent criterion to enter the
PPISNe regime is crucial to investigate the BH mass spectrum

90 1

This paper
S17 + F19
S17 + W17

20 25 30 35 40 45 50 55 60 65 70

CO Core Mass (M)
Fig. 18. Black hole mass spectrum as a function of the CO core mass for
different PPISN prescriptions. Solid blue line: this work, non-rotating
progenitors at [Fe/H|] = -3; dash-dotted orange line: F19 PPISN
threshold (Mga°N = 41M,) applied to the S17 pre-SN progenitors;
dotted green line: W17 PPISN threshold (MESSN = 28 M,,) applied to
the S17 pre-SN progenitors. Circles (crosses) represent the models that
are stable (unstable) against pair production, and squares represent the
first star exploding as PISNe.

and to constrain the lower edge of the upper mass gap. It is
worth noting that the value of Mglg is not the only property that
affects the position of the lower edge of the upper mass gap.
Besides the roles of DC, stellar winds, and rotation (cf. Sect. 3),
the convective core overshooting parameter (@,y) also has a cen-
tral role in the formation of heavy stellar BHs. This is because
overshooting dredges extra H from the envelope into the core
during the central H burning; thus it governs the mass of the
He core, and — in turn — the mass of the CO core. Vink et al.
(2021) showed that a small value of overshooting (@, < 0.1)
is associated with smaller cores and stars likely end their life as
Blue Super Giants (BSGs). Such stars are very compact, they
tend to avoid the PPISNe regime, because they form smaller CO
cores and they experience negligible mass loss during their life.
As a consequence, such stars are likely to form very heavy BHs
in the range 74-87 M. In contrast, stars with higher values of
@,y exhibit more massive cores and likely evolve through the
RSG phase, experiencing significant mass-loss episode. Hence,
the stars enter the PPISNe with smaller pre-SN mass, forming
less massive BHs.

We do not have conclusive evidence on the value of
the core overshooting parameter yet, with observations pro-
viding evidence for higher possible values of the over-
shooting parameter than the one used in Vinketal. (2021;
e.g., Vink et al. 2010; Brott et al. 2011; Higgins & Vink 2019;
Bowman 2020; Sabhahit et al. 2023; Winch et al. 2024). Fur-
thermore, other authors such as Takahashi (2018), Farmer et al.
(2019), Farag et al. (2022), Mehta et al. (2022), and Shen et al.
(2023) show that the variation in the C/O ratio at the He core
depletion plays a role in the onset of the PPISNe.

The parameter space of the factors ruling the final fate of
massive stars is still mostly unexplored, and from this analysis it
is apparent that there is still room for many future improvements.
We will explore the impact of these different effects on the onset
of PPISNe in a follow-up work.
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Fig. 19. Normalized probability distribution of BH masses we obtained from a population of 10° stars whose mass follows a Kroupa (2001)

M—2.35

mass function (i.e., dN/dMzams o M3

dashed magenta line in all the panels) in the range Mzams € [15 Mg; 150 Mg ] for non-rotating stellar

progenitors. The yellow shaded area represents the mass interval of NSs assuming Mys € [0.8 Mg; 2.2 Mg ]. The figure shows the remnant mass
distribution we obtain for [Fe/H] = 0 (upper left panel), [Fe/H] = —1 (upper right panel), [Fe/H] = -2 (lower left panel), and [Fe/H] = -3 (lower

right panel).

4.3. Remnants mass distribution

Figures 19 and 20 show the remnants mass distribution we obtain
by evolving a population of 10° isolated single stars with an
initial-mass function (IMF) dN/dMzams Mzif/fs (Kroupa
2001) and Mzams € [15 Mg; 150 Mg] for non-rotating and rotat-
ing progenitors, respectively. The mass of the remnant formed
for each values of [Fe/H] and Mzaws is estimated by interpolat-
ing the My—Mzams curve we find in Sects. 3.3, 3.4.

The panels of Figure 19 show several peaks in the remnants
mass distribution. The most apparent peak of the remnants mass
distributions is the one that corresponds to compact objects with
mass 0.8-2 M. This peak is a feature of the IMF and it shows
up for all the considered metallicities for the non-rotating stars.
It emerges because the majority of stellar progenitors extracted
from the Kroupa IMF lie in the low-mass end with Mzams €
[15Mpg; 20 Mg], and they are expected to form NSs, as result of
successful ccSNe.

At [Fe/H] = 0 (the top right panel of Figure 19), we find
two other peaks in the remnant mass distribution, at BH masses
of ~9-13 My and ~23 Mg, The first one shows up because the
Mpu—Mzams curve flattens out for Mzams € [30;40] caus-
ing an accumulation of BHs at ~13 M, (see the top left panel
of Figure 13). The peak at ~23 Mg occurs at the transition
from successfully exploding progenitors to those that directly
collapse to BHs. The heaviest BHs we obtain have masses
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~28 My, consistent with the results presented in Sect. 3.3. At
[Fe/H] = —1 (top right panel of Figure 19) we find two peaks
in the remnants mass distribution at ~13 Mg and ~37-43 M,
The former corresponds to a local flattening of the Mgy—Mzams
curve in the region of progenitors with Mzams = 30-40 M,
and the latter is a degenerate effect due to the combination
of the local flattening of the Mpy—Myzams curve and to the
effect of the onset of the PPISNe, which causes significant
mass loss and produce BHs with mass ~37—-48 M. Further-
more, at this value of metallicity the heaviest BH that forms
has a mass ~44 Mg, in agreement with the results presented in
Sects. 2.3, 3.3.

At [Fe/H] = -2 (bottom left panel of Figure 19), we find two
peaks in the distribution for BHs with masses of ~40 M, which
again corresponds to the piling-up of BHs we obtain from the
PPISNe, and of ~78—84 My, This latter is the result of the piling-
up of BHs from the stellar progenitors with Mzavs between
80My and 87 Mg where the slope of the Mpy—Mzams curve
decreases. Furthermore, the heaviest BHs that form have mass
~83 M.

As in the case [Fe/H|] = -2, at [Fe/H] = -3 (bottom
right panel of Figure 19) we find that BHs pile up at masses
~40—-43 M, because of PPISNe. We find that above the thresh-
old for DC, the BH mass distribution follows the IMF distribu-
tion, since stellar winds are quenched and stars directly collapse
to BHs with mass equal to Mzaws.
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Fig. 20. Same as Figure 19 but for rotating progenitors.

In summary, the features emerging from the BH mass distri-
bution significantly depend on the adopted model, including the
prescriptions for the pulsational pair-instability, and the details of
the SN explosion. Furthermore, we find that the peak in the proba-
bility distribution corresponding to the transition between ccSNe
and DC overlaps with the peak due to the PPISNe for some metal-
licities (e.g., [Fe/H] = —1). Such peaks in the remnants mass
distribution are not only uncertain and model dependent, but also
degenerate with the details of the SN explosion mechanism.

From Figure 20 it is apparent that stellar rotation signifi-
cantly affects the remnants mass distribution. The peak corre-
sponding to stellar progenitors extracted from the low-mass end
of the Kroupa IMF is now shifted to BH with masses ~4 Mg
for [Fe/H] = 0, —3 (upper left panel and bottom right panel
of Figure 20, respectively) and ~12M,, for [Fe/H] = -1, -2
(upper right panel and bottom left panel of Figure 20, respec-
tively). This effect is a degenerate feature of the abundance of
stars with Mzams = 15—20 Mg and the outcome of the SN explo-
sions at different initial metallicities for these stellar progenitors
(see Sect. 3.4). Thus, we find that rotating stellar progenitors
cannot produce NSs. At [Fe/H] = 0, we find that the distribution
has a peak corresponding to ~8 My, which is due to the local
flattening of the Mpy—Mzams curve in the interval of Mzams
between 20 My and 25 Mg. The heaviest BH we form at solar
metallicity has mass ~19 M.

At [Fe/H] = -2 we find a peak in the remnants mass dis-
tribution corresponding to BHs masses of ~40 M. This peak
comes from the onset of the PPISNe. Such feature is indepen-
dent of the details of the SN explosion and depends only on
the prescription for the results of the PPISNe (combination of
LC18 and W17 in this work). At [Fe/H] = -3, we find a
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peak in the remnants mass distribution, which corresponds to
BH masses of ~13—-20 M. The piling-up of BHs in this mass
region is due to the particular shape of the Mgy—Mzams curve
in the region of Mzams between 15Mg and ~30-40Mg. In
such region, the Mpy—Mzams curve has a local minimum at
Mzams = 25Mg, which produce a BH with mass ~13 M.
Thus, a wide interval of progenitors piles-up BHs with mass
in the interval ~13-20M,, (see also Figure 15). Furthermore,
we find peaks in the remnant mass distribution corresponding
to BH masses of ~40 My ~ 43 Mg and ~47 M. The first peak
is a degenerate feature from both the SN explosion details and
the prescriptions for the PPISNe. The latter two depend only on
the Mzams—Miem curve we assume for the PPISNe. Finally, it is
worth stressing that our results are based only on isolated single
stars. Thus, considering binary stellar systems may significantly
affects the results one can found about the BH mass spectrum.

4.4. Prescriptions for population synthesis codes

In this section, we present a set of analytic prescriptions derived
from our results. Such fitting formulae can be implemented in
population-synthesis models to calculate the mass of the rem-
nants, given the physical properties of the progenitor at the pre-
SN stage. The main value that our prescriptions provide is the
fraction of mass that falls back onto the compact remnant during
the explosion dM/M, that is

dM  Mien
M MpreSN’
with M., as the final remnant mass we obtain from the
explosion.

(13)
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Fig. 21. Linear relation between the mass that falls back after the explosions and some structural properties of the stellar progenitors at the pre-SN
stage, such as the absolute value of the total energy (top panels), the binding energy (central panels), and the CO core mass (bottom panels). We
have performed such analysis both for the non-rotating (left panels) and for the rotating stellar progenitors (right panels). We studied the fate of
the explosion independently of the initial metallicity. Thus, in each panel we have all the models with [Fe/H] = 0 — 1, =2, —3. In each panel the
circular orange points are the stellar progenitors undergoing successful SN explosions and the best fit for dM/M is the solid red line, while the
diamond purple points represents the progenitors which DC to BHs. The black dashed line corresponds to dM/M = 1 i.e., the value of dM/M for
the DC. The red shaded area is the 95% confidence interval for the SN linear regression.

The fraction of ejected mass is parametrized as a function of
either the absolute value of the total energy, the binding energy
of the stellar progenitor, or the CO core mass at the pre-SN stage.
The total energy is computed as
Eiot = Ebind + Eint + Exin, (14
where Eying is the binding energy of the whole progenitor, Ejy

is the internal energy and Ey, is the kinetic energy of the stellar
matter, over the whole progenitor.
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The panels of Figure 21 show the linear fit we obtain for
the non-rotating (left panels) and the rotating progenitors (right
panels), as a function of the absolute value of the total energy
(top), binding energy (middle), and CO core mass (bottom). For
such analysis, we studied the fate of the explosion independently
of the initial metallicity, and thus in each panel we have all the
models with [Fe/H] =0 — 1, -2, -3.

We first considered non-rotating progenitor models. We find
that we can fit the relation between dM/M and the absolute value
of the total energy as:
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asN |Ewtl + bsn, Bl < |Eotlpe »

(15)
0, |Etotl = |Etotlpe

dMIM = {

with agsy = 0.26 foe™!, and bgy = —0.11, and |Eio|pc = 4.17 foe.
The latter is the value of |Ey| for which dM/M = 0, i.e. for the
DC.

From the top-left panel of Figure 21 it is apparent that two
progenitors deviate significantly from our best fit. We find one
stellar progenitor that directly collapses to BH despite having
|Ewtl < |Ewtlpc, and one progenitor that explodes with |Ey| >
|Ewtlpc. The former star has Mzams = 60 Mg and [Fe/H] = 0
and ends its life as a He-star, while the latter has Mzams = 60 Mg
and [Fe/H] = —1, and ends its life as a RSG, and therefore its H
envelope is very loosely bound despite the high absolute value
of the total energy. The relation between dM/M and the binding
energy Eying can be fit as:

¢sNEvind + dsn,  Epind < Ebind,pC>

dM/M:{ (16)

0, Eying 2 Epind,pCs

with cgy = 0.06 foe™! , and dsy = 0.04, and Epipgpc = 15.9 foe.

From the central-left panel of Figure 21 it is apparent that
one progenitor deviates significantly from the best fit. This is
again the model with [Fe/H] = —1 and Mzams = 60 Mg, which
explode as a SN with a binding energy of Ey;,g = 19.5 foe. If we
did not consider this stellar progenitor, we would find a threshold
value of ~10.0 foe for the binding energy above which the stars
DC to BHs.

Finally, the relation between dM/M and the CO core mass
Mo can be fit as:

esnMco + fsn, Mco < Mcopc,

MM = { ’ (17
0, Mco = Mcopc,

with esny = 0.06M61, and fsn = —0.03, and Mgg = 17.2 Mo,

where again we find that only the two progenitor stars with
Mzams = 60My, [Fe/H] = —1 (that explodes as a SN despite
having Mco = 21.4Mg > Mcopc), and with Mzams = 60 Mg,
[Fe/H] = O (the He-star with Mco = 16.6 My < Mcopc that
directly collapses into a BH) deviate from the global trend.

In contrast, the right panels of Figure 21 show that rotating
progenitors do not follow a linear relation between dM/M and
|Etotls Evind, O Mco, and that there are no threshold values of
any of these quantities that clearly separate stars which explode
as SNe from stars which DC to BHs. Therefore, we cannot find
any linear relation between the properties of rotating stars at the
pre-SN stage and the final-remnant mass.

It is important to stress that — even in the case of non-rotating
stellar progenitors — we can only provide a rough estimate of the
thresholds for the transition from stars that successfully explode
as ccSNe and stars that directly collapse to BH. From the left
panels of Figure 21, it is apparent that a linear relation is in place
below the threshold for the DC, but that some stars deviate from
the expected trends, indicating that this approach fails to fully
capture the complexity of a SN explosion. Our analysis shows
that the fate of the collapse of each stellar progenitor is ruled only
by the dynamics of the shock wave, i.e. the micro-physics effects
taking place during the explosion are crucial in determining its
outcome.

5. Summary and conclusion

In this paper, we studied the explosion of a subset of pre-SN
models of massive stars presented in Limongi & Chieffi (2018).

The subset contains massive stars with masses in the range
13—-120 Mg, initial metallicities [Fe/H] = 0, -1, =2, -3, and
initial rotation velocities v = Okms~!, 300kms~". Using the
HYPERION code (Limongi & Chieffi 2020), we simulate the
explosion by removing the inner 0.8 Mg of the iron core, and
injecting a given amount of thermal energy at the edge of this
zone. Such approach required a set of free parameters to model
the injection of energy. To fix these parameters, we have per-
formed several calibration runs of a stellar progenitor similar to
the progenitor of SN 1987A (Sk — 69°202), aimed at reproduc-
ing the observed kinetic energy of the ejecta (~1.0 foe) and °Ni
mass (~0.07 M) (Arnett et al. 1989; Utrobin 1993, 2005, 2006;
Blinnikov et al. 2000; Shigeyama & Nomoto 1990).

Once we have chosen the explosion parameters, we have
adopted this combination for the explosion of all the models
of our grid of stellar progenitor, obtaining both successful and
failed explosions (DC to BHs), depending on the initial stellar
parameters, i.e. mass, metallicity and rotation velocity.

We find that:

— The metallicity plays a crucial role in the pre-SN evolution
of a star, since it is strongly connected with the efficiency
of stellar winds. For non-rotating models, progenitors with
[Fe/H] = -2 and [Fe/H] = -3 evolve at roughly constant
mass during their life, while for [Fe/H] = 0 and [Fe/H] = —1
the stellar winds remove a significant fraction of mass from the
stellar progenitor. For these models we find that the thresh-
old masses above which the stars undergo a DC to BH are
MZAMS = 60M@ for [FC/H] = 0, —2, -3 and MZAMS =
80 My, for [Fe/H] = —1. The most massive BH has mass
of ~ 91 My, and comes from the DC of the most massive
star at [Fe/H] = -3 not undergoing PPISNe (assuming that
MgfgSN = 33M,, see below).

— The presence of an initial angular rotation enhances the mass
loss, and induces the formation of larger convective regions,
and therefore larger CO cores (i.e., more bound structures).
Thus, we find that for rotating stellar progenitors, the transi-
tion from a successful SN explosion to a DC to BHs occurs at
lower Mzans values (~20 Mg, ~30 Mg, ~15 Mg, and ~20 Mg,
for [Fe/H] = 0, [Fe/H] = -1, [Fe/H] = -2, and [Fe/H] =
—3, respectively) than for the non-rotating progenitors. In con-
trast, because of the enhanced mass loss driven by rotation,
even if more stars DC to BHs, the maximum BH masses
formed are lower than for non-rotating stars. In addition, the
chemical mixing induces the onset of the PPISNe at lower val-
ues of Mzams With respect to the non-rotating progenitors. As
a result, the maximum BH mass formed by rotating progen-
itors is ~41 M, which comes from the DC of a stellar pro-
genitors undergoing PPISNe, that we model according to the
results of W17 (assuming that MEpSN = 33 Mo, see below).

— The maximum BH mass formed is very sensitive to the adopted
criterium for the onset of PPISNe, which can be expressed in
terms of the maximum CO core mass above which stars enter
the PPISN regime, MEIgSN. From our simulated grid we find
that 30Ms < MESN < 50M;, which is consistent with most
of the published results. However, these vary considerably,
from the lowest value adopted by S17, MEESN = 24 M, to
the highest value adopted by F19, MgOSN = 41 M. Such a
discrepancy results in a significant uncertainty on the maxi-
mum BH mass, which can be as low as ~53 Mg, in the case of
S17,oreven as high as ~87 Mg, which is the case of this paper.

— We have applied the results of our simulations to a popula-
tions of 10° stars whose masses are distributed accordingly
to a Kroupa-IMF. The resulting BH probability distribution
depends on the initial stellar metallicity and rotation rate, and
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encode information on the progenitor mass — BH mass rela-

tion. We showed that the features emerging in the BH mass

distribution depend significantly on the adopted stellar mod-
els and show significant degeneracies.

— We provide linear relationships between the mass ejected
during the explosion dM/M and the structural properties of
the stellar progenitors at the pre-SN stage, such as the bind-
ing energy, the CO core mass and the absolute value of
the total energy. Such relationships have been found only
in the case of non-rotating stellar progenitors, even if some
stars deviates from the linear fit. In contrast, we do not find
any monotonic relationship between dM/M and the progen-
itor’s properties in the case of rotating stellar progenitors.
We showed that, despite the relations can be adopted for fast
population-synthesis studies, they fail to capture the details of
the link between progenitor stars and their compact remnants.

It is worth mentioning that in this work we calibrate the explo-
sions on the observational properties of SN1987A (i.e. the
kinetic energy of the ejecta, and the mass of *°Ni ejected into
the interstellar medium). In a follow-up study, we will broaden
the set of SNe used for the calibration process.

Furthermore, we plan to increase the resolution in our grid
of stellar progenitors in terms of Mzams, initial metallicity and
initial angular rotation to produce self-consistent estimates of the
remnant masses of a larger grid of pre-SN models.

Finally, we plan to develop a large set of look-up tables,
including rotating progenitor stars, that can be implemented in
rapid binary population synthesis codes (e.g., SEVN; Spera et al.
2015, 2019; Spera & Mapelli 2017; Iorio et al. 2023) to investi-
gate the evolution of compact-object binaries and the implica-
tions on detectable gravitational-wave signals.
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Appendix A: The FRANEC code

In this Appendix, we summarize the main features of the
FRANEC stellar evolutionary code. For a complete descrip-
tion, we refer the reader to Chieffi & Limongi (2013) and
Limongi & Chieffi (2018).

The FRANEC code couples all the equations describing the
physical structure of the star and the chemical evolution of the
matted due to both the nuclear ractions and the various mixing
processes (convection, rotation, diffusion, semiconvectionm etc.)
and solves them simultaneously by using a relaxation technique.

Convective envelope boundaries are determined using the
Ledoux criterion, and an overshooting of 0.2H), is included at the
convective core’s outer edge during the core hydrogen-burning
phase.

The equation of state (EoS) provided by Rogers et al. (1996),
Rogers (2001) (EOS and EOSPLUS) is adopted for tempera-
tures below 10° K while the EoS provided by Straniero (1988) is
used for temperatures 7 > 10° K. Radiative opacity coefficients
are derived from Kurucz (1991) for T < 10*K, Iglesias et al.
(1992) (OPAL) and the Los Alamos Opacity Library (LAOL)
Huebner et al. (1977) for 10*°K < T < 108K, and T > 108K,
respectively. Thermal conductivity opacity coefficients follow
Itoh et al. (1983).

Stellar wind mass loss is implemented according to
Vink et al. (2000, 2001) for the blue supergiant (BSG) phase
(Ter > 1.2 x 10* K), de Jager et al. (1988) for the red supergiant
(RSG) phase (T < 1.2 x 10*K), and Nugis & Lamers (2000)
for the Wolf-Rayet (WR) phase. For stars in the RSG phase, dust-
enhanced stellar winds are included following van Loon et al.
(2005). In rotating models, mass loss is enhanced according to
Heger & Langer (2000).

The classification criteria for WR subclasses follow
Limongi & Chieffi (2006):

— WNL: 107 < Hgyt < 0.4,

— WNE: Hgy < 107 and (C/N)gyt < 0.1,
— WNC: 0.1 < (C/N)gys < 10,

- WCO: (C/N)surt > 10.

The nuclear network used in LC18 includes 335 isotopes,
ranging from neutrons to Bi*?®, as detailed in Table 1 of LC18.
For isotopes near the magic numbers N = 82 and N = 126,
only neutron captures and beta decays are explicitly followed,
while intermediate isotopes are assumed to be in local equilib-
rium. This approach ensures computational efficiency without
compromising accuracy, as validated by one-zone core helium
burning calculations comparing the full network to an extended
one, both yielding consistent abundances around A = 131 — 145.

Nuclear cross-sections and weak interaction rates in LC18
are updated with respect to Chieffi & Limongi (2013), when pos-
sible, using the latest data. Most of the nuclear rates are extracted
from the STARLIB database Sallaska et al. (2013), with Tables
3 and 4 of LC18 providing a full reference matrix of all the pro-
cesses included in the network along with their proper legend.

The effect of rotation on stellar structure is modeled using
the “shellular rotation” approach (Zahn 1992; Meynet & Maeder
1997). Angular momentum transport due to meridional circula-
tion and shear turbulence is computed via an advective-diffusive
equation Chaboyer & Zahn (1992), Talon & Zahn (1997):

Arw) 10, 4 0 4. Ow
Franie g;(ﬁr Uw)+5 pr DS.I.E ,

pr*

(A.1)

where U is the radial velocity from meridional circulation, Dy
is the shear turbulence diffusion coefficient, w is angular rota-
tion, p is density, and r is radius. Prescriptions for U are from

A122, page 20 of 24

Maeder & Zahn (1998), and Dy ; follows Palacios et al. (2003):

Ric(rdw/dr)?
N}/(K + Dy) + N2/Dy’

8
Dsi. =3 (A2)

where N} = #-(Vaa=Viua), N} = 7 (£9,). R = §. Dy = IrUlis
horizontal turbulence (Zahn 1992), and K is thermal diffusivity
(Meynet & Maeder 2000).

The adoption of the meridional circulation velocity provided
by Maeder & Zahn (1998) transforms equation A.1 into a fourth-
order partial differential equation, that FRANEC solves with a
relaxation technique.

Rotation driven mixing is treated as a purely diffusive pro-
cess (Chaboyer & Zahn 1992). The diffusion coefficient is given
by:

D = fe(Dsi. + D), (A.3)

where D, = |[rU?/(30D;,) (Zahn 1992). Calibration parame-
ters f. and f, adjust mixing and weight the molecular weight
gradient. These calibrations are detailed in LC18.

Finally, the initial helium abundance and mixing-length
parameters are calibrated to match the Sun’s present-day proper-
ties.

Appendix B: Calibration parameters

In Sec.2.2 we present the calibration of our parameters and the
final set we choose to stimulate the SN explosion in our simula-
tions. In this Appendix we further discuss the contribution of the
different parameters Ejyj, dmiy; and dt;y;.

B.1. Calibration of E;y;

0.98 | t0.075
0.05 1 L0.073
— [ 0.070 ~
D 0.931 5
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© i [ 0.068
£ 0.90 [ ] 8
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Fig. B.1. Values of E., (red diamonds, whose scale is on the left-hand
y-axes) and msey; (blue points, whose scale is on the right-hand y-axis)
as function of Ej.

Figure B.1 shows the values that we find for E¢jeca and msey; for
different values of Ej,;. We studied the variation of the outcomes
of the explosion assuming dt;,; = 10%s and dmip; = 0.1Mo,
and by injecting the thermal energy at the arbitrary mass coordi-
nate of 0.8Mo. The values we find for Egjeca and misey; are also
reported in Table D.1.

We find that increasing the value of thermal energy inducing
the explosion, Egjecta and mssy; increase as well. This is because
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Fig. B.2. Values of Ec, (red diamonds, whose scale is on the left-hand
y-axes) and msey; (blue points, whose scale is on the right-hand y-axis)
as function of dmjy;.

the SN is stronger; thus the explosive nucleosynthesis reaches
outer layers of the star, producing more °Ni.

We chose Ej,; = 2.0foe because above this values we find
an overproduction of °Ni, while the energy of the explosion
is compatible with the value usually assumed in literature (see
Arnett et al. 1989; Shigeyama & Nomoto 1990; Utrobin 1993,
2006; Blinnikov et al. 2000).

B.2. Calibration of dm;y;

Figure B.2 shows the values that we find for Egjeca and msey; for
different values of dmj,;. We studied the variation of the out-
comes of the explosion assuming dti,; = 10~%s and dEy,; =
2.0foe, and by injecting the thermal energy at the arbitrary mass
coordinate of 0.8Mg. The values we find for E¢jecta and misey; are
also reported in Table D.2.

We find that if we choose to inject the energy in thinner lay-
ers, the explosion is more energetic, and because of this when the
shock reaches the silicon shell, the explosive Si-burning is more
efficient, with respect to scenarios with larger dmy. Thus, in
these cases we have an overproduction of °Ni and the outcome
of the explosion do not match the observations of SN1987A.

Our simulations are in agreement with the observations for
dmip; = 0.1Mo and dmiyj = 0.4Mg. We chose dmiy; = 0.1Mo,
since our goal was to obtain a parameter set in good agree-
ment with the observation of SN1987A, not the best parameter
set because such analysis would have required a more sophisti-
cated approach, and to calibrate on multiple SN sources. We will
explore this aspect in an upcoming work.

B.3. Calibration of dty;

Figure B.3 shows the values that we find for Egjecta and misey;
for different values of dm;,j. We studied the variation of the out-
comes of the explosion assuming dti,; = 10%s and dEy; =
2.0foe, and by injecting the thermal energy at the arbitrary mass
coordinate of 0.8Mg. The values we find for Ecjecs and msey; are
also reported in Table D.3.

we find that the Egjea is roughly independent on the
timescale over which we inject the energy. On the other hand,
the amount of ®Ni produced (i.e. the efficiency of the explo-
sive Si-burning) is strongly dependent on dt;,;. From Figure
B.3 we see that mssy; is constant for dfiy; < 10735, while for

dtin; (s)

Fig. B.3. Values of Ej, (red diamonds, whose scale is on the left-hand
y-axes) and mssy; (blue points, whose scale is on the right-hand y-axis)
as function of dt;y;.

longer timescales the efficiency of the explosive nucleosynthesis
increases, resulting in an overproduction of **Ni with respect to
SN1987A. The value of msey; reaches its maximum for dt,; =
0.1s, with mssy; ~ 0.085M,, while on longer timescales it start
decreasing. This is because the shockwave reaches the Si shell,
where the production of °Ni takes place, at ~ 0.2s. Thus, if the
thermal energy is not completely injected before this moment,
the shockwave will not have enough energy to trigger the com-
plete explosive Si-burning. This is apparent from Figure B.3
because for dtiy; > 0.2s5 the amount of SN produced is about
an order of magnitude lower than what we obtain for lower dfy;.
Finally, the values of dt;,; that is closer to the observative prop-
erties of SN1987A is dt;y; = 0.01s, for which we obtain exactly
mssn; = 0.07Mg, which is the value one usually can find in the
literature (e.g., Arnett et al. 1989; Shigeyama & Nomoto 1990;
Utrobin 1993, 2006; Blinnikov et al. 2000).

Appendix C: Tables

Appendix D: Calibration tables
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Table C.1. Results of the interpolation described in Sec. 2.3.

[Fe/H] MESS(Mo) M;ilssﬁ Me) kb qgMe) ke M)
v=0 km/s
0 N.A. N.A. N.A. N.A. N.A. N.A.
-1 87.43 41.91 0.28 8.3 0.27 18.3
-2 87.66 83.27 0.53 -13.9 0.61 29.8
-3 87.01 87.01 0.48 9.2 1.0 0.0
v=300 km/s
0 N.A. N.A. N.A. N.A. N.A. N.A.
-1 120.0 40.5 0.18 11.1 0.21 15.3
-2 65.19 39.89 0.39 7.9 0.48 8.6
-3 64.8 41.63 0.37 -0.6 0.37 8.7

Notes. Column 1: Metallicity, Column 2: Mzams of the first progenitor undergoing PPISN, Column 3: Mass Pre-SN of the first progenitor under-
going PPISN. If the most massive progenitor of our grid is stable against PPISN, we cannot obtain such information. Thus, we labeled it as "Not
Available" (NA), Column 4: Slope of Eq. 11, Column 5: Intercept of Eq. 11, Column 6: Slope of Eq. 12, Column 7: Intercept of Eq. 12.

Table C.2. Final properties of stars with various initial metallicities and initial masses for the non-rotating stellar progenitors.

Notes. Column 1: Mzays, Column 2: Pre-SN helium core mass, Column 3: Pre-SN CO core mass, Column 4: Pre-SN mass, Column 5: Pre-SN
binding energy, Column 6: Pre-SN total energy, Column 7: Final mass of the compact remnant, Column 8: Fraction of mass expelled during the

explosion.

MzamsMo)  MueMo)  McoMo)  Mpresn(Mo) — Ebinda(foe)  Ei(foe)  Miem(Mo)  dM/M
[Fe/H]=-0 v=0km/s
13 4.08 2.03 11.9 2.02 -0.93 0.81 0.93
15 4.95 2.78 13.2 2.47 -1.07 0.81 0.94
20 7.29 3.86 7.54 2.59 -1.05 2.21 0.71
25 8.54 6.21 8.54 3.58 -1.35 3.69 0.57
30 10.8 791 10.8 6.39 -2.13 8.7 0.19
40 14.1 10.6 14.1 7.60 -2.31 12.3 0.13
60 16.9 13.0 16.9 10.6 -3.04 16.2 0.04
80 22.7 18.0 22.7 17.3 -4.52 22.7 0.00
120 27.9 22.0 27.9 24.4 -6.07 27.9 0.00
[Fe/H]=-1 v=0km/s
13 4.26 2.13 12.5 1.95 -0.89 0.81 0.94
15 5.22 3.01 14.2 2.73 -1.15 1.66 0.88
20 7.52 4.21 18.3 3.19 -1.26 3.31 0.82
25 10.2 6.82 20.6 5.52 -1.91 7.49 0.64
30 11.9 7.22 28.3 5.95 -1.99 11.8 0.58
40 16.7 10.9 28.7 8.03 -2.39 16.7 0.42
60 26.8 19.6 42.0 19.5 -4.94 36.7 0.13
80 39.2 30.9 39.9 40.0 -9.27 39.9 0.00
[Fe/H]=-2 v=0km/s
13 4.34 2.14 13 2.25 -1.01 0.81 0.94
15 5.21 2.72 14.8 2.25 -0.95 0.82 0.94
20 7.49 4.23 19.7 3.26 -1.28 3.44 0.83
25 9.87 5.93 24.7 4.05 -1.47 5.77 0.77
30 11.7 6.98 29.9 5.46 -1.84 12.7 0.58
40 16.7 11.2 39.7 8.78 -2.57 25.8 0.35
60 27.2 20.0 594 20.7 -5.16 59.4 0.00
80 38.3 28.9 78.6 36.1 -8.18 78.6 0.00
[Fe/H]=-3 v=0km/s
13 422 2.15 13 2.03 -0.92 0.81 0.94
15 5.22 3.09 15 2.92 -1.20 1.85 0.88
20 7.42 4.35 20 3.29 -1.29 3.37 0.83
25 9.84 6.29 25 4.39 -1.56 6.30 0.75
30 12.3 8.08 30 5.71 -1.87 12.7 0.58
40 17.5 12.2 40 10.3 -2.99 329 0.18
60 28.5 21.7 60 23.6 -5.80 60 0.00
80 38.9 29.6 80 379 -8.56 80 0.00
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Table C.3. Final properties of stars with various initial metallicities and initial masses for the rotating stellar progenitors.

MzamsMe)  MucMo) McoMo)  MpresnMo)  Epina(foe)  Ei(foe)  Miem(Mo)  dM/M
[Fe/H]=-0 v=300 km/s

15 6.23 431 6.23 3.95 -1.65 4.29 0.31
20 8.18 5.92 8.18 7.61 -3.16 8.18 0.00
25 9.48 7.16 9.48 6.30 -2.39 8.45 0.11
30 11.2 8.46 11.2 7.07 -2.69 11.2 0.00
40 13.8 10.6 13.8 9.14 -3.06 13.8 0.00
60 16.6 13.0 16.6 11.0 -3.19 16.6 0.00
80 17.5 13.7 17.5 11.6 -3.29 17.5 0.00
120 18.6 14.6 18.6 13.1 -3.63 18.6 0.00
[Fe/H]=-1 v=300 km/s
15 6.50 4.89 11.6 5.85 277 11.6 0.00
20 8.12 6.16 17.1 7.21 -3.21 17.1 0.00
25 12.2 9.73 18.5 8.52 -3.07 12.6 0.32
30 16.0 12.3 16.0 11.9 -3.85 16.0 0.00
40 20.7 16.2 20.7 16.3 -4.7 20.7 0.00
60 27.5 214 27.5 23.7 -6.21 27.5 0.00
80 32.1 25.7 32.1 29.8 -7.25 32.1 0.00
120 40.5 33.0 40.5 41.8 -9.33 40.5 0.00
[Fe/H]=-2 v=300 km/s
15 6.47 4.72 13.75 5.85 -2.8 13.75 0.00
20 9.85 6.77 16.8 8.83 -3.45 15.3 0.09
25 13.2 10.4 13.2 9.37 -3.28 13.2 0.00
30 15.1 11.7 15.6 10.5 -3.35 15.6 0.00
40 17.6 18.5 22.9 22.9 -5.24 22.9 0.00
60 37.4 31.0 374 42.7 -11.0 374 0.00
[Fe/H]=-3 v=300 km/s
15 6.09 4.16 13.8 4.23 -1.81 4.38 0.68
20 7.89 5.29 20 7.28 -3.1 20.0 0.00
25 13.0 10.5 13.3 9.41 -3.22 13.3 0.00
30 16.9 13.1 17.1 11.2 -3.68 17.1 0.00
40 24.5 19.1 24.5 20.1 -5.72 24.5 0.00
60 38.1 294 38.1 37.1 -9.24 38.1 0.00

Notes. Column 1: Mzams, Column 2: Pre-SN helium core mass, Column 3: Pre-SN CO core mass, Column 4: Pre-SN mass, Column 5: Pre-SN
binding energy, Column 6: Pre-SN total energy, Column 7: Final mass of the compact remnant, Column 8: Fraction of mass expelled during the
explosion.

Table D.1. Calibration on Ej. Table D.2. Calibration on dmy;.
Einj(foe)  Eejecra(foe)  msoniMo) — Myem(Mo) Einj(foe)  Egjecra(foe)  mssniMo) — Myem(Mo)
1.9 0.82 0.059 0.835 0.400 0.948 0.073 1.148
2.0 0.92 0.067 0.829 0.200 1.070 0.116 0.923
2.1 0.99 0.076 0.822 0.100 0.919 0.067 0.829
0.050 0.995 0.111 0.858
Notes. Column 1: Ej,j, Column 2: Eje., of the explosion, Column 3: 0.010 0.999 0.109 0.879
msey; produced in the explosive nucleosynthesis, Column 4: M,,,, we 0.005 0.999 0.108 0.897

find for the explosion.

0.001 0.997 0.104 0.905

Notes. Column 1: dmj,j, Column 2: Egje., of the explosion, Column 3:
mssy; produced in the explosive nucleosynthesis, Column 4: M,,, we
find for the explosion.
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Table D.3. Calibration on dtiy;.

dtinj (Mo) Eejecta (foe) mseniMo)  Mirem(Mo)

1x10° 0914 0.001 0.801
5x 107! 0914 0.003 0.801
3x 107! 0.916 0.004 0.815
2x 107! 0.916 0.066 0.801
1.8 x 107! 0.901 0.072 0.808
1.5x 107! 0.883 0.076 0.822
1x107! 0.919 0.085 0.822
1x1072 0.919 0.070 0.822
1x1073 0.919 0.068 0.829
I1x107* 0.919 0.067 0.829
1x10°¢ 0.919 0.067 0.829
1x1078 0.919 0.067 0.822

Notes. Column 1: df;,j, Column 2: Egjeera of the explosion, Column 3:
msey; produced in the explosive nucleosynthesis, Column 4: M,,, we
find for the explosion.
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